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1.1 Plasticité des minéraux sous haute pression et anisotropie sismique . . . . . . . . 13

1.2 Technique expérimentale : la diffraction radiale . . . . . . . . . . . . . . . . . . . 14
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Introduction

Les processus dynamiques qui opèrent à l’intérieur de la terre sont la cause de déformations à
toutes les échelles, du micromètre à plusieurs centaines de kilomètres. L’étude de la plasticité des
minéraux représente donc un enjeu majeur pour la connaissance de l’intérieur de la terre et de sa
dynamique. Ces observations ont dirigé mes efforts de recherche, qui portent principalement sur
l’étude des minéraux du manteau et noyau terrestre. En effet, ces enveloppes sont essentiellement
constituées de roches solides et sont, pour le manteau en tous cas, le siège de vastes mouvements
de convection. Je m’attache donc à étudier les mécanismes de plasticité des phases majeures
qui constituent ces couches en utilisant, en particulier, les techniques d’expérimentation à très
hautes pressions.

Le comportement plastique des matériaux dans les couches profondes de la terre est un phéno-
mène complexe. A l’échelle microscopique, il faut établir et caractériser les mécanismes contrôlant
la déformation. A l’échelle du polycristal, il faut évaluer les distributions de contraintes, de dé-
formations, d’orientations de grains, et leurs effets sur les propriétés macroscopiques. Une fois
ces propriétés établies, on peut enfin revenir à notre objet de départ, la terre, afin d’identifier le
lien entre la dynamique, les champs de déformation, et l’anisotropie sismique.

Dans ce but, je participe activement au développement de nouvelles expériences de déforma-
tion sous haute pression et haute température. L’objectif est de pouvoir travailler directement
sur les matériaux du manteau et noyau, en insistant sur une caractérisation in-situ par diffraction
de rayons X. Ces travaux impliquent aussi un effort de modélisation numérique, principalement
pour bien comprendre et caractériser le passage de l’échelle du grain à celle du polycristal.

Ces travaux ont donné lieu à de nombreux résultats concernant le comportement plastique
des phases du manteau et noyau, le développement d’anisotropie sismique à la frontière noyau-
manteau, et les problèmes d’analyses de contrainte dans des polycristaux déformés plastique-
ment. Ils seront décrits dans le premier chapitre. Dans le second chapitre de ce manuscrit, je
décris les limites auxquelles j’ai pu être confronté et comment je compte les résoudre à l’ave-
nir. Dans ce but, je développe maintenant une activité à la croisée de quatre axes principaux :
expériences de déformation sur polycristaux sous haute pression et haute température, mesures
de diffraction X tridimensionnelle pour l’étude individuelle de cristaux au sein de polycristaux,
modélisation numérique du passage de l’échelle du grain au polycristal et, enfin, simulations
d’anisotropie sismique. Le troisième chapitre, enfin, décrit mon implication dans l’encadrement
et la gestion de la recherche.

A terme, j’espère être en mesure d’apporter une contribution importante à la compréhen-
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sion du comportement plastique de polycristaux sous pression. Mes travaux restent toujours
ancrés dans les sciences de la terre, avec d’importantes applications pour la compréhension des
phénomènes dynamiques en profondeur. En revanche, l’application de ces développement ne se
cantonne pas aux sciences de la terre et pourrait servir de point de départ pour explorer le com-
portement de phases dites “super-dures” ou encore de nouveaux alliages métalliques fabriqués
sous pression, un domaine totalement vierge qui ne demande qu’à être exploré.



Deuxième partie

Description des travaux scientifiques
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Chapitre 1

Travaux antérieurs

1.1 Plasticité des minéraux sous haute pression et anisotropie sismique

Les mesures d’anisotropie et tomographie sismique ainsi que leur couplage avec les modèles
numériques de convection ont fait d’énormes progrès ces derniers temps, mais leur interprétation
pour des profondeurs au delà de quelques centaines de kilomètres reste difficile du fait du manque
de données minéralogiques correspondantes. En particulier, les propriétés physiques telles que
l’élasticité, la plasticité et la rhéologie des matériaux composant les couches profondes de la
terre sont encore mal contraintes. Modéliser les propriétés plastiques des enveloppes profondes
de la terre comporte plusieurs étapes qui peuvent se décomposer sur trois échelles : l’échelle
microscopique, l’échelle mésoscopique, et enfin l’échelle macroscopique.

Au niveau microscopique, il faut mesurer les propriétés plastiques de polycristaux représen-
tatifs telles que l’évolution de la contrainte avec la déformation, des lois de relaxation, et des
mécanismes de développement d’orientations préférentielles, ou encore l’influence des transitions
de phase, in-situ, sous haute pression et haute température. Ces problèmes peuvent être étudiés
par cinq techniques :

• expériences en presses multi-enclumes pour la caractérisation de lois de comportement et
de développement d’orientations préférentielles in-situ aux pressions du manteau supérieur,
haute température, en conditions contrôlées, et en particulier en découplant pression et
déformation (Wang et al., 2003),

• expériences en presses de types ”Rotationnal Drickamer” pour des expériences aux condi-
tions de la zone de transition (Yamazaki & Karato, 2001)

• investigations en microscopie électronique à transmission (MET) sur des échantillons trem-
pés d’expériences sous haute pression et haute température pour l’identification directe des
microstructures (Cordier, 2002)

• modélisations numériques de type ab-initio qui, une fois comparés aux expériences, per-
mettent d’explorer les conditions inaccessibles expérimentalement (Cordier et al., 2005),

• expériences en cellule diamant pour la caractérisation de lois de comportement et de déve-
loppement d’orientations préférentielles in-situ jusqu’aux pressions de la frontière noyau-
manteau et température ambiante (Merkel et al., 2002b, page 57), et haute température
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par application de chauffage externe (?, page 293) ou laser (Kunz et al., 2007), ce qui est
ma spécialité.

On trouvera une revue des travaux expérimentaux récents dans Raterron & Merkel (2009), page
315 de ce document.

Au niveau mésoscopique, les résultats obtenus dans l’expérience permettent de modéliser des
phénomènes à l’échelle du grain tels que la dynamique des dislocations (Carrez et al., 2005). Cette
étape de modélisation numérique est indispensable pour comprendre le passage entre l’échelle
microscopique, la maille cristalline, et l’échelle macroscopique, le polycristal, et implique aussi
un saut d’échelle de complexité, en passant du défaut individuel au comportement collectif de
défauts. De plus, elle permet d’aborder les problèmes de dépendance temporelle qui ne peuvent
pas être résolus expérimentalement.

Au niveau macroscopique, une fois contraints les mécanismes de déformation aux conditions
voulues, ceux ci peuvent être introduits dans des modèles plasticité polycristalline (Lebensohn
& Tomé, 1993) pour des applications directes aux problèmes géophysiques. Ces simulations
consistent à appliquer une déformation à un agrégat polycristallin par incréments. Au cours
de la déformation plastique se développent des orientations préférentielles qui, combinées à une
anisotropie élastique des matériaux présents, génèrent une anisotropie élastique de l’agrégat.
Connaissant les propriétés des matériaux constituant l’agrégat et les orientations préférentielles
développées, on peut remonter aux propriétés élastiques de l’agrégat comme les vitesses sismiques
(Mainprice et al., 2000). En incluant ces résultats dans des champs de pression, température et
déformation obtenus à partir de simulations de convection on peut ainsi estimer l’anisotropie
résultante (Merkel et al., 2006a, 2007, pages 159, 163). Inversement, les mesures d’anisotropie sis-
mique peuvent aussi servir à contraindre la géométrie des champs de déformation en profondeur,
comme on le fait déjà pour la partie supérieur du manteau (Silver & Holt, 2002).

1.2 Technique expérimentale : la diffraction radiale

La diffraction radiale en cellule diamant est une technique expérimentale que j’utilise souvent.
J’ai amplement participé à son développement et démontré son utilité pour les études de plasti-
cité sous pression. Elle sera donc décrite et discutée en détail dans ce manuscrit. La particularité
de cette technique est de réaliser une expérience de diffraction sur des polycristaux déformés en
cellule diamant, avec un faisceau de rayons X incident orthogonal à l’axe des diamants, ce qui
est contraire à la pratique usuelle.

C’est une technique particulièrement pertinente pour l’étude des propriétés plastiques de
matériaux sous très haute pression. Dans cette géométrie, les rayons X incidents sont perpen-
diculaires à l’axe de compression et on étudie les distorsions des figures de diffraction ainsi que
les variations d’intensités de diffraction avec l’orientation. Ces expériences, couplées à des mo-
dèles numériques de plasticité, permettent d’obtenir des informations importantes : mesure de
la contrainte réelle appliquée à l’échantillon, identification et caractérisation des mécanismes
contrôlant la déformation plastique, et quantification des hétérogénéités de contraintes locales.
Ces résultats pouvant ensuite servir dans les modèles de calculs d’anisotropie du manteau et
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noyau terrestres.

Cette technique, originellement développée pour l’étude de propriétés élastiques (Mao et al.,
1996, 1998; Singh et al., 1998b), fut contestée car les modules élastiques obtenus diffèrent de
ceux obtenus par d’autres techniques (Duffy et al., 1999; Antonangeli et al., 2006). En revanche,
l’application de la diffraction radiale pour l’étude de propriétés plastiques de polycristaux s’est
révélée particulièrement fructueuse (Wenk et al., 2000; Merkel et al., 2002b, 2006a; Wenk et al.,
2006; Merkel et al., 2007).

Au cours des 10 dernières années, j’ai amplement contribué au développement et au rayon-
nement de cette méthode, en démontrant l’utilité des mesures de développement d’orientations
préférentielles, en résolvant le problème de mesures de contraintes par diffraction, et en dévelop-
pant la technique expérimentale.

Les bases de la technique et la description de son application on été décrits dans l’article
Merkel et al. (2002b), page 57, rédigé pendant ma thèse. Dans les années qui ont suivi, j’ai aussi
amélioré le dispositif expérimental, avec une nouvelle technique de confinement pour l’échantillon
(Merkel & Yagi, 2005, page 289) et des expériences à des températures de l’ordre de 1000◦C (?,
page 293).

1.2.1 Dispositif expérimental

Dans le cas des expériences en cellule diamant, la contrainte maximale est habituellement
orientée selon l’axe de compression. Dans les études de plasticité et élasticité par diffraction,
on cherche à étudier les variations des figures de diffraction en fonction de leur orientation
par rapport à cet axe particulier. Cet objectif impose des expériences de diffraction dans une
direction orthogonale à l’axe des diamants, ce qui est contraire à la pratique usuelle. En effet, la
transparence du diamant a toujours encouragé les expériences utilisant des faisceaux incidents,
réfléchis, ou diffractés au travers des diamants.

La géométrie radiale, développée par Kinsland & Bassett (1976, 1977), Funamori et al. (1994),
et Mao et al. (1996), permet d’effectuer des mesures de diffraction de rayons X sur des échan-
tillons dans des cellules à enclumes opposées avec le rayon incident passant au travers du joint.
On étudie ainsi les variations des figures de diffraction en fonction de l’orientation des plans
diffractant dans le champ de contrainte et de déformation (Figure 1.1). Ces expériences de-
mandent des rayons X intenses, de haute énergie, et bien focalisés. Elles sont donc réalisées sur
synchrotron.

Généralement, on fait l’hypothèse d’un champ de contraintes et de déformations axisymé-
trique autour de l’axe des enclumes. On cherche alors à déterminer l’angle ψ entre la normale au
plan diffractant et la direction de compression. Dans le cas d’un montage en dispersion angulaire
avec l’axe de symétrie perpendiculaire au faisceau incident, on calcule cet angle en utilisant la
relation

cosψ = cos θ cos δ, (1.1)

où δ est l’angle azimutal sur le détecteur et θ l’angle de diffraction.
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Fig. 1.1: Vue schématique d’une expérience de diffraction radiale utilisant un faisceau incident monochromatique.

L’échantillon est confiné sous des contraintes non-hydrostatiques entre les deux enclumes de diamant. σ33 et σ11

sont respectivement la contrainte axiale imposée par les diamants et la contrainte radiale imposée par le joint.

Un faisceau monochromatique passe au travers du joint, perpendiculairement à la direction de compression, et les

données sont collectées sur un détecteur plan perpendiculaire au faisceau indicent. Les positions et intensités des

lignes de diffraction sont analysées en fonction de l’angle azimutal δ, à partir duquel on peut calculer l’angle ψ

entre la normale au plan diffractant et la direction de compression.

Il n’est pas absolument nécessaire de faire l’hypothèse de symétrie axiale. Les effets de
contraintes non-axiales sur les mesures de distances inter-réticulaires peuvent être observés et
interprétés (Merkel, 2006, page 235). De même, la symétrie de la déformation plastique appliquée
peut être observée et vérifiée à l’aide des mesures d’orientations préférentielles et de l’algorithme
E-WIMV disponible dans le logiciel MAUD (Miyagi et al., 2006, page 115).

1.2.2 Contraintes techniques : les joints transparents

La diffraction radiale nécessite l’envoi du faisceau incident dans une direction perpendiculaire
à l’axe de compression, soit au travers du joint de confinement. Plusieurs solutions ont été
développées :

1. en retirant le joint et en plaçant uniquement l’échantillon entre les diamants (Kinsland &
Bassett, 1976, 1977). L’énorme inconvénient de cette géométrie est de considérer dans une
même mesure des portions d’échantillon se trouvant dans des conditions de contraintes
très différentes. De plus, le domaine de pression accessible par cette technique est limité.

2. En perçant le joint selon deux orientations particulières (Funamori et al., 1994), ce qui
ne permet d’obtenir de mesures que pour ces deux orientations et n’est pas facilement
applicable à la cellule diamant.

3. En utilisant un joint en mélange composite de bore amorphe et colle époxy, transparent
aux rayons X (Mao et al., 1996). Cette technique est efficace, permet d’obtenir des mesures
sur tout l’espace d’orientations, mais l’utilisation de ce type de joint n’est pas aisée et est
limitée en pression.

4. En utilisant un joint en béryllium durci (Hemley et al., 1997). Cette méthode permet une
mesure sur tout l’espace des orientations, supporte des pressions supérieures à 290 GPa,
mais présente aussi des risques sanitaires pour le manipulateur. De plus, le signal dû au
joint en béryllium est clairement visible et peut masquer celui de l’échantillon.
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Fig. 1.2: Image de diffraction radiale déroulée pour un échantillon de cobalt hcp à 42,6 GPa dans un joint de

kapton-bore-époxy (Merkel et al., 2006b, page 255). Cette figure montre les figures de diffraction en fonction de

l’angle 2θ et l’angle azimutal δ. Les variations sinusöıdales de positions de diffraction avec l’orientation sont liées à

une déformation élastique. Les variations d’intensité de diffraction avec δ sont liées aux orientations préférentielles

et la déformation plastique. Les flèches grises indiquent la direction de compression, les flèches blanches indiquent

la direction de contrainte minimale.

5. En utilisant un cerclage en kapton autour d’un insert fait de bore amorphe et colle époxy
(Merkel & Yagi, 2005, page 289). Cette technique est facile d’utilisation, permet d’obtenir
des mesures sur tout l’espace d’orientations et donne un signal très propre (figure 1.2).
En revanche, les pressions maximales atteintes avec cette technique sont de l’ordre de 60
GPa. De plus, le kapton perd ses propriétés mécaniques à des températures relativement
peu élevées. Ces joints ne peuvent donc pas être utilisés dans des cellules avec chauffage
externe. Enfin, cette technique n’est pas applicable aux échantillons liquides qui diffusent
dans l’insert de bore-époxy.

6. En utilisant un cerclage en mica fluoré autour d’un insert fait de bore amorphe et colle
époxy (?, page 293). Cette technique, en cours de développement, permet de travailler
jusqu’à des pressions de 65 GPa et des températures de 1300 K. En revanche, le mica
monocristallin laisse des tâches de diffraction d’intensité importante sur le détecteur plan.

A l’heure actuelle, les joints en béryllium restent donc l’unique solution pour des expériences
sur des échantillons fluides ou des pressions supérieures à 60 GPa. Pour des expériences sur
échantillons solides, à des pressions et températures inférieures à 60 GPa et 600 K, on devra
choisir des joints en kapton-bore-époxy. Au delà de 600 K, les joints en mica fluoré, bore, et époxy
sont la meilleure solution disponible. Ces deux dernières méthodes (joints en kapton-bore-époxy
et joints en mica fluoré, bore, et époxy) sont les résultats de mes travaux et ont demandé plus
d’effort qu’il n’y parait.

1.2.3 Analyse des images

La figure 1.2 montre un exemple de résultats obtenus en diffraction radiale. Elle doit être cali-
brée avec un standard pour la longueur d’onde, la distance échantillon-détecteur et l’orientation
du détecteur. Après avoir été centrée, l’image est décomposée en secteurs azimutaux (en général
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5◦, 10◦ ou 15◦). On étudie alors la variation des positions et intensités de pics de diffraction avec
l’orientation.

1.3 Mesures de contraintes, orientations préférentielles, et applications

géophysiques

1.3.1 Polycristaux et orientations préférentielles

L’orientation des cristaux qui constituent un polycristal n’est que rarement aléatoire, sur-
tout en présence de déformation plastique, on parle alors d’orientations préférentielles ou de
texture, ce qui a d’importantes implications sur les propriétés macroscopiques du matériau. Les
orientations préférentielles sont généralement l’effet d’une déformation plastique et en particulier
de l’action de mécanismes microscopiques comme le glissement de dislocations ou le maclage.
Connaissant la texture d’un polycristal et les propriétés des cristaux qui le composent, il est
possible de remonter aux caractéristiques globales du polycristal, telles les propriétés optiques,
électriques ou élastiques (Kocks et al., 1998).

Les orientations préférentielles sont représentées à l’aide de la fonction de distribution des
orientations (Orientation Distribution Function, ou ODF). L’ODF sert à calculer les propriétés
anisotropes des polycristaux. Pour chaque orientation, elle représente la probabilité de trouver
un cristal ayant acquis cette orientation. Un agrégat sans orientation préférentielle aura une
probabilité de un pour toutes les orientations. Pour un agrégat orienté, certaines orientations
auront des probabilités supérieures à un et d’autres auront des probabilités inférieures à un.

En pratique, l’ODF peut être calculée à partir des variations d’intensité de diffraction avec
l’orientation en utilisant des algorithmes tomographiques de type WIMV (Matthies & Vinel,
1982), dans le logiciel BEARTEX (Wenk et al., 1998), ou encore dans le logiciel d’analyse Rietveld
MAUD (Lutterotti et al., 1999).

1.3.2 Application aux données de diffraction radiale

Les données de diffraction radiale sont parfaitement appropriées pour l’inversion d’ODF pour
les polycristaux déformés en cellule diamant. Par exemple, la figure 1.3 présente les intensités
de diffraction en fonction de l’angle ψ entre la normale au plan diffractant et la direction de
compression pour un échantillon de MgGeO3 dans la structure post-perovskite. Les données ont
été mesurées in-situ à 130 GPa, en géométrie radiale, et en utilisant un joint en béryllium. On
a ensuite utilisé l’algorithme WIMV pour extraire une ODF à partir de mesures pour les lignes
de diffraction 020, 002, 022, 110, 112, et 130 en faisant l’hypothèse de symétrie de l’ODF autour
de l’axe de compression. Le logiciel simule les intensités de diffraction pour une ODF donnée
et utilise un processus itératif pour ajuster l’ODF aux données expérimentales. Dans ce cas,
l’accord entre les données expérimentales et les données simulées est particulièrement bon.

On peut ensuite comparer les ODF obtenues expérimentalement aux résultats de plasticité
polycristalline. En effet, le développement de texture dépend de la géométrie de déformation
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Fig. 1.3: Intensités de diffraction mesurées sur un échantillon de MgGeO3 dans la structure post-perovskite

après déformation en fonction de l’angle ψ (Merkel et al., 2006a, page 159). Les cercles indiquent des intensités

mesurées sur le détecteur, les lignes épaisses sont les intensités recalculées à partir de l’ODF, calculée à l’aide

de l’algorithme WIMV. Les données présentées correspondent à une mesure in-situ à 130 GPa pour les lignes de

diffraction 020, 002, 022, 110, 112, et 130 de MgGeO3-pPv. L’échelle des données expérimentales à été ajustée sur

celle des données recalculées, exprimées en m.r.d.

ainsi que des modes de déformation (systèmes de glissement, macles) activés dans le polycris-
tal. Ainsi, une comparaison entre résultats expérimentaux et simulations permet d’identifier les
modes activés et dominants au cours de l’expérience. En général, les simulations utilisent le code
VPSC (Visco-Plastic Self-Consistent) développé par R. Lebensohn à Los Alamos (Lebensohn &
Tomé, 1994). Dans ces simulations, on représente l’agrégat par un nombre discret d’orientations
en y associant des fractions volumiques, choisies pour reproduire la texture initiale de l’agré-
gat. Chaque orientation est traitée comme une inclusion dans un milieu homogène, anisotrope,
ayant les propriétés moyennes du polycristal. Avec la déformation, les orientations tournent pour
accommoder la déformation plastique et génèrent donc une nouvelle texture. En appliquant dif-
férentes combinaisons de contraintes limites résolues (Critical Resolved Shear Stress, CRSS)
pour les systèmes de glissement ou les macles, une simulation peut favoriser tel ou tel méca-
nisme. Ainsi, en déterminant les textures simulées se rapprochant le plus des textures mesurées
expérimentalement, on peut déduire quels mécanismes ont été activés lors de l’expérience.

La figure 1.4, par exemple, montre les orientations déduites pour l’échantillon de MgGeO3-
pPv à 130 GPa et des résultats de calculs VPSC favorisant le glissement le long des plans (100),
(010), (001) et une combinaison de (100) et (110). Il apparâıt clairement que les simulations
favorisant le glissement selon les plans (100), (110), ou une combinaison des deux sont les plus
proches de celles mesurées expérimentalement. Dans ce cas, j’ai donc pu déduire que, dans les
conditions de cette expérience, l’échantillon de MgGeO3-pPv se déformait probablement par
glissement le long de plans (100), (110), ou une combinaison des deux (Merkel et al., 2006a,
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Fig. 1.4: Figures de pôle inverses illustrant les orientations préférentielles au sein du polycristal de MgGeO3,

déduites des mesures de la figure 1.3 (A), ou (B,C,D,E) simulées après une déformation de 20% en compression

avec des modèles favorisant le glissement le long des plans (100), (010), (001) et une combinaison de (100) et

(110). Projection ”aire égale”, contours linéaires exprimés en m.r.d.

page 159).

Cette technique a été appliquée avec succès sur de nombreux matériaux (voir Wenk et al.
(2006), page 127, pour une revue exhaustive). Voici une liste des matériaux que j’ai pu étudier

• MgO et la magnésiowüstite : Merkel et al. (2002b), page 57, et Tommaseo et al. (2006),
page 101,

• la perovskite (Mg,Fe)SiO3 : Merkel et al. (2003), page 77,

• le fer ε : Merkel et al. (2004), page 87,

• la perovskite calcique : Miyagi et al. (2006), page 115, et Miyagi et al. (2009), page 151,

• le cobalt : Merkel et al. (2006b), page 255,

• les post-perovskites MgGeO3 (Merkel et al., 2006a, page 159), (Mg,Fe)SiO3 (Merkel et al.,
2007, page 163), et CaIrO3 (Niwa et al., 2007, page 143).

1.3.3 Mesures de contraintes

Les déformations élastiques supportées par l’échantillon apparaissent comme des variations
sinusöıdales de distances inter-réticulaires en fonction de l’angle ψ. Les distances inter-réticulaires
les plus faibles correspondent aux plans orientés perpendiculairement à l’axe de compression, les
distances inter-réticulaires les plus importantes correspondent aux plans parallèles à l’axe de
compression. L’interprétation de ces mesures est difficile et a donné lieu à de nombreux débats
dans la littérature (Singh & Montagner, 1999; Weidner et al., 2004; Antonangeli et al., 2006;
Merkel et al., 2009; Karato, 2009). Je reviendrai sur ces aspect techniques dans la section 1.4,
page 22.

Ces mesures sont importantes. En effet, elles permettent de quantifier la dureté et les lois de
comportement mécanique des matériaux étudiés. En particulier, on peut s’intéresser aux mesures
de viscosité des matériaux du manteau, ce qui est d’un intérêt primordial pour la compréhension
des processus dynamiques contrôlant la convection mantellique.

Pour ces mesures, la cellule diamant présente quelques faiblesses. En effet, on ne peut pas
contrôler le taux de déformation appliqué à l’échantillon et pression et déformations ne peuvent
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Fig. 1.5: Modélisation de température, déformation, texture, and biréfringence des ondes S dues à la post-

perovskite dans D”(Merkel et al., 2007, 163). Les températures sont normalisées pour avoir T = 0 à la surface de

la terre et T = 1 à la frontière noyau-manteau. La figure centrale montre l’évolution de la déformation et de la

température le long d’un traceur pris dans un mouvement de convection du manteau. Les figures (A), (B), (C),

et (D) présentent des modèles d’orientations des axes [100] de la post-perovskite et de la biréfringence des ondes

S calculés aux pas 1000, 2000, 5000, et 6000 indiqués sur la figure centrale. Les amplitudes de biréfringence des

ondes S ont été calculées à partir des constantes élastiques de Wentzcovitch et al. (2006) et Stackhouse et al.

(2005). Échelles linéaires, projections aires-égales. Les contours pour les orientations des axes [100] sont exprimés

en m.r.d., ceux des biréfringence des ondes S en pourcentages. Les traits noirs et blancs indiquent les directions

de polarisation rapides.

être découplées. En revanche, les presses de types D-DIA sont idéales pour ce type de mesure, en
permettant de choisir le taux de déformation, la pression, et la température indépendemment.

Parmi mes contributions, on citera les travaux sur

• MgO : Merkel et al. (2002b), page 57,

• la perovskite (Mg,Fe)SiO3 : Merkel et al. (2003), page 77,

• la perovskite calcique : Miyagi et al. (2009), page 151,

• les serpentines : Hilairet et al. (2007), page 167.

1.3.4 Applications géophysiques

En dehors de la performance expérimentale et de l’obtention de données importantes sur les
propriétés de matériaux, les mesures de diffraction radiale peuvent être appliquées à la com-
préhension et l’interprétation de données géophysiques telles que l’anisotropie sismique et les
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mouvements de convection.

En 2006-2007, par exemple, je me suis intéressé aux propriétés de la phase post-perovskite.
Cette phase, découverte vers 130 GPa d’une transformation de Mg-Pv vers une phase plus dense
de structure CaIrO3 a sans doute représenté la découverte la plus marquante de ces dernières
années (Murakami et al., 2004; Oganov & Ono, 2004). L’existence de cette phase éclaire d’un jour
nouveau les caractéristiques très particulières (hétérogénéité, anisotropie sismique) de la frontière
noyau-manteau, la couche D” (Hirose et al., 2007). Les pressions associées à cette transformation
étant très élevées, beaucoup d’études se tournent vers des composés isostructuraux stables à plus
basses pressions comme MgGeO3 (pour lequel la phase post-perovskite apparâıt dès 60 GPa,
Hirose et al. (2005)), voire CaIrO3 qui présente cette structure à pression ambiante.

Après avoir effectué des expériences sur la phase MgGeO3 (Merkel et al., 2006a, page 159),
j’ai réussi la première expérience de déformation de Mg-pPv en cellule diamants (Merkel et al.,
2007, page 163). Dans ces expériences, nous avons montré que les orientations préférentielles
obtenues expérimentalement correspondaient à un plan de glissement dominant de type (100)
ou (110). Nous avons ensuite testé l’influence d’un plan de glissement dominant de type (100) ou
(110) dans la post-perovskite sur l’anisotropie de la couche D”. Nous avons ainsi montré que les
anisotropies calculées pour de la post-perovskite déformée en cisaillement par les mouvements de
convection dans le manteau et dans D” ne correspondaient pas aux observations sismologiques
(Figure 1.5). Ces résultats soulèvent de nombreuses questions, concernant la validité des mesures
de plasticité en cellule diamant, la géométrie du champ de déformation dans D”, ou encore
l’origine de l’anisotropie sismique mesurée dans D”, qui sont le sujet de recherches très actives.

Parmi mes travaux, les résultats ayant donné lieu à des interprétations géophysiques les plus
avancées sont

• les mesures de développement d’orientations préférentielles dans les post-perovskites MgGeO3

(Merkel et al., 2006a, page 159) et (Mg,Fe)SiO3 (Merkel et al., 2007, page 163), et leurs
implications pour le problème de l’anisotropie de D”,

• les mesures de lois de comportement de la serpentine (Hilairet et al., 2007, page 167), et
l’influence de ce matériau sur la répartition géographique des séismes.

1.4 Le problème des constantes élastiques

1.4.1 Introduction

La diffraction radiale fut originellement développée pour l’étude de propriétés élastiques (Mao
et al., 1996, 1998; Singh et al., 1998b) et fut contestée car les modules élastiques obtenus dif-
féraient de ceux obtenus par d’autres techniques (Duffy et al., 1999; Singh & Montagner, 1999;
Weidner et al., 2004; Antonangeli et al., 2006). J’ai été impliqué très tôt dans ce problème, en
comparant les modules élastiques déduits par spectroscopie Raman et diffraction radiale pour le
fer ε (Merkel et al., 2000; Matthies et al., 2001a; Merkel et al., 2005, pages 173, 177, et 199) et
en effectuant des mesures sur la pyrite (Merkel et al., 2002a, page 189) et MgO (Merkel et al.,
2002b, page 57).
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Fin 2002, nous avons lancé, avec Guillaume Fiquet et Daniele Antonangeli, un programme
d’étude sur le cobalt, matériau de structure hcp, aux propriétés proches de celles du fer ε, et pour
lequel nous disposons de monocristaux. L’objectif de ces travaux était de mesurer les modules
élastiques de ce matériau, sous pression, en associant les différentes techniques disponibles et,
éventuellement, de résoudre les problèmes associés.

Comme préssenti, les contraintes et modules élastiques déduits par diffraction radiale étaient
irréalistes (Merkel et al., 2006b; Antonangeli et al., 2006, pages 255 et 249). Ce résultat impliquait
que toutes les mesures de contraintes par diffraction étaient erronées, ce qui posait de nombreux
problèmes pour l’interprétation de toute expérience de déformation sous haute pression. J’ai
donc passé plusieurs années à résoudre ce problème en parvenant, après une rencontre décisive
avec C. Tomé de Los Alamos, à la solution en 2009 (Merkel et al., 2009, page 263). Ces travaux
sont décrits ci-dessous.

1.4.2 Observations expérimentales

Les déformations élastiques supportées par un échantillon étudié en diffraction radiale appa-
raissent comme des variations sinusöıdales de distances inter-réticulaires en fonction de l’angle ψ.
Les distances inter-réticulaires les plus faibles correspondent aux plans orientés perpendiculaire-
ment à l’axe de compression, les distances inter-réticulaires les plus importantes correspondent
aux plans parallèles à l’axe de compression.

De nombreuses expériences (Mao et al., 1996; Singh et al., 1998b; Duffy et al., 1999; Merkel
et al., 2002b; Kavner & Duffy, 2003; Speziale et al., 2006; Kavner, 2007; Weinberger et al.,
2008) ont montré que les distances inter-réticulaires mesurées en diffraction radiale dépendent
pratiquement linéairement de la quantité (1 − 3 cos2 ψ). De plus, les valeurs de distances inter-
réticulaires mesurées à ψ = 54.7◦, soit 1− 3 cos2 ψ = 0, correspondent à celles attendues lors de
mesures en conditions hydrostatiques. On introduit donc le paramètre Q tel que

ε(hkl, ψ) =
dm(hkl, ψ)− dP (hkl)

dP (hkl)

= Q(hkl)
(
1− 3 cos2 ψ

)
, (1.2)

où dm(hkl, ψ) est la distance inter-réticulaire mesurée pour la ligne d’indice hkl à l’angle ψ,
dP (hkl) est la distance inter-réticulaire de la ligne hkl sous la pression hydrostatique P , et
Q(hkl) est le paramètre de déformation de réseau.

La valeur de Q(hkl) indique l’amplitude des déformations élastiques subies par la ligne de
diffraction d’indice hkl. Elle est liée à la contrainte différentielle t appliquée à l’échantillon, aux
coefficients élastiques du matériau Cijkl et à la déformation plastique subie par l’échantillon.

La figure 1.6, par exemple, montre les distances inter-réticulaires extraites de la figure 1.2.
Les déformations mesurées ε = (dm−dP )/dP sont pratiquement linéaires avec (1−3 cos2 ψ). En
première approximation, la représentation des données par l’équation 1.2 est donc pertinente.
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Fig. 1.6: Distances inter-réticulaires mesurées dans un échantillon de cobalt hcp à 42,6 GPa (Merkel et al., 2006b,

page 255). Les cercles sont les données expérimentales. Les lignes brisées sont déduites de la théorie élastique

négligeant les effets d’orientations préférentielles (Singh et al., 1998a), en utilisant une contrainte différentielle de

4 GPa et des coefficients élastiques connus (Antonangeli et al., 2004). Les lignes continues sont les résultats de

modèles élasto plastiques récents (Merkel et al., 2009, page 263).

1.4.3 Le modèle élastique

La géométrie de la cellule diamant définit un champ de contrainte axial, avec l’axe de
contrainte maximale aligné avec la direction de compression. Le tenseur des contraintes peut
donc se décomposer en

σ =



P 0 0
0 P 0
0 0 P


+



− t

3 0 0
0 − t

3 0
0 0 2 t

3


 , (1.3)

où P est la pression hydrostatique et t la contrainte différentielle.

Pour un polycristal, un pic de diffraction est la somme des contributions de tous les cristaux
orientés en condition de diffraction, c.a.d., ceux pour qui la normale au plan (hkl) est parallèle
au vecteur de diffraction. Les distances inter-réticulaires correspondantes dépendent du champ
de contrainte local autour de chacun de ces cristaux et de leurs propriétés élastiques ; la distance
mesurée par diffraction est la moyenne arithmétique des valeurs de distances inter-réticulaires
de ces grains.

Des théories ont été développées pour lier les coefficients élastiques des cristaux, Cijkl, la
contrainte appliquée t, et les distances mesurées. Ces modèles reposent sur la théorie de l’élasticité
et font l’hypothèse d’une continuité au sein du polycristal, soit de contrainte, soit de déformation.
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De plus si l’on suppose que le polycristal ne présente pas d’orientations préférentielles, on trouve
que les distances inter-réticulaires suivent l’équation 1.2 ainsi qu’une relation entre les paramètres
Q, la contrainte différentielle, et les coefficients élastiques (Singh et al., 1998a). On peut aussi
démontrer que

t ≈ 6G < Q(hkl) >, (1.4)

où G est le module de cisaillement de l’agrégat.

Des théories incluant les effets d’orientations préférentielles existent aussi (Matthies et al.,
2001b). Dans ce cas, les distances mesurées ne sont pas linéaires en (1 − 3 cos2 ψ), mais on
peut toujours établir une relation entre les coefficients élastiques, la contrainte appliquée, et
les distance mesurées. En revanche, les effets d’orientations préférentielles sont particulièrement
faibles et peuvent être difficiles à discerner expérimentalement (Matthies et al., 2001a; Merkel
& Yagi, 2006, pages 177 et 221).

1.4.4 Limitations du modèle élastique

Très rapidement, ces théories ont été utilisées pour déduire des coefficients élastiques sous
haute pression, en particulier pour un matériau comme la phase ε du fer. Cette phase est consi-
dérée comme le composant principal de la graine du noyau terrestre. De plus, les métaux hexa-
gonaux sont des matériaux modèles permettant de tester les techniques expérimentales et numé-
riques les plus avancées. Rapidement, il est apparu que le modèle élastique couplé à la diffraction
radiale donnait des résultats incohérents (Singh et al., 1998b; Mao et al., 1998; Merkel et al.,
2005; Mao et al., 2008).

Ce résultat fut confirmé par nos travaux sur le cobalt qui ont démontré que les coefficients
élastiques obtenus par diffraction radiale sont en désaccord avec ceux obtenus par une multitude
de techniques (Steinle-Neumann et al., 1999; Antonangeli et al., 2004; Goncharov et al., 2004;
Antonangeli et al., 2005, 2006; Merkel et al., 2006b; Crowhurst et al., 2006).

Les limitations de la théorie élastique peuvent apparâıtre sous plusieurs formes. Si l’on cherche
à étudier les propriétés élastiques, les coefficients obtenus sont faux, et de plusieurs ordres de
grandeur. Dans les métaux hexagonaux, cette erreur apparâıt sous la forme caractéristique de
cloche pour la variation de vitesse de propagation des ondes de compression en fonction de
l’angle avec l’axe c (Antonangeli et al., 2006, page 249, figures 1 et 2). Cette théorie est aussi
beaucoup utilisée pour les mesures de contraintes par diffraction. Dans ce cas, les limites du
modèle élastique apparaissent par des mesures de contraintes très dépendantes du plan considéré
(Weidner et al., 2004; Merkel et al., 2006b, page 255).

La figure 1.6, par exemple, montre les prévisions du modèle élastique pour un échantillon
de cobalt à une pression de 42,6 GPa et une contrainte différentielle de 4 GPa. Ces prévisions
sont en accord avec les mesures sur 1011 ou 1013 mais sous-estiment largement les variations
de distances inter-réticulaires pour 1010 ou 0002. Les contraintes déduites du modèle élastique
dépendront donc de la ligne de diffraction considérée.
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1.4.5 Prise en compte de la plasticité

Les limitations du modèle élastique peuvent être résolues par l’utilisation de modèles de type
élasto-plastique, ce qui a été démontré par des travaux sur MgO (Weidner et al., 2004; Li et al.,
2004), le quartz (Burnley & Zhang, 2008), et le cobalt (Merkel et al., 2009, page 263).

Comme les modèles VPSC, un modèle élasto-plastique (Elasto-Plastic Self Consistent, EPSC)
représente l’agrégat par un nombre discret d’orientations en y associant des fractions volumiques,
choisies pour reproduire la texture initiale de l’agrégat. Le modèle EPSC traite chaque orienta-
tion comme une inclusion ellipsöıdale élasto-plastique plongée dans un milieu effectif, anisotrope,
caractéristique de l’agrégat. Les conditions aux limites (contrainte, déformation) sont supportées
en moyenne dans le polycristal par les déformations plastiques et élastiques au sein de chacun des
grains. De tels modèles peuvent ainsi prendre en compte le fait que certains grains sont dans des
orientations plus favorables à la déformation plastique. Ces grains ont tendance à se déformer
en premier, en diminuant la contrainte locale, et en transférant la contrainte moyenne sur les
grains dans les orientations plus “dures” qui gardent un comportement élastique plus longtemps.

Ces modèles utilisent des valeurs connues de coefficients élastiques, un champs de déformation
moyen appliqué à l’échantillon, et les contraintes limites résolues (CRSS) associées à chacun des
mécanismes de déformation. Les déformations simulées à l’échelle microscopique sont comparées
aux observations expérimentales en identifiant, dans le modèle, les orientations contribuant à un
signal de diffraction et en calculant la distance inter-réticulaire moyenne correspondante.

Dans le cas du cobalt, j’ai ainsi été capable d’interpréter complètement les mesures effectuées
précédemment (Merkel et al., 2009, page 263). Par exemple, la figure 1.7 présente la distribution
de contrainte obtenue pour un échantillon de cobalt après une déformation axiale ε33 moyenne
de 17%, tout en conservant ε11 = ε22 = 0, soit une pression de 46,2 GPa. Ces calculs ont été
effectués pour deux modèles de plasticité, l’un favorisant les glissements basal, prismatique et
pyramidal <c+a>, l’autre favorisant les glissements basal et prismatique ainsi que des macles
{2112}.

Les contraintes latérales (σ22 − σ11) ont une distribution centrée sur 0 GPa, mais certains
grains sont soumis à des contraintes latérales de l’ordre de 2 GPa, soit l’ordre de grandeur de
la contrainte différentielle moyenne. Les contraintes différentielles t = σ33 − (σ11 + σ22) ont une
distribution bi-modale dont la moyenne correspond à la contrainte différentielle moyenne dans
le polycristal. Deux familles de grains (ou orientations) peuvent être identifiées : les orientations
“molles” et les orientations “dures”. Les orientations “molles” sont favorables à la déformation
plastique et ont une contrainte différentielle relativement faible. Les orientations “dures” sont
peu favorables à la déformation plastique et ont une contrainte différentielle relativement élevée.

La déformation plastique induit donc une forte hétérogénéité des contraintes locales au sein de
l’échantillon. Les modèles élastiques négligent complètement ce phénomène et reposent toujours
sur des hypothèses de contrainte ou déformation moyenne. Comme le montre la figure 1.7, ces
concepts ne sont plus pertinents pour des polycristaux ayant subi une déformation plastique, ce
qui explique les résultats étonnants obtenus précédemment.

Les résultats des modèles EPSC sont importants. En effet, ils permettent d’obtenir une mesure
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Fig. 1.7: Histogrammes des distributions de contrainte dans les grains composant un échantillon de cobalt déformé

à 46,2 GPa (Merkel et al., 2009, page 263). Ces résultats ont été obtenus à l’aide de modèles élasto-plastiques

incluant le glissement basal, prismatique, ainsi que le système de glissement pyramidal <c+a> (Modèle 4) ou des

macles {2112} (Modèle 5).

de la contrainte réelle appliquée à l’échantillon, ce qui est un paramètre critique dans toutes les
expériences de déformation. De plus, la comparaison de mesures de distances inter-réticulaires en
diffraction radiale et de modèles EPSC permet une identification des mécanismes contrôlant la
déformation plastique plus fine que celle obtenue par analyses d’orientations préférentielles. Dans
le cas du cobalt par exemple, nous avons non seulement identifié les mécanismes de déformation,
mais aussi la valeur de leurs contraintes limites résolues, en GPa, ainsi que leurs coefficients de
durcissement (Merkel et al., 2009, page 263).
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Évolution thématique

2.1 Limites des travaux réalisés

Les travaux que j’ai réalisés ces dernières années ont permis de belles avancées dans la com-
préhension du comportement plastique de matériaux sous haute pression et de l’anisotropie
sismique en profondeur. En revanche, certains de ces projets atteignent leurs limites. Voici celles
que j’ai pu identifier :

i) absence de température dans les expériences de déformation en cellule diamant,
ii) absence d’identification directe et in-situ de mécanismes de déformation,
iii) incertitudes dans les paramètres utilisés dans la modélisation d’anisotropie.

Jusqu’en 2007, toutes les expériences de déformation en cellule diamant ont été effectuées
à température ambiante. C’est un défaut majeur de la technique. En effet, les mécanismes de
plasticité sont très sensibles à la température. Contrairement aux études de diagramme de phase,
pour lesquelles le paramètre thermodynamique primordial est la pression, la température joue
un rôle prépondérant sur l’activation de mécanismes plastiques. Pour résoudre ce problème, j’ai
donc engagé le développement d’expériences de déformation à haute température (section 2.2,
page 29). La technique est en place et devrait porter ses fruits dans les années à venir.

Dans toutes les expériences de déformation sous pression (cellule diamant, presses D-DIA,
RDA...), l’identification des mécanismes activés est indirecte : mesure de texture, modélisation
élasto-plastique... Ceci pose problème. En effet, les mécanismes de déformation, et en particulier
les plans et directions de glissement, doivent être configurés et testés manuellement et les solu-
tions ne sont pas uniques. De plus, dans les expériences mesurant les orientations préférentielles,
certaines textures peuvent être formées lors de la synthèse du matériau et l’effet des mécanismes
plastiques difficiles à discerner.

Pour les matériaux stables à pression ambiante, on utilise la microscopie électronique en
transmission. On peut alors observer directement les mécanismes microscopiques (macles, dislo-
cations...). En revanche, pour les matériaux qui ne peuvent être ramenés à pression ambiante,
nous ne disposons pas de solution. Depuis 2008, j’ai donc engagé un programme de diffraction
X 3D et d’analyses de profils de pics pour y remédier. Ces travaux sont en cours et brièvement
décrits en section 2.3, page 30.
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Fig. 2.1: Image de la nouvelle cellule diamant pour diffraction radiale à haute température. Cette cellule, construite

en inconel, permet de déformer des échantillons in-situ sur une gamme de pression et température 0-65 GPa et

300-1300 K. Le chauffage est effectué grâce à un four en graphite disposé autour de l’échantillon, la pression

est contrôlée à distance en jouant sur une membrane, et l’oxydation des diamants et de la cellule ralentie en

maintenant l’ensemble sous un flux de mélange Ar-H.

Enfin, l’application de mes mesures aux problématiques d’anisotropie sismique requiert systé-
matiquement l’utilisation de modèles de plasticité polycristalline de type VPSC. Les paramètres
principaux de ces modèles sont le champs de déformation et les mécanismes de plasticité à
activer. Dans les expériences, les champ de déformation sont simples et le système de défor-
mation le plus actif domine l’évolution de la texture. Les systèmes de glissement secondaires
sont difficiles à identifier. Dans un contexte géophysique en revanche, les champs de déformation
deviennent complexes ; les mécanismes de déformation secondaire peuvent influencer la texture,
et donc l’anisotropie sismique simulée. Je présenterai mes idées pour résoudre ce problème dans
la section 2.5, page 32.

2.2 Diffraction radiale à haute pression et haute température

Depuis 2006, j’ai engagé une collaboration avec Peter Liermann au synchrotron APS (USA),
maintenant au synchrotron DESY à Hambourg, ainsi que Hans-Rudolf Wenk et Lowell Miyagi
à Berkeley, pour surmonter l’une des plus grandes limitations des expériences de déformation
en cellule diamant : l’impossibilité de combiner pression, déformation, et haute température.
Nous avons donc dessiné un nouveau type de cellule diamant et de méthode de chauffage de
l’échantillon permettant de réaliser des expériences sur des gammes de pression 0-65 GPa et
température 300-1300 K. Le développement de ces expériences a pris du temps et nécessité
plusieurs séances de test sur synchrotron. Finalement, en février 2008, novembre 2008, et août
2009, nous avons pu réaliser les premières expériences couronnées de succès, sur les phases α,
γ, et ε du fer et sur MgO. Les résultats de ces expériences sont toujours en cours d’analyse et
l’article décrivant le protocole expérimental est sous presse (?, page 293).

La figure 2.2 montre les résultats préliminaires obtenus sur les phases α, γ, et ε du fer. Elle
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Fig. 2.2: Résultats des expériences de diffraction radiale

à haute température sur le fer : contrainte différentielle

t, en GPa, taille de grain moyenne, en Å, proportions des

phase α, γ, et ε, température, en K, et pression, en GPa,

en fonction du numéro de l’image.
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démontre notre capacité à mesurer des contraintes, tailles de grains, et proportions entre phases
dans des échantillons déformés plastiquement à plus de 900 K entre 0 et 35 GPa. Nous disposons
aussi de mesures d’orientations préférentielles qui restent à interpréter.

Ces travaux ouvrent la voie à l’étude des mécanismes de déformation plastique de polycristaux
sur une gamme 300-1300 K et 0-65 GPa. L’étude de propriétés de minéraux du manteau comme
la perovskite (Mg,Fe)SiO3 et la perovskite calcique est à portée de main et nous fournira, j’en
suis sûr, multitudes de résultats importants.

2.3 Diffraction X-3D et densités de dislocations

Les techniques de diffraction radiale sont utiles pour l’étude de comportement de polycristaux
mais elles souffrent de plusieurs inconvénients comme

i) une faible déformation appliquée à des pressions supérieures à 50 GPa, et donc des textures
faibles, difficiles à interpréter, et susceptibles d’être affectées par les étapes de synthèse
d’échantillons,

ii) l’impossibilité de caractériser directement les mécanismes de déformation.

En 2008, j’ai donc engagé un programme important pour la caractérisation directe de dis-
locations dans les minéraux, in-situ et sous haute pression, en collaboration avec P. Cordier
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Fig. 2.3: Image de diffraction obtenue lors d’expériences de diffraction X - 3D sur un échantillon de post-perovskite

MgGeO3 à environ 80 GPa. L’image de droite est brute. L’image de gauche a été obtenue en retirant le bruit de

fonds et le signal du à la partie poudre de l’échantillon et ne laisse apparâıtre que les taches de diffraction des

plus gros grains.

du laboratoire et T. Ungár de l’université Eötvös à Budapest. Ce projet est financé par une
ANR Jeunes Chercheurs (DiUP, Dislocations Under Pressure). Ces études sont basées sur les
techniques de diffraction X-3D dans lesquelles on cherche à caractériser des propriétés de mo-
nocristaux au sein d’échantillons polycristallins (Margulies et al., 2001). Ici, nous cherchons à
y observer des dislocations. En effet, les dislocations induisent une distorsion de structure ré-
sultant en un élargissement des pics de Bragg. Cet effet peut être déconvolué sur les images de
diffractions obtenues sur monocristaux (Ungár & Borbély, 1996). En utilisant cette technique,
on peut mesurer les caractéristiques des dislocations présentes dans le matériau ainsi que leurs
densités, ce qui a déjà été réalisé sur la perovskite, par exemple (Cordier et al., 2004). Dans ce
projet, nous combinons les études de diffraction X -3D à l’ESRF et les techniques d’extraction de
densités de dislocations de T. Ungár pour étudier les dislocations dans les minéraux du manteau
directement, in-situ, sous pression, sans synthèse de monocristaux, ni trempe d’échantillon vers
les conditions ambiantes de pression.

J’ai donc engagé une étudiante en thèse, C. Nisr, pour y travailler. Nous avons réalisé deux
campagnes d’expériences à l’ESRF et deux voyages à Budapest dans le laboratoire de T. Ungár
pour nous former aux techniques d’extraction de densités de dislocations par diffraction. Après un
an de travaux, nous sommes en mesure de retrouver des figures de diffraction de monocristaux
dans le signal expérimental en utilisant les algorithmes de l’ESRF et débutons l’analyse de
densités de dislocations. Ce projet combine trois difficultés : expérimentation sous haute pression,
diffraction X - 3D, et extraction de densités de dislocations. Ces techniques n’ont jamais été
combinées par le passé. A terme, je pense être en mesure de décrire avec précision les dislocations
présentes dans certains minéraux du manteau, ce qui sera très utile à la compréhension et
modélisation des mouvements de convection et du développement d’anisotropie sismique dans
le manteau. Ces techniques pourront aussi être appliquées à d’autres domaines, et en particulier
en sciences des matériaux pour l’étude des propriétés de phases ultra-dures.
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Fig. 2.4: Positions de 12000 taches de diffraction de grains de MgGeO3 extraites de 90 images filtrées. Ces taches

sont utilisées pour la recherche et l’indexation de signal de type monocristal pour quelques grains de l’échantillon.

2.4 Installation d’une presse de déformation D-DIA à l’ESRF

L’installation d’une nouvelle presse multi-enclumes équipée d’un système de déformation D-
DIA sur la ligne ID06 de l’ESRF ouvre de nouvelles perspectives. Cet instrument nous permettra
de mesurer des lois de comportement et des développements de textures dans des polycristaux,
in-situ, dans les conditions du manteau supérieur.

Avec P. Raterron, du laboratoire, nous avons donc lancé un projet d’étude des propriétés
plastiques de l’olivine sous haute pression et haute température. Ce projet combinera mon ex-
périence en analyses de données de contraintes et d’orientations préférentielles, de modélisations
élasto- et visco-plastiques, et celle de P. Raterron pour l’utilisation de la D-DIA. Ce projet est
dans l’attente de l’installation de la presse (Janvier 2010) et du recrutement d’un étudiant en
thèse et d’un post-doc, prévus pour fin 2009.

2.5 Comportement de polycristaux et modélisation d’anisotropie

Pour comprendre le comportement de polycristaux, dans les expériences de déformation ou
dans un contexte géophysique, il faut faire appel aux modèles de plasticité polycristalline comme
les modèles EPSC ou VPSC.

Du point de vue expérimental, ils interviennent pour

– la simulation et l’interprétation des textures mesurées (section 1.3.2, page 18)

– la simulation et l’interprétation des variations de distances inter-réticulaires mesurées (sec-
tion 1.4.5, page 26).

Pour une application géophysique en revanche, on s’intéresse surtout aux simulations d’orienta-
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tions préférentielles qui permettent ensuite de simuler des mesures d’anisotropie.

Hors, il apparâıt que les textures expérimentales, mesurées en compression, ne permettent
pas toujours d’obtenir toutes les informations voulues. En particulier, dans les structures à
basse symétrie, le système le plus actif domine complètement l’évolution de la texture et il
est très difficile d’obtenir des informations sur les systèmes les moins actifs. A l’inverse, dans
un contexte géophysique, la géométrie de déformation peut être complexe et l’arrangement des
systèmes moins actifs devient important.

En revanche, dans mes travaux sur la modélisation élasto-plastique du comportement méca-
nique du cobalt, j’ai pu observer que les simulations de variations de distances inter-réticulaires
sont très sensibles à tous les systèmes activés. En effet, les contraintes appliquées sur des systèmes
très actifs sont relaxées très vite. A l’inverse, les systèmes peu actifs supportent des contraintes
plus importantes. Les mesures de variations de distances inter-réticulaires, qui sont liées aux
contraintes supportées dans le polycristal, y sont donc très sensibles.

Une combinaison entre ces deux types de simulation permet donc de compléter les lacunes
des interprétations basées sur la texture uniquement. Les jeux paramètres obtenus sont donc
mieux contraints et peuvent donc être injectés dans des modèles géophysiques.

Dans ce cadre, nous avons, Paul Raterron, Olivier Castelnau, et moi-même, engagé un pro-
gramme ANR sur les propriétés plastiques de l’olivine. Ce programme comprendra des expé-
riences de déformation sur échantillons polycristallins d’olivine sur la nouvelle presse de l’ESRF
et une comparaison des résultats obtenus avec les modélisations de polycristaux. A terme, nous
espérons pouvoir injecter ces paramètres dans des modèles de convection.

2.6 Opportunités de développement

Mon activité de recherche porte donc sur la compréhension du comportement plastique de
polycristaux sous pression. Dans ce cadre, les paramètres clés résident dans l’identification des
mécanismes contrôlant la déformation plastique et le changement d’échelle entre le grain et le
polycristal.

Mes travaux s’articulent actuellement autour de quatre axes principaux

– expériences de déformation sur polycristaux, en cellules diamant ou presses D-DIA,

– mesure de diffraction X tridimensionnelle pour l’étude individuelle de cristaux au sein de
polycristaux,

– modélisation numérique du passage de l’échelle du grain au polycristal,

– simulations d’anisotropie sismique.

Chacun de ces axes offre des opportunités importantes et pourrait constituer une activité à
part entière. On peut aussi envisager de nouveaux sujets combinant ces différents axes.

De plus mon activité peut aussi être étendue au dehors des sciences de la Terre. Par exemple,
l’étude du comportement mécanique de phases dites“super-dures”ou encore de nouveaux alliages
métalliques fabriqués sous pression est un domaine totalement vierge qui ne demande qu’à être
exploré...
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Encadrement et gestion de la recherche

3.1 Collaborations

J’ai beaucoup voyagé au cours de mon service national, ma thèse, et mes post-docs. J’ai
donc réussi à me constituer un important réseau de collaborateurs nationaux et internationaux.
Voici un liste exhaustive des gens, en dehors de mon laboratoire, avec qui j’ai pu travailler
récemment

• en Europe

◦ Guillaume Fiquet, James Badro, Daniele Antonangelli, IMPMC, Institut de Physique
du Globe, Paris VI

◦ Isabelle Daniel, Bruno Reynard, ENS Lyon

◦ Denis Andrault, Nathalie Bolfan, LMV, Clermont-Ferrand

◦ Andreas Zerr, Olivier Castelnau, LPMTM, Université Paris Nord

◦ Philippe Cardin, Renaud Deguen, LGIT Grenoble

◦ Hans-Peter Liermann, DESY, HASYLAB, Hambourg, Allemagne

◦ Sergio Speziale, GeoForschungsZentrum, Potsdam, Allemagne

◦ Tamas Ungàr, université Eötvös, Budapest, Hongrie

• aux Etats-Unis

◦ Hans-Rudolf Wenk, Lowell Miyagi, UC Berkeley

◦ Allen McNamara, Arizona State University

◦ Ho-kwang Mao, Russell J. Hemley, Geophysical Laboratory, Carnegie Institution of
Washington

◦ Tom Duffy, Princeton University

◦ Carlos Tomé, Sven Vogel, Los Alamos National Labs

◦ Yanbin Wang, Nadège Hilairet, Argonne National Labs

• au Japon

◦ Takehiko Yagi, Université de Tokyo
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◦ Norimasa Nishiyama, Geodynamics Research Center, université Ehime

ainsi que nombreuses personnes en charges de lignes de lumière sur les synchrotrons dont

• BL13A sur le synchrotron Photon Factory au Japon,

• BL10XU sur le synchrotron Spring8 au Japon,

• tout le secteur HPCAT sur APS, près de Chicago, aux Etats-Unis,

• tout le secteur GSECARS sur APS, près de Chicago, aux Etats-Unis,

• 12.2.2 sur ALS, à Berkeley, aux Etats-Unis,

• ID11, ID9, et ID27 à l’ESRF.

3.2 Encadrement d’étudiants

Ces dernières années, j’ai aussi eu l’occasion d’interagir, d’encadrer, ou de co-encadrer des
étudiants. Ces expériences m’ont beaucoup appris et ont, pour certaines déjà donné lieu à des
publications. Parmi ces personnes, je pourrais citer

• Ken Niwa, avec qui j’ai interagi pendant sa thèse à l’université de Tokyo sous la direction
de T. Yagi. Notre interaction a donné lieu à une publication dans Physics and Chemistry
of Minerals, Niwa et al. (2007), page 143. Ken est maintenant assistant à l’université de
Nagoya.

• Tristan Ferroir, qui est venu de l’ENS Lyon pour effectuer son stage de mâıtrise à l’univer-
sité de Tokyo, ce qui a donné lieu à une publication dans American Mineralogist, Ferroir
et al. (2006), page 309. Tristan a ensuite continué sur une thèse à l’ENS avec Philippe
Gillet et Alexandre Simionovici, qu’il a soutenue en 2009.

• Nadège Hilairet, que j’ai aidée sur ses expériences de déformation en presse D-DIA, ce qui
a donné lieu à une publication dans Science, Hilairet et al. (2007), page 167. Nadège est
maintenant post-doctorante aux Argone National Labs.

• Lowell Miyagi, dont j’ai encadré, non officiellement et sous la supervision de Rudy Wenk à
l’université de Californie à Berkeley, les deux premières années de thèse. Nous avons écrit
de nombreux articles ensemble, dont deux dans Science (Merkel et al., 2006a, 2007; Wenk
et al., 2006; Miyagi et al., 2006, 2009). Lowell soutiendra sa thèse fin 2009 et enchâınera
sur un post-doctorat à l’université de Yale.

• Carole Nisr, dont j’ai encadré le stage de master 2 à l’université Lille 1 et qui est maintenant
en thèse avec moi et Patrick Cordier.

• Marion Gruson, de l’école Centrale de Nantes, dont j’encadre actuellement le stage de
master 2.

3.3 Ressources

Au cours de ma carrière, j’ai très vite appris à travailler indépendemment, obtenir des finan-
cements, et du temps d’expérience sur les synchrotrons. Ceci ce concrétise par 3 à 4 sessions
d’expérience sur synchrotron par an, dont la majeur partie obtenue en mon nom.
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Parmi les différents financements et bourses que j’ai pu obtenir, citons

• un financement de deux ans pour mon post-doctorat au Japon de la Japanese Society for
the Promotion of Science (salaire, déménagement et environ 10k=C de dépenses par an),

• une bourse de trois ans de la fondation Miller à Berkeley pour mon séjour à UC Berkeley
(salaire, déménagement et environ 15k=C de dépenses par an),

• une BQR de l’Université Lille 1 pour mon installation en 2006 : 50k=C,

• un contrat annuel du programme national SEDIT de l’INSU en 2007 : 23 k=C,

• une ANR Jeunes Chercheurs ”Dislocations Under Pressure”, programme de 4 ans débuté
en 2008, 200k=C,

• participation au projet ANR blanc ”Mantle Rheology” de Paul Raterron (LSPES, Lille 1),
programme de 4 ans débuté en 2009, 368 k=C

• participation au projet ANR blanc ”SUBDEF : Deformation and transformations of hy-
drous minerals in subduction zones” de Bruno Reynard (Laboratoire des Sciences de la
Terre, ENS Lyon), programme de 4 ans débuté en 2009, environ 300 k=C.

J’ai donc largement démontré ma capacité à travailler de manière indépendante financière-
ment, pour moi et les gens qui m’entourent.

Depuis mon arrivée à Lille, je me suis aussi attaché à la mise en place d’un laboratoire
hautes-pressions. Je dispose maintenant de 5 cellules diamant et du matériel nécessaire à la
préparation d’échantillons (microscopie, mesure de fluorescence de rubis, spectroscopie Raman)
qui me permettent, à moi et mes étudiants, de travailler indépendemment.
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Curriculum Vitae

Personnel

Né le 11 septembre 1974 à Ambilly (Haute-Savoie)
Nationalité française

Situation actuelle

Chargé de recherches 2ème classe au CNRS, depuis le 1er Janvier 2006
Laboratoire de Structures et Propriétés de l’Etat Solide
Université Lille 1
59655 Villeneuve d’Ascq Cedex

Parcours professionel
2006-

Chargé de recherches au CNRS

2004-2006

Miller Research Fellow, Department of Earth and Planetary Science,
University of California, Berkeley, Etats-Unis.

2002-2004

Post-doctorant (bourse JSPS), Institute for Solid State Physics,
Université de Tokyo, Japon.

1999-2002

Thèse de doctorat à l’École Normale Supérieure de Lyon.
Directeurs de thèse : Philippe Gillet (ENS Lyon) et Russell J. Hemley (Geophysical Labo-
ratory, Washington DC, États-Unis).

1997-1999

Service national en coopération au Geophysical Laboratory,
Carnegie Institution of Washington, Washington DC, États-Unis

Parcours académique
1999-2002

Thèse de doctorat à l’École Normale Supérieure de Lyon. Directeurs de thèse : Philippe
Gillet (ENS Lyon) et Russell J. Hemley (Geophysical Laboratory, Washington DC, États-
Unis).

1994-1997

Élève normalien, magistère des sciences de la matière à l’École Normale Supérieure de
Lyon

1996-1997

DEA de physique statistique et phénomènes non linéaires à l’ENS Lyon

1994-1996

License et mâıtrise de physique à l’ENS Lyon
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Mathématiques spéciales et supérieures au Lycée du Parc, Lyon

Distinctions
2002

Mineral and Rock Physics Outstanding Student Award, American Geophysical Union

Responsabilités collectives

• Membre du conseil de laboratoire du LSPES, Université Lille 1
• Membre du vivier pour comités de sélection, section 28, Université Lille 1
• 2007-2008 : Membre de la commission de spécialistes, section 28, Université Lille 1
• Commission de recrutement de mâıtres de conférences à l’université Lyon 1 en sciences de

la terre en 2009
• Évaluations d’articles scientifiques : environ 25 évaluations, pour Science, Nature, Journal

of Geophysical Research, Earth and Planetary Science Letters, Geophysical Research Let-
ters, Journal of Applied Physics, Physics of the Earth of Planetary Interiors, International
Journal of Plasticity, Comptes Rendus de l’Académie des Sciences, Journal of Synchrotron
Radiation, Journal of Physics and Chemistry of Solids, Journal of Physics B : Condensed
Matter, Physics and Chemistry of Minerals, Tectonophysics...
• évaluation de projets pour l’ANR et la NSF
• Organisation de congrès : une session au congrès d’automne de l’American Geophysical

Union, San Francisco, États-Unis, décembre 2007
• Webmaster du LSPES

Enseignements

• 40h de travaux dirigés de biophysique en 1ère année de médecine à l’Institut Catholique
de Lille. Années 2006-2007, 2007-2008, 2008-2009, et probablement 2009-2010.
• Moniteur pendant la thèse, années 2000-2001 et 2001-2002 :

◦ encadrement d’un projet commun ENS-Lyon/INSA de site internet pour l’aide à
l’enseignement des professeurs de lycée en sciences de la terre. Projet ”Voyage au
centre de la terre”, CD disponible auprès de Gérard Vidal, ENS Lyon.
◦ participation au module ”Introduction à la géophysique”en mâıtrise de physique, ENS

Lyon,
◦ TD pour le cours ”Flux de chaleur”, ”Ondes et champs”, et informatique en licence et

mâıtrise de sciences de la terre, ENS Lyon,
• 1999 : Participation au stage de terrain de la première année du magistère des Sciences de

la terre, ENS Lyon, et réalisation du site internet d’accompagnement.
• 1999-2002 : Nombreuses participations à la conception du site Planet-Terre (http ://planet-

terre.ens-lyon.fr/) : soutient à l’enseignement des sciences de la terre pour les enseignants
du secondaire.

Encadrement
Encadrement doctoral

• Co-encadrement de thèse de Carole Nisr, Université Lille 1, thèse débutée en 2008
• Co-encadrement, non officiel, de la thèse de Lowell Miyagi, Department of Earth and

Planetary Science, University of California, Berkeley, États-Unis, en 2004-2005. Directeur
de thèse : Hans-Rudolf Wenk. Soutenance prévue : été 2009.
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Master

• Co-encadrement du stage de master 1 de Tristan Ferroir, Ecole Normal Supérieure de Lyon,
à l’Université de Tokyo, Japon, 2003.
• Encadrement du stage de master 2 de Carole Nisr, Université Lille 1, à l’ Université Lille

1, année 2007-2008.
• Encadrement du stage de master 2 de Marion Gruson, École Centrale de Nantes, à l’

Université Lille 1, 2009.

Financements

• Responsable, avec Ph. Carrez du LSPES, du projet ANR Jeunes Chercheurs ”Dislocations
Under Pressure”, programme de 4 ans débuté en 2008, 200k=C
• Participation au projet ANR blanc ”Mantle Rheology” de Paul Raterron (LSPES, Lille 1),

programme de 4 ans débuté en 2009, 368 k=C
• Participation au projet ANR blanc ”SUBDEF : Deformation and transformations of hy-

drous minerals in subduction zones” de Bruno Reynard (Laboratoire des Sciences de la
Terre, ENS Lyon), programme de 4 ans débuté en 2009, environ 300 k=C
• S. Merkel et Ph. Carrez ”Plasticité des phases post-perovskites”, contrat annuel (2007) du

programme national SEDIT de l’INSU : 23 k=C.
• BQR de l’Université Lille 1 en 2006 : 50k=C.
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Production scientifique

Publications internationales de rang A non liées à la thèse : 21, dont 8 en 1er auteur

1. P. Raterron, S. Merkel, In situ rheological measurements at extreme P and T using syn-
chrotron x-ray diffraction and radiography, Journal of Synchrotron Radiation, sous presse.

2. H.P. Liermann, S. Merkel, L. Miyagi, H. Wenk, G. Shen, H. Cynn, W. J. Evans, New
Experimental Method for In Situ Determination of Material Textures at Simultaneous
High-Pressure and –Temperature by Means of Radial Diffraction in the Diamond Anvil
Cell, Rev. Sci. Instrum., sous presse

3. S. Merkel, C. Tomé, H. R. Wenk, Modeling analysis of the influence of plasticity on high
pressure deformation of hcp-Co, Phys. Rev. B, 79, 064110 (2009)

4. L. Miyagi, S. Merkel, T. Yagi, N. Sata, Y. Ohishi and H.-R. Wenk, Diamond anvil cell
deformation of CaSiO3 perovskite up to 49 GPa, Physics of the Earth and Planetary
Interiors , 174, pp. 159-164 (2009)

5. S. Merkel, A. K. Mcnamara, A. Kubo, S. Speziale, L. Miyagi, Y. Meng, T. S. Duffy, and
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3. S. Merkel, Élasticité et orientations préférentielles dans la Terre profonde : approche ex-
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1. S. Merkel, C.N. Tomé, H.R. Wenk, P. Cordier, Elasto-plastic interpretation of lattice strains
measured in non hydrostatic x-ray diffraction data, Study of matter at extreme conditions,
Miami - Western Caribbean. March 28 - April 2, 2009
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Deformation of polycrystalline MgO at pressures of the lower mantle
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[1] Room temperature investigations on the shear strength, elastic moduli, elastic
anisotropy, and deformation mechanisms of MgO (periclase) are performed in situ up to
pressures of 47 GPa using radial X-ray diffraction and the diamond anvil cell. The
calculated elastic moduli are in agreement with previous Brillouin spectroscopy studies.
The uniaxial stress component in the polycrystalline MgO sample is found to increase
rapidly to 8.5(±1) GPa at a pressure of 10(±1) GPa in all experiments. Under axial
compression, a strong cube texture develops which was recorded in situ. It is probable that
the preferred orientation of MgO is due to deformation by slip. A comparison between the
experimental textures and results from polycrystal plasticity suggest that the {110}h1�10i is
the only significantly active slip system under very high confining pressure at room
temperature. These data demonstrate the feasibility of analyzing elastic moduli, shear
strength, and deformation mechanisms under pressures relevant for the Earth’s lower
mantle. Implications for the anisotropy and rheology of the lower mantle are
discussed. INDEX TERMS: 3909 Mineral Physics: Elasticity and anelasticity; 3924 Mineral Physics:

High-pressure behavior; 5112 Physical Properties of Rocks: Microstructure; 5194 Physical Properties of

Rocks: Instruments and techniques; KEYWORDS: MgO, high pressure, texture, anisotropy, deformation, elastic

constants

Citation: Merkel, S., H. R. Wenk, J. Shu, G. Shen, P. Gillet, H. K. Mao, and R. J. Hemley, Deformation of polycrystalline MgO at

pressures of the lower mantle, J. Geophys. Res., 107(B11), 2271, doi:10.1029/2001JB000920, 2002.

1. Introduction

[2] Considerable progress has been made in establishing
deformation mechanisms for minerals and rocks from the
Earth’s crust and upper mantle. Much of our knowledge
about deformation of minerals such as halite, calcite, quartz,
feldspars, and olivine relies on laboratory experiments on
single crystals and rocks. It has been established that under
a wide range of conditions minerals deform by dislocation
glide and climb; in a polycrystalline rock, this leads to
preferred orientation, which, in turn, leads to an anisotropic
behavior, for example, for propagation of seismic waves.
With the knowledge of deformation mechanisms we can
understand and even model the development of anisotropy
in the crust and the upper mantle [Chastel et al., 1993].
However, much less is known about the deeper Earth,
because pressures are beyond conditions reached by ordi-
nary deformation devices such as the Griggs, Heard, or
Paterson apparatus [see Tullis and Tullis, 1986].

[3] While the pressure and temperature conditions are
more extreme, the phases which are present in the lower
mantle tend to have simpler crystal structures than minerals
in the crust, as established by high-pressure experiments and
theory (for a review, see Fiquet [2001]). Major phases in the
lower mantle include CaSiO3 perovskite, (Mg,Fe)SiO3

silicate perovskite, (Mg,Fe)O magnesiowüstite, and possi-
bly SiO2 stishovite. Very little is known about the deforma-
tion mechanisms of these phases at the conditions relevant
to the Earth’s mantle. This can be approached experimen-
tally by studying analog materials that have the same
structure but are stable at much lower pressure. For exam-
ple, CaTiO3 perovskite has been used as an analog for
MgSiO3 [Karato and Li, 1992; Li et al., 1996], halite has
been considered as an analog for magnesiowüstite and TiO2

rutile for stishovite. Unfortunately the concept of analogs
does not work very well for deformation mechanisms that
depend on the local electronic structure around the disloca-
tion core [e.g., Poirier and Price, 1999]. For example, slip
systems of magnesite are entirely different than those of
isostructural calcite. Halite has different slip systems than
isostructural periclase or galena. In order obtain reliable
results on deformation mechanisms that are active in the
deep Earth, it is necessary to investigate the phases at
prevailing pressure and temperature.
[4] Diamond anvil cells allow experimental investigations

over the whole pressure and temperature range of the lower
mantle. They consist of different pressure steps and the
degree of nonhydrostaticity of the stress conditions in the
sample can be controlled by changing parameters such as
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the diamonds geometry or the pressure medium. Polycrystal-
line samples subjected to nonhydrostatic conditions in these
experiments can develop preferred orientation. During such
experiments the powder is first compacted and then plasti-
cally deformed by loading which has a directional stress
component. While this is a detriment in the study of phase
relations and equilibrium structures, it can become an advant-
age for investigating deformation at extreme pressure. This
nonhydrostatic stress has been used to perform deformation
experiments on lower mantle materials such as MgO [Meade
and Jeanloz, 1988] or (Mg,Fe)SiO3 perovskite [Meade et al.,
1995] but the texture analysis was performed on samples
quenched to ambient pressure and temperature that were
removed from the diamond anvil cell. In recent years, new
experimental techniques, based on radial diffraction experi-
ment, have been developed in order to study the influence of
nonhydrostatic stress on the lattice strains of the sample, for
example to deduce shear strength and single crystal elastic
moduli [Singh, 1993; Mao et al., 1996; Singh et al., 1998b;
Mao et al., 1998; Duffy et al., 1999a, 1999b; Cynn and Yoo,
2000;Merkel et al., 2002]. In pilot experiments on iron at 54
and 220 GPa development of strong textures was observed
and, based on the pattern, slip systems in hexagonal closed
packed iron (�-Fe) could be identified [Wenk et al., 2000].
[5] In this study, the experimental technique has been

further refined in order to study the shear strength, elastic
moduli, and deformation mechanisms in greater detail. Our
experiments were performed on a composite sample with
iron powder embedded in MgO powder. In this report, we
discuss the shear strength, single crystal elastic moduli,
elastic anisotropy, and texture development in MgO from
ambient pressure to 47 GPa at room temperature. We also
describe the experimental technique and data reduction in
some details. In a subsequent paper, we will discuss the
texture development, including the bcc-hcp phase transition,
and elastic properties of iron with increasing pressure.
[6] MgO is a simple oxide with the NaCl structure stable

to high temperatures and megabar pressures [Duffy et al.,
1995; Dewaele et al., 2000]. The P-V-T equation of state
has been subject of numerous experimental and theoretical
studies (see Speziale et al. [2001] for a review) and is well
constrained over the pressure range (and part of the temper-
ature range) of the lower mantle. Elastic moduli have been
measured experimentally under ambient pressure up to 1800
K [Isaak et al., 1989; Sinogeikin et al., 2000], under
ambient temperature up to 50 GPa [Yoneda, 1990; Shen et
al., 1998; Reichmann et al., 1998; Sinogeikin and Bass,
2000; Zha et al., 2000], and both pressure and temperatures
of 8 GPa and 1600 K [Chen et al., 1998]. Theoretical
calculations of the moduli have been performed to lower
mantle conditions [Mehl et al., 1986; Isaak et al., 1990;
Karki et al., 1997, 1999; Stixrude, 2000]. The shear strength
of polycrystalline MgO has been studied at low pressures
and high temperatures [Paterson and Weaver, 1970], ambi-
ent temperature and high pressures [Bridgman, 1937; Kins-
land and Bassett, 1977; Meade and Jeanloz, 1988; Duffy et
al., 1995; Uchida et al., 1996], and moderate pressures and
high temperatures [Weidner et al., 1994]. Deformation
mechanisms have been examined under low pressure con-
ditions [Weaver and Paterson, 1969; Paterson and Weaver,
1970], on quenched sample from high-pressure and ambient
temperature diamond anvil cell experiments [Meade and

Jeanloz, 1988], but no analysis was performed in situ under
pressures relevant for the Earth’s mantle. Recently some
simple shear deformation experiments were performed on
magnesiowüstite and texture patterns were used to identify
deformation mechanisms [Stretton et al., 2001]. We will
compare those results with data for pure MgO in the
discussion section. The motivation of this research is to
develop methods for quantitative high-pressure deformation
experiments at conditions corresponding to the lower man-
tle and inner core and investigate the ductile deformation,
elastic behavior and shear strength of important deep mantle
and core phases. We are starting with MgO but this
experimental technique can be applied to a whole range
of materials. In the first section of this paper we describe the
high-pressure experimental techniques and the fundamen-
tals of the data analysis we perform. We then present X-ray
measurements and results for the uniaxial stress, single
crystal elastic moduli and preferred orientation in the
sample. Finally, we discuss the implications of these results
for the shear strength of polycrystalline MgO, its deforma-
tion mechanisms under high pressure and ambient temper-
ature, single-crystal elastic anisotropy, and implications for
the anisotropy of the Earth’s mantle.

2. Experimental Details

2.1. Experimental Technique

[7] High pressures and deformation of the sample were
produced using a diamond anvil cell. Diamonds with a 300-
mm tip diameter were chosen and a 65-mm hole drilled in the
gasket to form a sample chamber. To allow diffraction in a
direction orthogonal to the compression axis (Figure 1), the
confining gasket was made of a mixture of amorphous boron
and epoxy. The gasket thickness under the diamond tip was
80 mm at the beginning of the experiment. The samples were
ground to a grain size of less than 1 mm to ensure a sufficient
number of crystallites for reliable statistics in the analysis.
The samples were pressed into platelets between two large
diamonds (1000 mm tip diameter). In order to fill the sample
chamber, a layer of MgO was deposited at the bottom of the
gasket hole. Then, we added a small platelet of iron. Finally,
another platelet of MgO was added above the Fe platelet and
pressed with the diamond anvils. The geometry of the
samples was slightly different between experiment 1 and
2. In experiment 2, the Fe platelet was well centered in the
MgO powder during the whole experiment. In experiment 1,
it moved while the cell was being closed and was not
completely surrounded by the MgO powder.
[8] Diffraction experiments were conducted using angle-

dispersive synchrotron X-ray diffraction techniques at the
ID-13 beam line of the GSECARS sector at the Advanced
Photon Source. The incident monochromatic X-ray beam of
wavelength 0.4246 Å was focused to 10 mm � 6 mm. The
size of the incident X-ray beam was measured using a sharp
edge. Incoming and diffracted beam passed through the
amorphous gasket that absorbed little of the X-ray beam; the
diffraction patterns were collected using an imaging plate
orthogonal to the incoming beam. The diamond anvil cell
was oriented with the diamond axis perpendicular to the
incoming X-ray beam (Figure 1).
[9] In order to locate the sample, we performed X-ray

scans while moving the diamond cell in directions orthog-
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onal to the X-ray scans. The exact position of the sample
was obtained by recording changes in the X-ray absorption.
The result of these scans was then used to estimate the
macroscopic size of the sample (thickness and width).
[10] Two sets of experiments were performed. Pressures

in the first experiment ranged from 2 to 36 GPa. For
experiment 2, patterns were recorded between 2 and 47
GPa on compression and 42 to 18 GPa on decompression.
Each pattern took 7 to 10 min to record. Five diffraction
peaks of MgO (111, 200, 220, 311, and 222) were used in
the analysis. Equivalent hydrostatic pressures were meas-
ured according to the hydrostatic equation of state of MgO
[Speziale et al., 2001] after correcting the data for effects of
nonhydrostatic stress [Singh et al., 1998a]. In all cases, the
pressures inferred from Fe do not differ from those deduced
from MgO by more than 2 GPa.

2.2. Data Reduction

[11] The image plate diffraction data are analyzed with
FIT2D [Hammersley, 1998]. Figure 2a shows an example
of a measured diffraction spectrum. The variation of the
diffraction intensity along the diffraction rings yields
information about the orientations of the lattice planes
and thus plastic strains, while the variation of the position
of the diffraction peak along the rings is related to elastic
properties of the sample. The imaging plate azimuthal
angle d is chosen to be zero when the diamond axis is in
the plane defined by the diffracted and incoming beams
(Figure 1). The raw image was corrected for distortion using
a CeO2 standard.
[12] In order to study the variations in the position of the

diffraction peaks and their intensity with the azimuthal
angle d, the diffraction patterns are cut into small arcs of
2� to 4� and integrated with FIT2D. For each pattern, this
produces between 55 and 110 segments with the diffraction
intensity as a function of the diffraction angle 2q for d

between �110� and 110�. Figure 2b presents some repre-
sentative spectra from experiment 1 at 9.0 and 20.3 GPa, for
d = �90�, �44�, 0�, 44�, and 88� obtained with integrations

Figure 1. Schematic of the experiment. The polycrystal-
line sample is confined under nonhydrostatic stress condi-
tions between the two diamond anvils. s3 is the axial stress
imposed by the diamonds and s1 the radial stress imposed
by the gasket. A monochromatic X-ray beam is sent through
the gasket with the direction of the incoming beam
orthogonal to the diamond axis and the data collected on
an imaging plate orthogonal to the incoming beam. The
position of the diffraction lines and intensity of diffraction
are analyzed as a function of the azimuthal angle d.

Figure 2. (a) Diffraction pattern at 9.5 GPa (experiment
1). (b) Representative spectra extracted from diffraction
patterns from experiment 1 at 9.5 and 20.3 GPa for d =
�90�, �44�, 0�, 44�, and 88� obtained with integrations
over 2� intervals. Diffraction peaks for MgO, a-Fe (P = 9.5
GPa) and �-Fe (P = 20.3 GPa) are labeled on the figure.

MERKEL ET AL.: DEFORMATION OF MgO AT HIGH PRESSURE ECV 3 - 3



60 Articles

over 2� intervals. Diffraction peaks for MgO and Fe are
labeled on the figure.
[13] The patterns are then fitted individually assuming

Gaussian peak profiles and a linear local background. The
pole distance c, which corresponds to the angle between the
diffracting plane normal and the load axis (Figure 3), is
calculated from

cos c ¼ cos q cos d; ð1Þ

where q is the diffraction angle.

2.3. Uniaxial Stress and Elasticity Analysis

[14] Because of the symmetry of the experiment (Figure 1),
the stress conditions in the sample can be described as

s ¼
s1 0 0

0 s1 0

0 0 s3

2

4

3

5 ¼
sP 0 0

0 sP 0

0 0 sP

2

4

3

5þ
� t

3
0 0

0 � t
3

0

0 0 2 t
3

2

4

3

5;

ð2Þ

where s1 and s3 are the radial and axial stress components,
respectively; sP is the normal mean stress or equivalent
hydrostatic pressure, and t = (s3 � s1) is the uniaxial stress
component (a measure of the deviatoric stress). Because of

the nonhydrostatic stress, the observed d-spacings depend
on the angle c between the diffracting plane normal and the
load axis (Figure 3).
[15] Variation of the d-spacings with c, stress conditions

in the sample and their relation to the uniaxial stress
component, shear strength, and the elastic moduli of MgO
were analyzed using the theory described by Singh [1993]
and Singh et al. [1998a]. It relates the macroscopic strain
and microscopic single crystal elastic moduli assuming a
randomly textured sample under the Reuss-Voigt-Hill aver-
age [Matthies et al., 2001] and has been successfully
applied to other cubic symmetry materials under high
pressure such as pyrite [Merkel et al., 2002], gold and
molybdenum [Duffy et al., 1999b] and tantalum [Cynn and
Yoo, 2000]. Other determinations of the single-crystal
elastic moduli from diffraction experiments on polycrystals
include copper, steel or aluminum at ambient pressure by
X-ray diffraction [Ganäupel-Herold et al., 1998], Ni-Cr-Fe
alloy, hexagonal Ti, cubic zirconia, tetragonal zirconia
under ambient pressure by neutron diffraction [Howard
and Kisi, 1999], and �-Fe up to 220 GPa by radial X-ray
diffraction [Mao et al., 1998]. The details of this analysis
have been described elsewhere [Singh, 1993; Singh et al.,
1998a]. We present here a short summary of the main
features.
[16] The d-spacings for a given set of lattice planes

measured by X-ray diffraction is a function of the angle c
between the principal stress axis of the diamond cell and the
diffracting plane normal (see Figure 3) and can be expressed
as:

dmðhklÞ ¼ dPðhklÞ½1þ ð1� 3 cos2 cÞQðhklÞ
; ð3Þ

where dm(hkl ) is the measured d-spacing and dP(hkl ) the d-
spacing under the hydrostatic pressure sP.Q(hkl ) is given by

QðhklÞ ¼
t

3

a

2 GRðhklÞ
þ
1� a

2 GV

� �

: ð4Þ

GR(hkl ) and GV (hkl ) are the shear moduli of the aggregate
under the Reuss (iso-stress) and Voigt (iso-strain) approxima-
tions, respectively, and are not orientation dependent. The
factor a, which lies between 0 and 1, determines the relative
weight of isostress (Reuss) and isostrain (Voigt) conditions. It
specifies the degree of stress and strain continuity across
grains in the sample.
[17] For a cubic system, we have

ð2 GV Þ
�1 ¼

5

2

ðS11 � S12ÞS44
½3ðS11 � S12Þ þ S44


ð5Þ

and

ð2 GRÞ
�1 ¼ S11 � S12 � 3 S �ðhklÞ; ð6Þ

where

S ¼ S11 � S12 � S44=2 ð7Þ

and

�ðhklÞ ¼
h2k2 þ k2l2 þ l2h2

ðh2 þ k2 þ l2Þ2
: ð8Þ

The Sij are the single crystal elastic compliances; S is a
measure of elastic anisotropy.

Figure 3. Geometry of the diffraction for a given c angle
between the diffracting plane normal ~n and the maximum
stress axis S, we measure a d-spacing dm(hkl ) function of the
Miller indices h, k, and l, but also the angle c because of the
nonhydrostatic compression. When c = 0�, the diffracting
plane is orthogonal with the maximum stress axis S, thus
dm(hkl ) is minimum. When c = 90�, the diffracting plane is
aligned with the maximum stress axis S, thus dm(hkl ) is
maximum.
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[18] According to equation (3), dm(hkl ) should vary line-
arly with (1 � 3 cos2c). The intercept (c = 54.7�) yields
dP(hkl ), the d-spacing due to the hydrostatic component of
the stress, and the slope the product dP(hkl )Q(hkl ).
[19] Equations (4) – (6) imply a linear relationship

between Q(hkl ) and 3�(hkl ) with intercept m0 and slope
m1 given by

m0 ¼
t

3
aðS11 � S12Þ þ ð1� aÞ

5

2

ðS11 � S12ÞS44
½3ðS11 � S12Þ þ S44


� �

ð9Þ

m1 ¼ �
at

3
½S11 � S12 � S44=2
: ð10Þ

[20] The bulk modulus K is defined by

KT ¼ �V
@p

@V

� �

T

¼
1

3½S11 þ 2 S12

: ð11Þ

The uniaxial stress component in the sample t is estimated
with the relation

t ¼ 6GhQðhklÞi; ð12Þ

where G is the shear modulus of the aggregate.
[21] Deducing m0 and m1 from the experimental data,

using the bulk modulus calculated from an equation of state,
and estimating the uniaxial stress t, we have enough infor-
mation to deduce the three elastic compliances S11, S12, and
S44 of a cubic material that can be inverted to the three
independent elastic stiffnesses C11, C12, and C44.
[22] The bulk modulus and its variation with pressure is

calculated using a third-order finite strain equation

KT ¼ ð1þ 2f Þ5=2½k0 þ k1 f 
; ð13Þ

where

k0 ¼ K0T

k1 ¼ 3K0TK
0
0T � 5K0T ; ð14Þ

The Eulerian strain f is given by

f ¼
1

2

r

r0

� �2=3

�1

" #

: ð15Þ

For the shear modulus, it is necessary to use a fourth-order
finite-strain equation [Davies and Dziewonski, 1975; Duffy
and Ahrens, 1992]

GT ¼ ð1þ 2f Þ5=2½g0 þ g1 f þ g2 f
2
; ð16Þ

where

g0 ¼ G0T

g1 ¼ 3K0TG
0
0T � 5G0T

g2 ¼
9

2
K2
0T G00

0T þ ðK 0
0T � 4Þ

G0
0T

K0T

� �

þ
35G0T

9

� �

: ð17Þ

[23] For MgO, we calibrate our analysis with the bulk
and shear moduli obtained from Brillouin spectroscopy up
to 50 GPa [Zha et al., 2000] and first principles calculation

at 300 K [Karki et al., 1999]. Differences between iso-
thermal and adiabatic parameters are defined by

KS

KT

¼ 1þ agT ; ð18Þ

where the subsequent T and S refer to isothermal and
adiabatic. For MgO, we use a0 = 1.5 * 10�5K�1 and g0 =
1.52 [Speziale et al., 2001]; thus, differences between
adiabatic and isothermal parameters are on the order of
1.5% and are neglected in this study. Numerical values
fitted to results from Brillouin spectroscopy and 300 K first-
principles calculations are given in Table 1. The parameters
used are in agreement with numerous high pressure and
high temperature equation of state measurements (for a
review, see Speziale et al. [2001]).

2.4. Preferred Orientation Analysis

[24] Because of the application of nonhydrostatic stress,
the polycrystallineMgO, after compaction, undergoes ductile
deformation and strong lattice preferred orientation is pro-
duced. The texture in the sample can be represented by the
orientation distribution function (ODF) which is a probability
function for finding an orientation and it is normalized such
that the integral over the whole orientation space is unity. An
aggregate with a random orientation distribution has a
probability of one for all orientations, or one multiple of a
random distribution (m.r.d.). If preferred orientation is
present, some orientations have probabilities higher than
one and others lower than one [Kocks et al., 1998].
[25] For each orientation g, the ODF f (g) describes the

probability density of finding crystallites that have the
orientation g within dg. We have

f ðgÞ > 0;

Z

G

f ðgÞd g ¼ 1 where d g ¼
1

8p2
dg: ð19Þ

The degree of anisotropy in the sample is expressed by the
texture sharpness F2 defined as

F2 ¼

Z

G

½ f ðgÞ
2dg: ð20Þ

For a material with random texture, the texture sharpness F2

is equal to 1, for a textured material F2 > 1.
[26] The analysis of the diffraction intensities to deduce

the ODF is similar to that of Heidelbach et al. [1999] and
Wenk et al. [2000]. Because of the axial symmetry of the
stress conditions in the experiment (Figure 1 and equation
(2)), it is sufficient to study the variation of the diffraction
intensities with angle c between the diffracting plane

Table 1. Finite Strain Parameters Used to Scale This Analysisa

Brillouin First Principles

K0, GPa 162.5 162
K0

0 3.99 4.15
G, GPa 130.4 128
G0

0, GPa 2.89 2.90
G0

00, GPa�1 �0.084 �0.042
aFitted to results from Brillouin spectroscopy [Zha et al., 2000] between

0 and 50 GPa and first principles calculations [Karki et al., 1999] at 300 K
and between 0 and 100 GPa.
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normal and the diamond axis in order to deduce the full
ODF of the sample. The angle c is related to the azimuth
angle d on the imaging plate by equation (1). Thus there is a
blind region and orientations with |c| < q cannot be probed
in the experiment. The incomplete pole figures obtained
from the measurements are nevertheless sufficient for cal-
culating the three-dimensional ODF.

3. Results

3.1. Macroscopic and Microscopic Deformation

[27] Figure 4 shows the distance between the diamond
anvils we deduce from the X-ray scans as a function of
pressure for the two experiments. Upon compression, this is
a good estimation of the macroscopic sample thickness.
However, upon decompression, these quantities differ as the
sample is not put into extension. The process can be divided
into three sections. First, we observe a compaction of the
sample powder due to the fact that the sample chamber was
not fully filled with sample at the start of the experiment.
The thickness varies greatly without any large pressure
increase. Later the sample deforms regularly and the macro-
scopic strain of the sample reaches the order of 200%. This
region is where we expect to see the texture developing.
Above 15 GPa, the resolution of the X-ray scans does not
allow us to observe any change in the thickness.
[28] Figure 5 presents the variation of d-spacing of the

(200) line of MgO with (1 � 3 cos2 c) for experiment 2 and
selected pressures, where c is the pole figure distance.

Assuming a Reuss-Voigt-Hill micromechanical model and a
sample with randomly oriented grains, a linear relationship
is expected (section 2.3). Deviations between the linear fits
and the data are due to intrinsic experimental errors and
effects of texture on the lattice strains. These deviations
cannot be resolved on these figures.
[29] Assuming a random texture and using the Reuss-

Voigt-Hill approximation, the d-spacings at c =57.4� cor-
respond to the crystal unit cell under equivalent hydrostatic
pressure (section 2.3). These were used to calibrate the
pressure in the experiment with a previously measured
hydrostatic equation of state [Speziale et al., 2001].

3.2. Uniaxial Stress

[30] Using the least squares fits of the data from Figure 5,
the shear modulus obtained from Brillouin spectroscopy or
first-principle calculations (Table 1), we can evaluate the
uniaxial stress component t = s3 � s1 in the sample (section
2.3). Figure 6 shows the evolution of t for experiments 1
and 2. In experiment 1, we see a sharp increase of t from 0
to 7 GPa between ambient pressure and 10 GPa. Above 10
GPa, the uniaxial stress component in the MgO sample
remains approximately constant at 8 GPa. In experiment 2
(Figure 6b), t is better resolved and its behavior more
complicated. With the phase transition of the companion
Fe sample from the a-phase to the � phase around 12 GPa,
we observe a decrease of the uniaxial stress component
within the MgO sample. This can be explained by the
decrease in unit cell volume associated to the phase tran-
sition of iron which created a release of the stresses in the
whole sample chamber. The companion Fe sample was

Figure 4. Distance between the diamond anvils as a
function of pressure. Upon compression this is a good
estimation of the sample thickness. However, upon decom-
pression these quantities differ as the sample is not put into
extension. In the inset we show an example of transmitted
X-ray intensity measured while moving the diamond anvil
cell perpendicular to the incoming beam that is used to
deduce the sample thickness for experiment 1 at 7 GPa.

Figure 5. Variation of the d-spacing of the MgO (200)
plane with (1 � 3 cos2c) where c is the pole distance for
selected pressures of experiment 2. The dotted line indicates
the angle c = 57.4� where, under a Reuss-Voigt-Hill and no
texture approximation, the measured d-spacing corresponds
to the unit cell under equivalent hydrostatic pressure. Solid
lines are linear least squares fits through the data.
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heated using a YAG laser three times along the pressure
increase, at 30, 35, and 40 GPa. We estimate that the
temperature in Fe reached approximately 1200 K. However,
this temperature is too low to allow precise measurement
using the spectral radiometry techniques [Heinz and Jean-
loz, 1987]. After heating, the MgO diffraction peaks
remained very intense. Even though the iron might have
reacted with the surrounding MgO powder, the amount of
MgO present in the cell was still very important and we do
not think it affected the data presented here. In all cases, the
heating of the Fe sample released the stresses in the sample
chamber, decreasing the uniaxial stress component in MgO.

3.3. Calculation of Elastic Moduli

[31] Assuming a random texture and a Reuss-Voigt-Hill
micromechanical model, the single crystal elastic moduli
can also be calculated from the fits in Figure 5 (section 2.3).
The stress conditions in the sample, equivalent hydrostatic
pressure and uniaxial stress, have to be precisely calibrated.
Figure 7 presents the elastic moduli we obtained from
experiment 1 using pressures deduced from the hydrostatic
EOS of MgO [Speziale et al., 2001] and uniaxial stress
values from Figure 6 for a = 1 (Reuss bound) and a = 0.5
(Hill average) along with results from Brillouin spectro-
scopy [Zha et al., 2000] and 300 K first principles calcu-
lations [Karki et al., 1999].
[32] At low pressures, results from first principles calcu-

lations and Brillouin spectroscopy are not distinguishable
and the Reuss average provides a better agreement for our
results. It appears that the use of linear elasticity theory
(section 2.3) still holds even though the uniaxial stress t is
very large compared to the pressure. At higher pressures,
results from the Reuss and Hill averages are very similar.
This is due to the drop of elastic anisotropy of MgO (see

section 4.4). m1 in the lattice strains equations (equation (9))
is close to zero. Therefore we have a direct relation between
(C11 � C12) and C44 and the calculated elastic moduli do not
depend on a. However, results from Brillouin spectroscopy
and 300 K first-principles calculations diverge and our
measurements are in better agreement with the elastic
moduli from Brillouin spectroscopy.

Figure 6. Uniaxial stress component in the MgO sample. (a) Uniaxial stress component in MgO upon
compression for experiment 1 calculated using shear moduli from Brillouin spectroscopy (open squares)
or first principles calculations (open triangles) (see Table 1). Solid line is a fit to the data. (b) Uniaxial
stress component in MgO upon compression (solid symbols) and decompression (open symbols) for
experiment 2 calculated using shear moduli from Brillouin spectroscopy (squares) or 300 K first
principles calculations (triangles). Solid line is the fit from experiment 1, and dotted line a guide to the
eye based on results scaled on Brillouin data. Operations performed on the Fe in contact with the MgO
(phase transition, laser heating) are labeled.

Figure 7. Elastic moduli of MgO calculated for experi-
ment 1 assuming no texture in the sample We used both the
Reuss bound (a =1, solid symbols) and Hill-average (a =
0.5, open symbols), and scaled the calculations on results
from Brillouin spectroscopy from (squares) or 300 K first-
principles calculations (triangles) (see Table 1). Solid and
dotted lines show elastic moduli from Brillouin spectro-
scopy.
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[33] Figure 8 and Table 2 present the elastic moduli of
MgO from experiment 1 and 2 calculated under the Reuss
or Hill approximation with uniaxial stress values scaled on
Brillouin spectroscopy along with the results from Brillouin
spectroscopy and 300 K first-principles calculations. The
good agreement between the results of the two experimental
methods proves the utility of the lattice strain analysis for
determining elastic moduli using X-ray diffraction for
materials with cubic symmetry. The very large degree of
preferred orientations in the sample does not appear to have
a great influence on the calculations. A critical step in the
analysis is to constrain the exact stress conditions (pressure
and uniaxial stress) in the sample.

3.4. Preferred Orientation

[34] Figure 9 presents the intensities of diffraction for
MgO (200) and MgO (220) as a function of the angle c
between the diffraction plane normal and the diamonds axis
for all increasing pressures in the first experiment. At 1.90
GPa we do not see any preferred orientation. The variation
of the intensity of diffraction with c is the same for both
peaks (200) and (220). We deduce that this intensity
variation is created by our experimental setup and this is
used as a background correction for all other analyses.
Above 1.90 GPa, we observe the progressive development
of a sharp texture in the sample. The (200) peak exhibits a
maximum of intensity of diffraction at c = 0� and c = 90�,
meaning that the h100i axis of the sides of the crystallites
align parallel or orthogonal to the compression axis. The
same relationship is observed in experiment 2.
[35] The intensity variations such as that shown in

Figure 9 are used to calculate the ODF of the sample using
the Beartex package [Wenk et al., 1998]. Figure 10 shows a
comparison between the observed intensities and those
recalculated from the ODF for experiment 2 at 47 GPa.

The good agreement between these curves gives us con-
fidence in the quality of the fitted ODF.

3.5. Texture Evolution With Pressure

[36] Figure 11 shows the evolution of the texture index in
the sample with pressure. In experiment 1, we reach a
saturation of the texture index at 2.7 around 20 GPa, while
in experiment 2 saturation occurs at 1.3 around 12 GPa.
[37] An efficient way to represent the complete orienta-

tion distribution of an axially symmetric texture is the
inverse pole figure. An inverse pole figure represents the
unique symmetry axis, in our case the compression direc-
tion, relative to crystal coordinates. An inverse pole figure
displays the symmetry of the crystal, and for cubic MgO a
triangle extending from 100 to 110 and 111 is sufficient for
a complete representation.
[38] Figure 12 shows inverse pole figures for experiment

1 at 1.9, 5.3, 11.6, and 35.4 GPa. We observe the continuous
development of a single fiber component 100 texture with
pressure above 1.9 GPa. At highest pressure, the maximum
pole density is 9.12 multiples of random distribution
(m.r.d.). Results from experiment 2 are similar, although
the magnitude of the preferred orientation is different, with
a maximum pole density at highest pressures of 3.07 m.r.d.

4. Discussion

4.1. Pressure Dependence of the Yield Strength

[39] Before heating, the uniaxial stress component in
MgO increases with the loading pressure and it saturates

Figure 8. Elastic moduli of MgO calculated assuming no
texture in the sample and using the Reuss bound (closed
symbols) or Hill-average (open symbols) for experiment 1
and 2 and scaled on Brillouin spectroscopy (Table 1).
Circles and squares are results from experiment 1 and 2,
respectively. Solid and dotted lines are fits to results from
Brillouin spectroscopy.

Table 2. Uniaxial Stress and Single Crystal Elastic Moduli of

MgO as a Function of Pressure for Experiments 1 and 2a

Experiment P s(P) t s(t) C11 s(C11) C12 s(C12) C44 s(C44)

1 1.9 0.5 2.0 0.3 307 34 101 17 172 55
1 2.4 0.5 3.0 0.6 311 42 103 21 175 68
1 3.1 0.5 3.8 0.5 323 33 101 16 167 43
1 5.3 0.5 5.6 0.2 353 8 99 4 159 7
1 7.0 0.5 6.5 0.6 382 34 95 17 152 23
1 9.5 0.5 7.2 0.3 407 22 96 11 153 13
1 11.6 0.5 6.8 0.1 419 9 101 5 157 5
1 20.3 0.5 6.9 0.5 489 44 116 22 165 21
1 30.3 0.5 8.9 0.9 535 64 146 32 178 32
1 35.5 0.5 7.4 1.1 538 71 175 35 194 48
2 1.5 0.5 2.2 0.1 319 16 94 8 155 18
2 5.1 0.5 6.4 0.1 375 7 86 4 143 4
2 7.5 0.5 7.6 0.1 402 1 86 1 144 1
2 11.4 0.5 8.7 0.1 436 8 92 4 150 4
2 17.4 0.5 7.7 0.6 473 46 107 23 159 22
2 18.3 0.5 7.4 0.3 468 24 114 12 165 13
2 20.2 0.5 7.3 1.0 477 64 122 32 170 36
2 23.0 0.5 7.8 0.5 510 42 119 21 165 19
2 23.9 0.5 8.1 0.1 517 11 121 5 166 5
2 27.0 0.5 7.9 0.6 530 58 131 29 170 26
2 29.8 0.5 9.0 0.6 538 42 144 21 176 21
2 31.9 0.5 4.6 0.3 561 48 142 24 172 20
2 35.4 0.5 6.1 0.4 575 45 153 23 176 20
2 36.2 0.5 5.7 0.2 559 18 168 9 185 10
2 39.9 0.5 6.5 0.2 580 15 177 7 185 8
2 40.0 0.5 7.0 0.1 607 5 164 2 176 2
2 46.7 0.5 6.2 0.5 591 38 208 19 195 24
2 42.3 0.5 3.2 0.5 565 59 195 30 197 40
2 22.1 0.5 8.6 0.2 473 12 134 6 180 8
2 18.3 0.5 9.9 0.4 451 15 123 7 173 10

aValues were calculated using the Reuss bound and scaled on Brillouin
spectroscopy (Table 1). Pressures, uniaxial stresses, moduli, and standard
deviations are given in GPa.
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around 10 GPa (Figure 6). Other studies of the uniaxial
stress component in MgO under pressure include, opposed
anvils and Paterson deformation apparatus experiments to 5
GPa [Bridgman, 1937; Weaver and Paterson, 1969; Pater-
son and Weaver, 1970], multianvil experiments to 8 GPa
[Weidner et al., 1994], Drickamer-type press experiments to
20 GPa [Uchida et al., 1996] and diamond anvil cell
experiments to 25 GPa [Kinsland and Bassett, 1977],
between 10 and 40 GPa [Meade and Jeanloz, 1988], and
to 225 GPa [Duffy et al., 1995]. In all experiments, an
increase in the uniaxial stress in the MgO sample with

Figure 9. Intensity of diffraction as a function of the pole distance c for MgO (200) (a) and MgO (220)
(b) for all increasing pressures in experiment 1.

Figure 10. Observed intensities of diffraction and those
recalculated from the orientation distribution function (ODF)
as a function of the pole distance c for the peaks (200),
(220), (311), and (222), and experiment 2 at P = 47 GPa.
Closed and open symbols are experimental and recalculated
data, respectively. Peaks are labeled on the image.

Figure 11. Evolution of texture index of MgO with
pressure for experiment 1 upon compression and experiment
2 upon compression and decompression. In experiment 1,
we reach a saturation at 2.7 around P = 20 GPa, while we
reach saturation at 1.3 around P = 12 GPa in experiment 2.
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pressure was observed, although the magnitude of the
increase differed (e.g., Figure 13).
[40] The maximum uniaxial stress supported by a material

is determined by its yield strength; that is t � sy, where sy is
the material yield strength. The uniaxial stress t varies with
sample environment and equality holds only if the sample
deforms plastically. The yield strength of a polycrystalline
material depends on the possible slip systems and their
critical resolved shear stress (CRSS), but also on the texture
in the sample. Moreover, an increase in the density of
dislocations in the sample will result in hardening, that is
an increase of the yield stress [Poirier, 1985]. It is worth
noting that most of the experiments from Figure 13 differ
from mechanical tests at constant strain rate which provide a
measure of the yield stress at a given pressure, temperature,
and imposed strain rate. In these experiments, strain, strain
rate and pressure cannot be decoupled, and therefore, we use
a more general definition of the yield stress.
[41] As seen on Figure 13, several experiments, including

this one, observe a similar behavior of the uniaxial stress in
polycrystalline MgO at low pressure. It increases linearly
with pressure with dt/dP 
 0.5–0.85 up to a maximum
pressure, function of the experiment, after which it satu-
rates. Results from Meade and Jeanloz [1988] and Duffy et
al. [1995] show a much smoother increase of the uniaxial
stress with pressure. Table 3 summarizes the maximum
values of uniaxial stress obtained in different experiments
on polycrystalline MgO and the pressures at which they
were obtained. In these experiments, we obtain a value of t

Figure 12. Experimental inverse pole figures illustrating the development of preferred orientation in
MgO at 1.9 (a), 5.3 (b), 11.6 (c), and 35.4 (d) GPa for experiment 1. The maximum pole density is 1.0,
2.45, 4.59, and 9.12 multiples of random distribution (m.r.d.) for 1.9, 5.3, 11.6, and 35.4 GPa,
respectively.

Figure 13. Uniaxial stress component in MgO measured
in this study (thick solid line) compared with previous
measurements from Bridgman [1937] (dot-dashed line, a),
Kinsland and Bassett [1977] (dotted line, b), Meade and
Jeanloz [1988] (dashed line c), Duffy et al. [1995] (solid
line, d), Weidner et al. [1994] (long-dashed line, e), and
Uchida et al. [1996] (dashed line, f ). Measurements from
Paterson and Weaver [1970] fall between just above those
of Bridgman [1937].
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of 8.5(±1) GPa at 10(±1) GPa that is about twice larger that
other observations.
[42] Several observations can explain the apparent dis-

agreement between these data. First of all, the yield
strength is an upper bound for the uniaxial stress, and it
is reached only if the material deforms plastically. For the
case of opposed anvil geometry such as the diamond anvil
cell, this limit is not always reached between the anvil tips,
as shown by finite element modeling [Merkel et al., 2000].
The second effect that has to be taken in consideration is
that the yield stress actually depends on the stress history
of the polycrystalline sample, and is increased by an
augmentation of the dislocation density. In our experi-
ments, the uniaxial stress increases drastically up to a
pressure of about 10(±1) GPa, after which the increase is
much smoother. It can be noticed that this coincides with a
change of slope in the curve of the macroscopic deforma-
tion of the sample with pressure (Figure 4), changes
in the evolution of the texture sharpness with pressure
(Figure 11), and the phase transition in the companion Fe
sample. Therefore, we infer that there must have been
stress hardening in our sample, because of an increase in
dislocation density, up to a pressure of about 10(±1) GPa,
after which it either stopped or slowed down drastically.
[43] No general conclusion about the evolution of a

polycrystalline yield stress of MgO with pressure can be
drawn from these experiments. However, for our sample,
we observed an uniaxial stress component of about 8.5(±1)
GPa at 10(±1) GPa, that implies sy � 8.5 GPa at pressures
greater than 10 GPa, but this value of sy probably includes
effects of stress hardening.

4.2. Texture Evolution

[44] The observed texture pattern is comparatively simple
with a maximum at [100] in the inverse pole figure; the
result can be described as a single fiber component 100
(Figure 12). In experiment 1, the texture increases system-
atically with pressure and reaches a saturation at 20 GPa
with a very high maximal value in the inverse pole figure of
over 9 m.r.d. and a corresponding texture index of 2.8. In
experiment 2, the texture increases with pressure and
reaches saturation at about 12 GPa with a maximum in
the inverse pole figure of 3.07 m.r.d. and a texture index of
1.3. During unloading the texture is preserved. Differences
between the two experiments are attributed to two factors.
The grain size distribution may differ between the two

samples, although the average grain size was always less
than 1 mm according to visual observations. A small grain
size may cause grain boundary sliding and randomization.
But the different disposition of the MgO and companion Fe
samples might also have this effect. In experiment 1, the
MgO and Fe sample were contiguous, unlike experiment 2
where the MgO sample completely surrounded the Fe. This
might explain why in experiment 2, the evolution of texture
in MgO stopped with the phase transition of the iron from
bcc to hcp at 12 GPa.
[45] The (100) texture is similar to that observed in

previous compression experiments on MgO [Meade and
Jeanloz, 1988] but different from other phases with NaCl
structure (e.g., halite [Kern and Braun, 1973; Franssen and
Spiers, 1990], LiF [Kruger and Bowman, 1996], PbS
[Siemes and Hennig-Michaeli, 1985]), which generally dis-
play two components, a (110) fiber connected with a (100)
fiber.
[46] The 100 (cube) texture has been observed after

recrystallization, both in extension [Skrotzki and Welch,
1983] and compression but our room temperature samples
are likely to experience minimal diffusion and show no
indication of grain growth. A cube texture could also be
expected to develop during compaction if the original frag-
ments were platy parallel to the {100} cleavage. However,
there is no evidence that the original grains were platy rather
than equiaxed, and the main texture development occurred
after compaction. Accordingly, it is reasonable to argue that
preferred orientation is due to deformation by slip. In this
case the interpretation of deformation mechanisms is aided
by comparing the experimental textures with simulated
textures based on polycrystal plasticity theory.

4.3. Polycrystal Plasticity

[47] The classic theory of Taylor [1938] has been exten-
sively applied to the prediction of plastic deformation of
single-phase cubic metallic polycrystals (for reviews, see,
e.g., Kocks et al. [1998]). This approach assumes homoge-
neous strain (compatibility) and requires all crystals to
deform at the same rate. However, this behavior is not
always observed, particularly in low-symmetry minerals
where some orientations deform more easily than others
to maintain stress equilibrium. In real materials both com-
patibility and equilibrium need to be maintained, resulting
in heterogeneous deformation at the local intracrystalline
scale which is still difficult to model numerically and has so
far only been attempted for cubic metals with finite element
methods [Mika and Dawson, 1999]. In recent years, several
less sophisticated approaches to model heterogeneous defor-
mation of anisotropic polycrystals have been developed.
One is the viscoplastic self-consistent (VPSC) method that
is based on regarding each grain as an inclusion embedded
in an homogeneous equivalent medium, having the average
properties of the polycrystal [Molinari et al., 1987; Tomé
and Canova, 1998]. This method has been used to predict
texture development in various minerals (for a review, see
Wenk [1999]).
[48] Most relevant for this investigation are simulations of

texture development for halite [Chin, 1973; Chin and Mam-
mel, 1973; Siemes, 1974; Wenk et al., 1989] (R. A. Leb-
ensohn et al., Heterogeneous deformation and texture
development in halite: Modeling with finite element and

Table 3. Maximum Uniaxial Stress Component and Pressure at

Which It Was Obtained in Polycrystalline MgO From Different

Experimentsa

P t = s3 � s1

Paterson and Weaver [1970] 0.5 0.85
Bridgman [1937] 5 2.5
Kinsland and Bassett [1977] 5(±1) 3 ± 1
Weidner et al. [1994] 8 4.5(±1)
Uchida et al. [1996] 20 5
Meade and Jeanloz [1988] 40 8
Meade and Jeanloz [1988] 40 4
Duffy et al. [1995] 100 20
Duffy et al. [1995] 220 >22
This experiment 10(±1) 8.5(±1)

aStress component t = s3 � s1 and pressure are in GPa.
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self-consistent approaches, submitted to Tectonophysics,
2002, hereinafter referred to as Lebensohn et al., submitted
manuscript, 2002.). Simulations for halite are rather extra-
ordinary because Taylor and VPSC predicted a very different
deformation behavior, particularly for deformation in axial
extension. The reason for this difference is that halite, though
a mineral with cubic crystal structure, has several slip modes
with different relative threshold stresses that vary with
temperature and strain rate. In the case of halite at low
temperature the {110}h1�10i slip mode is soft and the
{100}h011i and {111}h1�10i slip modes are much harder
[Carter and Heard, 1970; Strotzki and Haasen, 1981].
However, activation of only the soft system does not satisfy
the von Mises criterion [von Mises, 1928] for an arbitrary
deformation. Any combination of soft {110} slip systems is
unable to accommodate shears of the elementary cube and
therefore a combination of hard {100} and {111} systems
become activated. Chin and Mammel [1973] discussed the
influence of slip systems on texture development in a
qualitative way and suggest that {110} slip compression
axes rotate toward (100), whereas with {100} slip they rotate
toward (110).
[49] There is little information on deformation mecha-

nisms for MgO. The few studies that exist indicate that slip
systems similar to those in halite deformed at low temper-
ature are active, but the plastic anisotropy is even more
extreme with {110}h1�10i being by far the easiest system
[Weaver and Paterson, 1969; Paterson and Weaver, 1970;
Skrotzki and Haasen, 1984; Meade and Jeanloz, 1988;
Foitzik et al., 1989]. Based on these results, we assumed
a high plastic anisotropy with hard slip modes [i.e., the
{100} and {111} modes being 10 times harder than the
{110} soft mode] (Table 4).
[50] In order to simulate texture evolution in these

deformation experiments on MgO we have used both the
Taylor and the self-consistent approaches as implemented
in the polycrystal plasticity method of Lebensohn and
Tomé [1994]. An initial assembly of 2000 randomly
oriented grains were deformed in axial compression with
2.5% strain increments to a total von Mises strain of
100%. A linear hardening law was used with a hardening
coefficient (stress/strain slope) of 2. The rate-sensitivity of
the material was taken as m = 0.05 (stress exponent n =
20) as determined by Paterson and Weaver [1970]. Pre-
vious studies showed that Taylor and self-consistent sim-
ulations give very different results [Wenk et al., 1989]
(Lebensohn et al., submited manuscript, 2002). In Taylor
simulations the hard {100} system is the most active in
order to enable compatibility, whereas in self-consistent
simulations all deformation occurs on the soft {110}
system. The resulting textures are different. As in previous
simulations Taylor simulations (not shown) show in
inverse pole figures a maximum at (110) with a broad
shoulder toward (100). Self-consistent simulations (Figure

15) show a single maximum at (100) that can be directly
compared with the experimental inverse pole figures in
Figure 12.
[51] Some statistical considerations need to be clarified

for comparing the experimental and simulated textures to
get an independent estimation of strain. We obtained a
continuous orientation distribution from discrete orienta-
tions in the simulations by entering individual orientations
into 5� � 5� � 5� cells of the ODF. These cells were then
smoothed with a Gauss filter. From the smoothed ODF,
inverse pole figures were calculated, which are represented
as contoured diagrams. The texture strength (expressed as
the texture index F2 and as maximum pole densities)
depends on the smoothing, as well as on the number of
orientations [Matthies and Wagner, 1996]. In Figure 14 we
show the evolution of F2 with deformation for different
conditions. While there is some uncertainty, 2000 grains and
a 7.5� Gauss filter reasonably represent the experimental
conditions. A texture index between 1.5 and 2 corresponds
to a 50–75% von Mises strain.
[52] While the Taylor texture (not shown) is very different

from that observed in experiment, the self-consistent texture
with a single fiber component at (100) is very similar to that
observed in the experiments (Figure 15). In the simulations
the maximum increases from 1.8 at 25% strain to 3.0 at
50%, 5.7 at 75% and 10.7 at 100%. {110}h1�10i is the only
active slip system. If the CRSS ratio is reduced from 10 to
below 5, harder slip systems become active, and below 2 the
self-consistent texture pattern resembles that observed with
the Taylor approach. Obviously, deformation that only
activates the {110} system results in high local incompati-
bilities, which have to be accommodated by other mecha-
nisms such as grain boundary sliding. Unfortunately we
have no information on the microstructures that develop at
high pressure in these experiments and therefore this issue
cannot be resolved.

Table 4. Slip Systems, Critical Resolved Shear Stress Ratios

(CRSS), and Hardening Parameters Used in the Simulations

Slip System CRSS ratio Hardening Parameter

{110} h1�10i 1 2
{111} h1�10i 10 2
{100} h011i 10 2

Figure 14. Texture index calculated in the self-consistent
simulations as a function a strain for different statistical
parameters. Dashed and solid lines are calculations for 1000
and 2000 grains, respectively. For both hypotheses, the
ODF was calculated without smoothing or with a 5�, 7.5�,
and 10� Gauss filter. Results with 2000 grains and a 7.5�
Gauss filter were used for comparison with experimental
results.
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[53] We have attempted many conditions and slip systems
with both models but, except for self-consistent solutions
with {110}h1�10i models, we could not reproduce the ob-
served texture. We conclude that the {110} slip system is the
only significantly active slip system in MgO at high pressure
and ambient temperature.

4.4. Elastic Anisotropy

[54] Understanding the evolution of elastic anisotropy of
deep Earth’s minerals with increasing pressure and temper-
ature is of fundamental importance for the understanding of
the seismic anisotropy of the Earth’s interior [Mainprice et
al., 2000]. For cubic materials, it is convenient to express
the single crystal anisotropy in terms of the Zener ratio
which is the ratio of the shear moduli in the (100) and (110)
planes in the [100] direction,

Z ¼
2C44

C11 � C12

¼
2 S11 � S12ð Þ

S44
ð21Þ

For elastically isotropic materials, we have Z = 1. Under the
Reuss approximation, Z can be directly measured from
radial diffraction experiments, without the use of any
assumed bulk property [Singh et al., 1998a; Duffy et al.,
1999b; Merkel et al., 2002].
[55] In our experiments, and under the Reuss approx-

imation, Z decreases from its ambient pressure value of
1.546 and saturates at about 0.9 (±0.2) at highest pres-
sures, in agreement with measurements from Brillouin
spectroscopy [Zha et al., 2000; Sinogeikin and Bass,
2000]. Calculations under the Hill-average provides similar
results, increasing the scatter in the data and the anisotropy

(Figure 16). Theoretical calculations [Mehl et al., 1986;
Karki et al., 1999] predict a continuous decrease in Z with
increasing pressures. Observation on the hkl-dependence of
the lattice strains in conventional diffraction experiments

Figure 15. Inverse pole figures illustrating simulated texture development in MgO for 20�C conditions
after 25, 50, 75, and 100% strain in axial compression calculated with the viscoplastic self-consistent
model.

Figure 16. Elastic anisotropy in MgO expressed with the
Zener ratio Z. Results from these experiments calculated
under the Reuss bound (solid circles) and Hill average (open
circles), Brillouin spectroscopy to 19 GPa from Sinogeikin
and Bass [2000] (thick solid line) and to 55 GPa from Zha
et al. [2000] (thin solid line), and first principles calcula-
tions from Mehl et al. [1986] (dotted line) and Karki et al.
[1999] (dot-dashed line) are indicated.
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such as Duffy et al. [1995] and Speziale et al. [2001] or
radial diffraction experiment [Uchida et al., 1996] require
an anisotropy less than 1 at high pressure, with a change
in the sign of the anisotropy between 3 and 10 GPa. This
is not inconsistent with the results presented here, that
show an anisotropy roughly lower than 1 at high pressure,
with a change of sign around 8 GPa.
[56] Figure 17 shows the P wave velocity surfaces at 47

GPa for an MgO single crystal and for the polycrystal with
the experimental texture from Figure 12 calculated with the
single crystal elastic moduli at this pressure. In the case of
the aggregate, the velocity surface displays the symmetry of
the sample and is axially symmetric. There are two trends:
with increasing pressure the texture increases; however, at
the highest pressures the single crystal-elastic anisotropy
decreases, resulting in a reduced aggregate anisotropy.

4.5. Implications for the Lower Mantle

[57] Magnesiowüstite is generally believed to be the
second most abundant mineral in the Earth’s lower mantle.
Therefore, understanding the elasticity and rheology of the
pure MgO end-member can yield important information
about this region of the planet. For cubic materials, single
crystal elastic anisotropy and seismic anisotropy can be
conveniently related through the anisotropy factor A,
defined as

A ¼
2C44 þ C12

C11

� 1 ð22Þ

For an isotropic material, A equals zero. The anisotropies of
the P, S1, and S2 waves are then given by [e.g., Karki et al.,
1997]

AP ¼
2A

3
; AS1 ¼ �

A

2
and AS2 ¼ �

3A

8
ð23Þ

These experiments (consistent with Brillouin measurements
[Zha et al., 2000]) indicate a decrease in A from its value of
0.36 at ambient conditions to �0.05(±0.10) at 45 GPa,
giving an almost elastically isotropic material at deep
mantle pressures. However, zero pressure measurements of
the temperature dependence of the elastic moduli of MgO
predict an increase of A to 0.77 at 1800 K [Isaak et al.,
1989]. Therefore, there is a competing effect of pressure and
temperature on the single crystal elastic anisotropy of MgO
that could lead to significant anisotropy under lower mantle
conditions.
[58] In order to estimate the elastic moduli of MgO at

high pressure and temperature, we carry a second-order

polynomial extrapolation. We used the pressure and tem-
peratures derivatives from this analysis and Isaak et al.’s
[1989], respectively. Cross pressure and temperature deriv-
atives have been measured at 8 GPa and between 300 and
1500 K [Chen et al., 1998] but they were not fitted with
the same pressure derivatives and are not consistent with
this analysis, thus they are not used here. The data fitted
ranges between 0 and 47 GPa at 300 K and 300 to 1800 K
at ambient pressure. Therefore we feel confident with an
extrapolation between 660 km (24 GPa, 1900–2300 K) to
about 1660 km depth (70 GPa, 2300–2700 K). This is
shown in Figure 18 for the warm and cold geotherms used
by Gillet et al. [2000]. The anisotropy factor A varies from
0.115(±0.010) at 670 km to 0.180(±0.005) at 1660 km
with a minimum of 0.050(±0.010) at 1050 km. Moreover,
Chen et al. [1998] showed that neglecting temperature
derivative of the pressure derivatives underestimates the
elastic anisotropy of MgO. Thus, a fairly high single
crystal elastic anisotropy of MgO under lower mantle
conditions is expected.
[59] The influence of iron substitution on the single-

crystal elastic anisotropy of (Mg, Fe)O magnesiowüstite
under lower mantle conditions remains to be examined
directly by experiments. High P-T element partitioning
experiments indicate that the amount of Fe present in
(Mg, Fe)O in the lower mantle could range from around
10 to 45 mol % FeO [e.g., Mao et al., 1997; Andrault,
2001, and references therein]. Ambient conditions meas-
urements of elastic moduli show that A is essentially
constant from pure periclase end-member to compositions
with �25% FeO, but then decreases sharply with the FeO
end-member being nearly isotropic [Jacobsen et al., 2002].
Thus there are three competing effects of pressure, temper-
ature and composition for the anisotropy of magnesiowüs-
tite. The anisotropy tends to decrease with increasing iron
content and increasing pressure, while it increases with
temperature. Such conclusions may have to be modified if
(Mg, Fe)O undergoes phase transformations at high pres-
sure and temperature [Mao et al., 1996; Dubrowinsky et

Figure 17. P wave velocity surfaces at 47 GPa. (a) Single
crystal velocity surface (b) Velocity surface for the
experimental texture measured in this experiment.

Figure 18. Elastic anisotropy of MgO under the condi-
tions of the upper part of the lower mantle for a cold (T =
1900 K at 670 km, solid line) and a warm (T = 2300 K at
670 km, dotted line) average lower mantle geotherm.
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al., 2000]. This study focused on the high-pressure proper-
ties of pure MgO to establish trends for the simple end-
member. Additional work, using the techniques presented
here, is required to determine the deformation mechanisms
and elastic anisotropy of magnesiowüstite under lower
mantle conditions.
[60] As for the anisotropy of an aggregate, our deforma-

tion experiments on MgO show the development of a very
large degree of preferred orientation with increasing pres-
sure. Although we did not measure strain rates, it was
observed that 10 to 20 min were needed to stabilize the
stress conditions after each increase of load. Therefore, we
estimate that the time range of the experiments was about
103 s and that our strain rates are on the order of 10�3 s�1.
Extrapolating our observations to deep Earth conditions (in
terms of strain rates and temperature), we infer that a
noticable anisotropy could develop in polycrystalline MgO
under lower mantle conditions.
[61] The possibility that different slip systems operate at

high temperature at these pressures needs to be considered.
In NaCl other slip systems do become active as the
homologous temperature is approached. In alkali halides
there is a high plastic anisotropy at room temperature which
decreases with increasing temperature [Strotzki and Haa-
sen, 1981; Strotzki et al., 1981]. This may also apply to
MgO, though probably not as drastically, so that {110} slip
still dominates. At the high temperatures and slow strain
rates in the lower mantle, diffusive processes during recov-
ery would alleviate heterogeneity and incompatibility due
to activation of a single slip system. Ambient pressure
experiments have demonstrated that the CRSS for the
{110} and {100} slip systems decrease drastically between
ambient temperature and 1500 K, but the plastic anisotropy
(i.e., the difference between the CRSS) remains [Foitzik et
al., 1989]. Multianvil experiments on MgO at 8 GPa
between 300 and 1200� showed a significant temperature
dependence of the yield strength with an abrupt change at
500� [Weidner et al., 1994]. This was explained by a
change of deformation mechanism from dislocation glide
to power law creep with increasing temperature and
decreasing deviatory stress. Deformation mechanisms may
also be influenced by chemical composition. Simple shear
experiments at 0.3 GPa and above 1000 K on magnesio-
wüstite by Stretton et al. [2001] produced texture patterns
similar to those observed in fcc metals [e.g., Hughes et al.,
2000] suggesting that in this material, and at high temper-
ature, many slip systems are active, including {111}h1�10i.
Unfortunately simple shear texture patterns of cubic mate-
rials are rather insensitive to slip system activity. Therefore,
further high P-T investigations of the rheology of MgO and
magnesiowüstite of realistic mantle composition, as well as
polyphase mixtures, are needed to establish deformation
mechanisms and their relevance for the dynamic processes
in the deep mantle.

5. Conclusions

[62] We have presented experimental methods to inves-
tigate the evolution of single crystal elastic moduli and
anisotropy, polycrystal yield strength and deformation
mechanisms at pressures relevant to the Earth’s deep inte-
rior. Measurements are obtained in situ using diamond cell

synchrotron X-ray diffraction techniques. In this study, we
applied this technique to MgO polycrystals to 47 GPa at
room temperature. The results demonstrate the development
of a strong texture with increasing pressure in this material.
The elastic distortion of the lattice suggests that nonhydro-
static stresses reaches 8.5(±1) GPa and causes deformation
of 50–100%. A quantitative comparison of experimental
textures and results from polycrystal plasticity simulations
suggests that {110}h1�10i is the only significantly active slip
system at the conditions of these experiments.
[63] Although we may include effects of stress hardening

because of an increased dislocation density, analysis of the
low temperature yield strength suggests an increase from
the ambient pressure value of 0.4 GPa to a minimum of
8.5(±1) GPa at 10(±1) GPa and higher pressures. The single
crystal elastic anisotropy tends to decrease with pressure,
with the material becoming almost elastically isotropic at
pressures of about 50 GPa. However, a competing effect of
pressure and temperature results in single crystal elastic
anisotropy of MgO at lower mantle conditions. The aniso-
tropy factor A decreases from 0.115(±0.010) at 670 km
depth to 0.050(±0.010) at 1050 km depth and then increases
again to 0.180(±0.005) at 1660 km depth.
[64] With this study we show the feasibility of the

experimental study of deformation mechanisms, single
crystal and polycrystal elastic moduli and anisotropy, as
well as polycrystal strength at deep mantle pressures. This
approach can now be extended to study the behavior at both
high pressure and temperature. The same technique can also
be used to study other mantle component, including the
influence of iron substitution in (Mg, Fe)O magnesiowüstite
and (Mg, Fe)SiO3 perovskite, as well as deformation of
composites of the two minerals. Such experiments will
provide information about deformation mechanisms and
mechanical properties of minerals in the deep Earth that
are a prerequisite for realistic geodynamic models.
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Abstract

Room temperature investigations on the shear stress and deformation mechanisms of (Mg0:9Fe0:1)SiO3 perovskite

are performed in situ up to 32 GPa using radial X-ray diffraction and the diamond anvil cell as a deformation

apparatus. The uniaxial stress supported by the perovskite aggregate is found to increase continuously with pressure

up to 10.9( 3 1.9) GPa at 32( 3 1) GPa. Our measurements show no development of significant lattice preferred

orientations in the sample, which indicates that deformation by dislocation glide is not the dominant deformation

mechanism under these conditions. Assuming that the underlying cause for seismic anisotropy in the deep Earth is

elastic anisotropy combined with lattice preferred orientation, our results indicate that silicate perovskite deformed

under the conditions of this experiment would not be the source of seismic anisotropy.

6 2003 Elsevier Science B.V. All rights reserved.

Keywords: high pressure; deformation; perovskite; shear strength; texture; anisotropy

1. Introduction

Silicate perovskite is the most abundant mineral

in the Earth’s lower mantle and, although it has

been subjected to numerous experimental and the-

oretical investigations, its rheological properties

remain poorly understood. Information on the

shear strength and deformation mechanisms of

(Mg,Fe)SiO3 is crucial for constraining mantle

convection and the development of seismic aniso-

tropy in the deep Earth (e.g. [1]). However,

(Mg,Fe)SiO3 perovskite is known to be extremely

di⁄cult to study with conventional laboratory de-

formation experiments: for the most part, only

analogs with the perovskite structure have been

investigated under the assumption that such ma-

terials have similar mechanical properties. From

such analog studies, creep laws and deformation

mechanisms of silicate perovskite were implied

(see [2^10] and references therein). Despite consid-
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erable e¡orts, these experiments have demon-

strated that the analog approach is problematic

[4]. Silicate perovskite is very unstable at ambient

pressure and it is very di⁄cult to obtain high

quality and large dimension samples. Therefore,

very few studies have investigated the rheological

properties of silicate perovskite directly. Among

them are micro-indentation hardness measure-

ments under ambient conditions [11], shear stress

estimations up to 60 GPa using an approximate

relation between pressure gradient and uniaxial

stress component in the diamond anvil cell [12],

shear stress measurements up to 20 GPa and 1073

K in large volume press [13], electron microscopy

analysis of samples quenched from multianvil ex-

periments [14], and lattice preferred orientation

(LPO) analysis of samples quenched from high

pressure diamond anvil cell experiments [15].

However, the understanding of the rheology of

silicate perovskite is still in its infancy. Most stud-

ies on lower mantle deformation are still based on

analogies with CaTiO3 perovskite ([1,7,9] for in-

stance) in spite of the considerable uncertainties

indicated above.

In recent years, a new diamond anvil cell X-ray

di¡raction technique has been developed to study

the strength and elasticity of materials under high

pressure [16^24]. This technique later emerged as

a powerful tool to obtain direct observations of

the deformation mechanisms and the develop-

ment of LPO of deep Earth materials in situ at

relevant pressure, as demonstrated with pilot ex-

periments on O-Fe and MgO [25,26]. We applied

this method to study the development of textures

in (Mg,Fe)SiO3 perovskite with pressure under

uniaxial stress and deduce information about its

strength and deformation mechanisms at room

temperature.

2. Experiment

In this study, we perform a deformation ex-

periment with a diamond anvil cell, analyzing

the stress state and polycrystalline texture using

X-ray di¡raction in a direction orthogonal to

the compression axis (Fig. 1). In order to obtain

reliable statistics in the analysis, we used an an-

gular-dispersive di¡raction technique [26]. The

background from the con¢ning beryllium gasket

was reduced by drilling an opening along the in-

coming X-ray path which was ¢lled with a mix-

ture of amorphous boron and epoxy to maintain

the gasket’s mechanical stability. The perovskite

sample with a Fe/(Fe+Mg) ratio of 0.01 was syn-

thesized from (Mg,Fe)SiO3 orthopyroxene on the

multianvil apparatus of the Center for High Pres-

sure Research. The grain size was reduced to the

order of a couple of Wm by crushing the chips

extracted from the multianvil runs between tung-

sten carbide cubes. The sample was then loaded

and repeatedly pressed until fully compacted in a

100 Wm hole along with ruby chips and a layer of

polycrystalline platinum. To ensure homogeneous

stress conditions in all sections of the sample, dia-

mond anvils with 500 Wm tip diameters were used.

The measurements were performed on the ID-30

beamline of the European Synchrotron Radiation

Facility in Grenoble, using a monochromatic

beam of wavelength 0.3738 AQ and the in-house

fast-scan detector. Each pattern took 1^5 min to

record. Details on the experimental technique and

data reduction are given elsewhere [26].

Pressures were estimated using the ruby scale,

the equation of state of platinum [27] and that of

perovskite itself [28]. We collected data upon

compression between 0 and 32 GPa, and decom-

pression between 32 and 1 GPa. However, above

20 GPa in compression the large peak widths and

Fig. 1. Schematic of the experiment. The perovskite aggre-

gate is con¢ned under non-hydrostatic stress conditions be-

tween two diamond anvils. A monochromatic X-ray beam is

sent through the gasket with a direction orthogonal to the

diamond axis and the data collected on an area detector or-

thogonal to the incoming beam. The positions and intensities

of the di¡raction lines are analyzed as a function of the azi-

muthal angle N.
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low di¡raction intensities of perovskite made the

analysis impossible. This can be attributed to an

increase in stress inhomogeneities between grains

with compression. These problems disappeared

upon decompression as we relaxed the sample.

Therefore the results presented here will range

between 0 and 19 GPa upon compression and

32 and 1 GPa upon decompression. The distance

between the diamond anvils, estimated by record-

ing changes in X-ray absorption while moving the

diamond cell in a direction perpendicular to the

incoming beam, shows a continuous decrease

from 32 to 7 Wm during compression to 32 GPa

and a continuous increase from 7 to 10 Wm during

decompression (Fig. 2). Upon compression, this is

a good estimation of the sample thickness. Be-

cause the deformation is continuous over the

whole pressure range, we estimate that it cannot

be attributed to compaction and that our sample

was submitted to 65% plastic deformation. In or-

der to reduce the background from the sample

environment, a di¡raction image was collected

after removing the sample from the incident

beam at each pressure and dividing the di¡raction

pattern from the sample by this image. The pro-

cessed di¡raction images were then divided into

small arcs of 10‡ intervals to determine the in£u-

ence of the azimuthal angle N on the pattern. Figs.

3 and 4 show a representative di¡raction pattern

at 19 GPa and the spectra we extracted for N
between 0 and 360‡ with 10‡ intervals, respec-

tively. In Fig. 4, the variations of the peak posi-

Fig. 2. Distance between the diamond anvils as a function of

pressure. Upon compression, this is a good estimation of the

sample thickness. From this ¢gure, we estimate that the plas-

tic deformation imposed on the sample is of the order of

65%.

Fig. 3. Representative di¡raction pattern at 19 GPa after re-

moving the signal from the background. Selected di¡raction

lines for perovskite, stishovite (left over from synthesis) and

platinum (pressure calibrant) are indicated.

Fig. 4. Spectra extracted from the di¡raction pattern at 19

GPa (Fig. 3) for N between 0 and 360‡ with 10‡ intervals.

Di¡raction lines for perovskite (Pe), platinum (Pt) and

stishovite (St) are labeled in the ¢gure.
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tion with N are related to elastic deformation due

to non-hydrostatic stress while the variation of

the di¡raction intensities can be attributed to

LPO. For the following analysis, data for the

(002) and (110), (111), (020), (112), (200), and

(113) peaks of silicate perovskite were ¢tted using

pseudo-Voigt peak pro¢les.

3. Results

Samples in these diamond anvil cell experi-

ments are subjected to a non-hydrostatic stress,

where the principal stress in the loading direction,

c3, is greater than the radial stress, c1, imposed
by the gasket. The angle M between the di¡racting

plane normal and the maximum stress axis can be

calculated from the azimuth angle on the detector,

N, with the relation:

cosM ¼ cosa cosN ð1Þ

where a is the di¡raction angle. Assuming a

Reuss^Voigt^Hill micromechanical model and ne-

glecting the e¡ect of preferred orientations, the

measured d-spacings vary with M as:

dmðhklÞ ¼ dPðhklÞ½1þ ð133cos2M ÞQðhklÞ� ð2Þ

where dm(hkl) is the measured d-spacing, dP(hkl)

the d-spacing under the equivalent hydrostatic

pressure P, and Q(hkl) is a function of the Miller

indices, lattice parameters, and elastic moduli [18].

The variations of the d-spacings of the (112)

planes of perovskite with M upon compression

and decompression are shown in Fig. 5 along

with results from least-squares ¢ts of Eq. 2. The

good agreement between the measured and theo-

retically predicted M dependence of the d-spacing

assesses the quality of the experimental data. The

results of these least-squares ¢ts can then be used

to estimate the uniaxial stress component sup-

ported by the sample with the relation:

Fig. 5. Variation of the d-spacing of the (112) plane of pe-

rovskite as a function of M upon compression and decom-

pression. Symbols and solid line are experimental data and

least-squares ¢ts of a Reuss^Voigt^Hill micromechanical

model to the data.

Table 1

Pressure, distance between the anvils, and uniaxial stress component t=c33c1 in perovskite calculated from the measured GQf

and the shear modulus G deduced from ¢rst-principles calculations [29]

P h GQf G t

(GPa) (Wm) (U103) (GPa) (GPa)

0.03 0.1 32 30.4 3 0.2 178.63 0.2 30.4 3 0.2

5.33 0.3 22 3.1 3 0.4 186.93 0.5 3.4 3 0.4

9.53 0.5 21 3.7 3 0.5 193.43 0.8 4.3 3 0.6

15.13 0.3 15 5.0 3 0.6 201.93 0.5 6.0 3 0.7

19.03 0.5 15 5.3 3 1.3 207.83 0.7 6.6 3 1.6

32.03 1.0 8 8.0 3 1.3 226.83 1.4 10.93 1.9

13.03 0.3 9 4.7 3 0.9 198.73 0.5 5.6 3 1.1

1.03 0.5 10 30.1 3 0.1 180.23 0.8 30.1 3 0.1
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t ¼ c 33c 1W6GGQðhklÞf ð3Þ

where G is the shear modulus of the aggregate

[18]. Since no experimental measurement of the

shear modulus of perovskite in the present pres-

sure range was available, results from ¢rst-princi-

ples calculations were used [29]. The results we

obtained are presented in Table 1 and Fig. 6.

Above 2 GPa the uniaxial stress in our sample

increases linearly with pressure up to 10.9( 3 1.9)

GPa at 32 GPa. The values of uniaxial stress in

the sample deduced upon compression and de-

compression cannot be distinguished.

In order to study the development of LPO with

compression, we use the relative intensity varia-

tions of di¡raction peaks to calculate the orienta-

tion distribution function (ODF) of the sample,

which contains all information about the crystal-

lite orientations and can be used for deformation

mechanism analysis. Fig. 7 presents the measured

di¡raction intensities for the (110)+(002), (020),

(112) (200) and (113) di¡raction lines of perov-

skite at the end of the decompression along with

those recalculated from the ODF. There is con-

siderable dispersion in the experimental data and

no clear systematic variation of intensities with M

can be observed, except for the weak re£ection

(200). The texture in the sample is axially symmet-

ric around the compression axis, consistent with

deformation performed in axial compression. It is

therefore most e⁄ciently displayed in the form of

Fig. 6. Uniaxial stress component t=c33c1 in perovskite vs.

pressure. Closed and open circles are data upon compression

and decompression, respectively, crosses are the results of

[12] measured using the pressure gradient method, open dia-

monds are results of multianvil experiments [13], and solid

line is a ¢t to the data of this experiment.

Fig. 7. Di¡raction intensities vs. M for perovskite at the end of the decompression. Open circles are experimental data and solid

lines are recalculated from the ODF.
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inverse pole ¢gures (Fig. 8), which show the ori-

entation distribution of the experimental compres-

sion axis relative to the crystallographic coordi-

nate system of the orthorhombic perovskite

structure. The inverse pole ¢gures show no signif-

icant changes with compression or decompres-

sion, which implies that the sample did not devel-

op any signi¢cant LPO in this experiment. This is

also apparent in Fig. 4, which shows very little

intensity variation with angle, for instance for re-

£ections (110)+(002), (111) and (113).

4. Discussion

According to the von Mises yielding criterion,

the measured uniaxial stress (Fig. 6) provides a

lower bound on the yield strength of perovskite

as t=c33c19cy, where cy is the yield strength.

The uniaxial stress varies with sample environ-

ment and equality holds only if the sample de-

forms plastically. It should also be noted that

the experiments presented here are di¡erent

from mechanical tests at a given pressure, temper-

ature, and imposed strain-rate. In these experi-

ments, strain, strain rate and pressure cannot be

decoupled and therefore we rely on a more gen-

eral de¢nition of the yield strength that may in-

clude e¡ects of hardening. Above 2 GPa, we ¢nd

t=1.8(3) +0.28(2)P where t and P are in GPa.

Therefore:

c yv1:8ð3Þ þ 0:28ð2ÞP ð4Þ

for perovskite up to 30 GPa, where cy and P are

in GPa. Comparison with other measurements of

uniaxial stress in perovskite is shown in Fig. 6.

Between 15 and 25 GPa, our results agree with

those of [12] and [13]. However, the saturation

observed above 25 GPa in [12] is not seen in

our experiments. As mentioned above, the uniax-

ial stress is only a lower bound on the yield

strength and its actual value depends on sample

environment. Our results are thus not incompat-

ible with the previous work since t might have

saturated in their experiments for a variety of rea-

sons. One should also point out, however, that

these authors used a technique based on measur-

ing the pressure gradient across the diamond anvil

and estimating t by tWh(dP/dr) where h is the

sample thickness and r the radial distance from

the center of the diamond. The sample thickness

is poorly estimated at high pressure; moreover,

the above relation holds only if the sample con-

tinues to £ow plastically on each loading. Arrest

of plastic £ow often occurs in the vicinity of the

maximum pressures of these experiments, as does

563 max.

100

(= 1 m.r.d.)

20 min.

Log. Scale

Equal Area Proj.

Compression

Decompression

32.0 GPa                 130.0 GPa                  1.0 GPa

15.1 GPa                    19.0 GPa

0 GPa                      5.3 GPa                   9.5 GPa

100

001 010

Fig. 8. Experimental inverse pole ¢gures for perovskite upon compression and decompression.
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the increase of uniaxial stress below the diamond

tips [30]. We conclude that the saturation previ-

ously observed is not intrinsic to perovskite and

that its yield strength can be well over 10 GPa at

a pressure of 30 GPa at room temperature, mak-

ing it one of the hardest silicates of the Earth’s

interior. This conclusion is consistent with that of

[13] based on measurements up to 20 GPa and

1073 K, where perovskite was shown to display

very little relaxation and became much stronger

than other silicates, such as ringwoodite, upon

heating.

The dimensionless parameter d/G, where d is the

shear strength and G the shear modulus, is a use-

ful quantity for comparing strength between dif-

ferent materials [31]. Moreover, the quantity t/G is

measured directly in the radial di¡raction experi-

ments (e.g. Eq. 3) and no bulk parameter needs to

be assumed. Fig. 9 shows the results we obtain for

perovskite along with measurements on olivine

[32], ringwoodite [22], MgO [26], and SiO2 [24].

The t/G ratio for perovskite at ambient temper-

ature lies between those of SiO2 and the other

silicates. Notably, the trend for (Mg,Fe)SiO3 is

quite similar to that observed for SiO2 (stishovite

and CaCl2-type), which also has Si in octahedral

coordination.

However, the representation of uniaxial stress

as a function of pressure has been problematic :

results from di¡erent experiments can be incon-

sistent and the evolution of t or t/G with pressure

tends to be highly non-linear. Fig. 10 presents the

evolution of the normalized uniaxial stress t/G

with macroscopic strain Q= (h03h)/h0 where h is

the distance between the anvils (e.g. Table 1). In

this representation the evolution of uniaxial stress

can be easily decomposed into two domains where

t evolves linearly with Q (i.e. increasing strain and

decreasing strain). In our experiments, pressure,

strain, and uniaxial stress cannot be decoupled.

Therefore a comparison with results from me-

chanical tests at constant pressure, temperature

and strain rate is not trivial. However, because

strain is strongly related to plastic deformation,

we feel that this representation should provide

valuable information when data from other ex-

periments become available.

The absence of LPO in perovskite in our ex-

periments is consistent with previous observations

on (Mg,Fe)SiO3 perovskite [15]. In those experi-

ments, perovskite had been deformed under uni-

axial compression in the diamond anvil cell and

quenched to ambient conditions. No texture could

be observed. In our experiments, we followed the

development of texture under uniaxial compres-

sion in situ up to 30 GPa, with 10 GPa uniaxial

stress at the highest pressures, after 65% plastic

Fig. 9. Ratio of uniaxial stress component to shear modulus

t/G as a function of pressure. Solid squares are measure-

ments on perovskite from this study, open triangles, squares,

diamonds, and circles are results for MgO [26], olivine [32],

ringwoodite [22], and SiO2 [24], respectively.

 

Fig. 10. Normalized uniaxial stress component t/G in perov-

skite vs. strain. Closed and open circles are data upon com-

pression and decompression, respectively. Solid lines are line-

ar ¢ts to the data from 0 to 32 GPa and from 32 to 0 GPa.
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deformation, and a homologous temperature

T/TmW0.1, and found no clear sign of LPO.

Although further experiments are required to

identify the speci¢c deformation mechanism, the

absence of signi¢cant LPO indicates that plastic

deformation by dislocation is not dominant. This

is in agreement with deduction from high temper-

ature relaxation at high pressure where the evolu-

tion of stress and strain in perovskite was shown

to be incompatible with both dislocation glide and

power-law creep [13]. This has also been docu-

mented for ¢ne-grained CaTiO3, from which it

was inferred that silicate perovskite undergoes

superplastic deformation [7]. Deformation mech-

anisms depend strongly on stress, temperature

and grain size. Thus, the in£uence of all these

factors needs to be further investigated in order

to infer the behavior of silicate perovskite in the

lower mantle. To this end, the in situ experiments

described here should be extended to higher tem-

perature and grain sizes varied.

The major cause for seismic anisotropy in the

deep Earth is elastic anisotropy combined with

LPO. Therefore, a perovskite aggregate deformed

in conditions similar to those of this study would

not generate any seismic anisotropy. While the

e¡ect of higher temperature, controlled strain

rate and grain size should be investigated to fully

understand the rheology of silicate perovskite in

the deep mantle, our in situ experiments have

demonstrated the feasibility of direct investiga-

tions on the strength and deformation mecha-

nisms of silicate perovskite under high pressure.

The lack of signi¢cant LPO in perovskite is

in contrast with similar experiments on another

lower mantle mineral, magnesiowuestite, where

strong LPO was observed at low temperature

and high pressure [26].

Seismological observations about the anisotro-

py in the deep mantle have only recently been well

documented. There have been numerous reports

of anisotropy in its lowermost boundary layer, DQ

(e.g. [33,34]), and near the 660 km discontinuity

[35,36] the few studies that concentrated on the

mid-to-lower mantle region found little evidence

for anisotropy [15,35]. These studies, however,

were limited in global coverage and recent numer-

ical calculations assuming composite mantle

rheology have shown that the deformation of sub-

ducting slabs in the lower mantle occurs mostly

by dislocation creep and could therefore exhibit

signi¢cant anisotropy [1,37]. Reliably detecting

anisotropy in these regions requires careful seis-

mological experiments. Moreover, interpreting

data from geological settings which exhibit 3D

variations in heterogeneity and anisotropy is dif-

¢cult as the nature of wave propagation in such

complex settings is not well understood [34]. Re-

cent experiments have documented the develop-

ment of signi¢cant LPO in magnesiowuestite,

both under low pressure and high temperature

[38,39] and high pressure and low temperature

[26]. In contrast, our experiments have shown

that it is extremely di⁄cult to generate signi¢cant

LPO in silicate perovskite. Although the critical

parameters of the e¡ect such as temperature and

grain size should be investigated for a direct com-

parison with the lower mantle, this implies that

perovskite is less likely to be the source of seismic

anisotropy than these other silicates.
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Abstract

Angle-dispersive radial X-ray diffraction measurements were conducted on �- and �-Fe under nonhydrostatic stress con-

ditions up to 30GPa and 1000K in laser heated diamond anvil cells. �-Fe (bcc) is found to develop preferred orientation

compatible with observations under ambient conditions. The preferred orientation of the �-phase is inherited by the �-phase

(hcp) in accordance with the Burgers orientation relationship. A comparison between the observed texture in �-Fe with results

from polycrystal plasticity modeling suggests that the predominant deformation mechanisms are basal slip (0 0 0 1)〈1̄ 2 1̄ 0〉

and prismatic slip {1 0 1̄ 0}〈1̄ 2 1̄ 0〉, presumably associated with minor mechanical twinning. We do not observe any evidence

of slip on the {1 1 2̄ 2}〈1 1 2̄ 3〉 system that was proposed based on analogies with Cr–Ni stainless steel. Finally, we do not

observe any change in preferred orientation upon heating in situ at 28GPa and 1000K.

© 2004 Elsevier B.V. All rights reserved.

Keywords: High pressure; Deformation; Iron; Slip system; Texture; Anisotropy; Earth core

1. Introduction

Ever since it was first discovered (Poupinet et al.,

1983; Morelli et al., 1986), the origin and variability

of the seismic anisotropy of the earth’s inner core has

been a matter of debate (e.g. Ishii and Dziewoński,

2003). Early on, it was proposed that the anisotropy

might be caused by preferred alignment of crystals of

iron that would have been acquired during the solidifi-

cation of the inner core (Bergman, 1997) or as a result

of plastic deformation (Wenk et al., 1988; Yoshida
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Physics, University of Tokyo, Kashiwanoha 5-1-5, Kashiwa, Chiba

277-8581, Japan. Tel.: +81 471363231; fax: +81 471363230.

E-mail address: smerkel@issp.u-tokyo.ac.jp (S. Merkel).

et al., 1996; Karato, 1999; Wenk et al., 2000a;

Buffet and Wenk, 2001). However, support for these

hypotheses and modelings have been limited by the

lack of information on the deformation mechanisms

of iron under extreme conditions. Although the crys-

tal structure of iron at these depths is still being

discussed, it is accepted that the �-phase has a wide

stability field and serves as a starting point for mod-

eling the bulk of the inner core (Hemley and Mao,

2001). Therefore, obtaining reliable information on

the rheology of �-Fe is of great interest for our under-

standing of deep earth seismic anisotropy.

In recent years, a new diamond anvil cell X-ray

diffraction technique has been developed that allows

the strength and elasticity of materials to be studied

under high pressure (e.g. Hemley et al., 1997; Singh

0031-9201/$ – see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.pepi.2004.04.001
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et al., 1998; Mao et al., 1998). This technique has

emerged as a powerful tool for the in situ investigation

of the development of lattice preferred orientations

in deep earth materials aggregates in situ at relevant

pressures, as demonstrated by pilot experiments on

�-Fe, MgO and (Mg,Fe)SiO3 perovskite (Wenk et al.,

2000b; Merkel et al., 2002, 2003). These preferred ori-

entation patterns can then be used to obtain valuable

information about active deformation mechanisms. In

this paper, we apply this technique to study the devel-

opment of lattice preferred orientation in �-Fe, during

the transition from the �- to the �-phase, and �-Fe un-

der uniaxial compression at high pressure, as well as

high temperature.

The transition from the � (bcc)- to the � (hcp)-phase

of iron has been investigated by numerous experi-

mental techniques, such as X-ray diffraction (Mao

et al., 1967; Jephcoat et al., 1986; Bassett and Huang,

1987), Mössbauer spectroscopy (Pipkorn et al., 1964;

Williamson et al., 1972; Taylor et al., 1991), electrical

resistivity (Von Bargen and Boehler, 1990; Boehler

et al., 1990), X-ray absorption (Wang and Ingalls,

1998) and X-ray emission spectroscopy (Rueff et al.,

1999), as well as simulations (Hasegawa and Pettifor,

1983; Lee and Ray, 1989; Stixrude et al., 1994;

Ekman et al., 1998). At room temperature, the transi-

tion begins around 13GPa and spreads over a domain

extending up to a pressure of 21GPa, depending on

the specific experimental conditions, in particular on

the level of deviatoric stress in the sample (Taylor

et al., 1991; Von Bargen and Boehler, 1990; Boehler

et al., 1990). Under quasi-hydrostatic conditions, the

transition is very sharp. The �–� transition may be

martensitic (Giles et al., 1971), i.e. produced by in-

ternal shears, particularly at low temperature where

diffusion is limited. The martensitic mechanisms are

fairly well understood (Mao et al., 1967; Bassett

and Huang, 1987; Wang and Ingalls, 1998). This

transition is not only structural, but also magnetic.

The low pressure �-phase is ferromagnetic but the

high pressure �-phase does not show magnetic or-

dering (Williamson et al., 1972; Rueff et al., 1999).

First-principles calculations have emphasized the im-

portance of this magnetic transition for calculating

and understanding the high pressure phase diagram

of iron (Stixrude et al., 1994; Ekman et al., 1998).

The deformation mechanisms of the �-phase (steel)

have already been studied extensively (Rollett and

Wright, 1998). However, little is known about the high

pressure �-phase; this phase cannot be quenched to

ambient conditions in sufficient quantities for plastic-

ity study and its pressure stability field is above the

range attainable by conventional deformation appara-

tus. Information about slip systems relies on indirect

comparison with other hcp metals based on c/a ratios

(Wenk et al., 1988), first-principles calculations based

on stacking fault energies (Poirier and Price, 1999),

comparison of the lattice preferred orientation (LPO)

observed in iron under compression in the diamond

anvil cell and that obtained by polycrystal plasticity

modeling (Wenk et al., 2000b), and microstructures

observed in a Ni–Cr stainless steel analog (Poirier and

Langenhorst, 2002). Despite these efforts, our under-

standing of the plasticity of iron at high pressure re-

mains poor.

2. Experimental methods

In this study, we perform an uniaxial deformation

experiment on a polycrystalline iron sample using

the diamond anvil cell. The stress state in the sample

and polycrystalline texture are analyzed using syn-

chrotron X-ray diffraction in a direction orthogonal

to the compression axis (Fig. 1). In this experiment,

σ1 σ1

σ3

σ3

0

90

δ

Xray source

Imaging plate

o

o

anvil

Xray transparent
gasket

Samples

Diamond

Fig. 1. Schematic of the experiment. The polycrystalline sample is

confined under non-hydrostatic stress conditions between the two

diamond anvils. σ3 is the axial stress imposed by the diamonds and

σ1 the radial stress imposed by the gasket. A monochromatic X-ray

beam is sent through the gasket with the direction of the incoming

beam orthogonal to the diamond axis and the data collected on

a imaging plate orthogonal to the incoming beam. The position

of the diffraction lines and intensity of diffraction are analysed

as a function of the azimuthal angle δ from which we calculate

the angle χ between the normal to the diffracting plane and the

compression direction (Merkel et al., 2002).
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we used diamonds with a 300�m diameter tip and
a confining gasket made of a mixture of amorphous
boron and epoxy, with a 65�m diameter hole drilled
in the center to form the sample chamber. The iron
sample was a pure commercial product of grain size
lower than 1�m in order to ensure a large number
of crystallites and orientations in the analysis. For
the pressure medium, we used pure magnesium oxide
grinded in mortar with acetone to a grain size lower
than 1�m. Before the loading, the sample powders
were pressed into platelets between two large dia-
monds (1000�m tip diameter). A layer of MgO was
deposited at the bottom of the gasket hole, above
which we added a small platelet of pure polycrys-
talline iron. Finally, another platelet of MgO was
added above the Fe platelet and pressed using the
diamond anvils. In order to ensure uniform laser heat-
ing of the Fe sample, the sample size was limited to
less than 20�m in diameter. Initial thinkness is es-
timated to be around 20�m and simple geometrical
calculations based on sample and grain sizes indicate
that the number of grains in the Fe sample was in the
order of 5000–10000. Neither Fe or MgO were sub-
mitted to any large macroscopic deformation prior to
the experiment. Therefore, we infer that the starting
texture was random. This was also confirmed by the
low pressure X-ray diffraction patterns that showed a
very small degree of lattice preferred orientations.
Diffraction experiments were conducted at the

ID-13 beam line of the GSECARS sector at the Ad-
vanced Photon Source with an incident monochro-
matic X-ray beam focused to 10�m × 6�m and
diffraction patterns were recorded with 2000 × 2700
pixels image plates. The raw X-ray diffraction images
were corrected for non-orthogonality by comparing to
a CrO2 standard pattern taken prior to the experiment.
Wavelength was fixed to 0.4246Å and the sample
to image plate distance calibrated using the CrO2
standard was 290.7mm. More experimental details
along with analysis of the stress state, polycrystalline
texture, and deformation mechanisms of the MgO
surrounding the Fe sample have been given elsewhere
(Merkel et al., 2002).
MgO and Fe were compressed at 300K up to

30GPa. At this pressure we performed several sets of
laser-heating of the sample. During the last heating at
this pressure (about 28GPa, up to 1300K), part of the
�-Fe sample converted into the �-phase (e.g. Fig. 2).
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Fig. 2. Phase diagram of iron (thin solid lines, after Shen et al.,
1998) and pressure/temperature domain covered in this experiment
(thick dashed line). �- and �-phase are bcc, �-phase is fcc and
�-phase is hcp.

This phase is quenchable to ambient temperature and
has diffraction peaks which partially overlap those of
�-Fe. Because of this, we did not take the analysis
further and the data presented here will only range
up to 30GPa and during the first laser heating run,
before the conversion to �-Fe.
For each measurement, the diffraction image was

integrated over small arcs of 2–4◦ interval. The pat-
terns were then fitted individually assuming Gaussian
peak profiles and a linear local background in order
to determine the variation of the diffraction intensity
with the azimuthal angle δ. The angle χ between the
diffraction plane normal and the maximum stress axis
was calculated from the azimuthal angle δ using the
relation

cosχ = cos θ cos δ, (1)

where θ is the diffraction angle. Assuming an axial
symmetry about the compression direction, the ori-
entation distribution functions (ODFs) of the sample
were calculated using the variation of diffraction inten-
sity with χ and the WIMV algorithm, as implemented
in the BEARTEX package (Wenk et al., 1998). The
ODF is a probability function for finding an orienta-
tion and it is normalized over the whole orientation
space to unity. An aggregate with a random distribu-
tion function has a probability of one for all orienta-
tions, or one multiple of a random distribution (m.r.d.).
If preferred orientation is present, some orientations



90 Articles

242 S. Merkel et al. / Physics of the Earth and Planetary Interiors 145 (2004) 239–251

have probabilities higher than one and others lower

than one but orientation probabilities can never be less

than zero. The degree of anisotropy in the sample is

expressed by the texture index F2 defined as

F2 =

∫
G

[f(g)]2 dḡ (2)

where f is the ODF. For a material with random tex-

ture, the texture index F2 is equal to 1, for a textured

material F2 > 1.

The pressures and temperatures corresponding

to the data presented in this paper are summarized

in Table 1. Pressures were estimated using the hy-

drostatic equation of state of the pressure medium,

MgO (Speziale et al., 2001), and iron itself (Jephcoat

et al., 1986; Zhang and Guyot, 1999), after correct-

ing the data for the effect of non-hydrostatic stress

(e.g. Merkel et al., 2002). The temperatures upon

heating were too low to be measured by spectral

radiometry (Heinz and Jeanloz, 1987) but because

of the shining appearance of the sample, the pres-

sure drop associated with heating, and the transition

from �-Fe to �-Fe upon further heating, they were

estimated to be around 1000K. Fig. 2 presents the

phase diagram of iron (Shen et al., 1998) along

with the pressure/temperature domain covered in this

experiment.

Table 1

Pressure, temperature, phase, texture index, and maximum pole densities

Number P—MgO (GPa) P—Fe (GPa) T (K) Phase Texture index Maximum pole density (m.r.d.)

1 1.5± 0.5 2.8± 0.5 300 � 1.009 1.35

2 5.1± 0.5 6.6± 0.5 300 � 1.119 2.84

3 7.5± 0.5 8.9± 0.5 300 � 1.117 2.40

4 11.4± 0.5 12.4± 0.5 300 � 1.112 1.97

5 17.4± 0.5 17.7± 0.5 300 � 1.300 2.79

6 18.3± 0.5 18.5± 0.5 300 � 1.416 3.20

7 20.2± 0.5 20.3± 0.5 300 � 1.229 2.48

8 23.0± 0.5 22.7± 0.5 300 � 1.317 2.67

9 23.9± 0.5 24.1± 0.5 300 � 1.375 2.57

10 27.0± 0.5 27.2± 0.5 300 � 1.241 2.67

11 29.8± 0.5 30.3± 0.5 300 � 1.239 2.75

11ba 28.8± 0.5 300 � 1.212 2.57

11c 1000 � 1.373 3.51

Pressures were calibrated using the equation of state of the pressure medium, MgO (Speziale et al., 2001), or iron itself (Jephcoat et al.,

1986; Zhang and Guyot, 1999). Texture index and maximum pole densities were calculated from the ODF fitted to the sample. The

maximum pole density is expressed in multiples of a random distribution (m.r.d.).
a After heating up to about 1000K.

3. Results

3.1. Preferred orientation in α-iron

Fig. 3 presents the variations in the diffraction in-

tensity for some lattice planes with orientation relative

to the compression direction (angle χ) for �-iron, at

8.9GPa and compares the measured values with those

recalculated from the ODF fitted to the sample. The

agreement is good for (1 1 0) and (2 2 0). The texture is

weak for (2 1 1) and thus this profile is not very infor-

mative. (2 0 0) is a weak diffraction peak that partially

overlaps with the third order peak from the amorphous

boron and this results in a large dispersion of experi-

mental data seen in Fig. 3. The texture index, a bulk

measure for texture strength, increases between 2.8

and 6.6GPa and reaches a plateau at a value of about

1.1 (Table 1). We note that the texture index for �-Fe

is significantly lower than that for MgO in the same

sample and at the same pressure (Merkel et al., 2002).

It was therefore substantially easier to generate LPO

in MgO than in iron in those conditions.

Fig. 4 shows the inverse pole figures we obtain for

�-iron in compression at 2.8, 6.6, 8.9 and 12.4GPa.

We observe the progressive development of two fiber

components, (1 1 1) and (1 0 0). Before the transition

to the �-phase, �-iron is in an orientation such that

the probability of having (1 1 1) and (1 0 0) planes
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Fig. 3. Diffraction intensity vs. χ for �-Fe at 8.9GPa. Black dots are experimental data and solid lines are recalculated from the ODF.

Experimental intensities have been scaled to match those deduced from the ODF, expressed in multiples of a random distribution (m.r.d.).

Axial symmetry was assumed for the calculation of the ODF.

orthogonal to the compression axis is high, and that

the probability of having the (1 1 0) planes orthogonal

to the compression axis is low.

3.2. Preferred orientation in ǫ-iron

Fig. 5a and b show the variation in intensity of

diffraction with orientations for the (1 0 0), (0 0 2),

(1 0 1), and (1 1 0) diffraction peaks of �-iron mea-

sured at 17.7 and 30.3GPa, respectively, along with

those recalculated from the ODF. The ODF was calcu-

lated using the variation of the diffraction intensities

of the (1 0 0), (0 0 2), (1 0 1), (1 1 0), (1 0 3), (1 1 2),

and (2 0 1) diffraction peaks, except for the spectrum

at about 1000K and 28GPa for which only the (1 0 0),

(0 0 2), (1 0 1), (1 1 2) and (2 0 1) peaks were used. At

18GPa, after the transition to the �-phase, the c-axes

of the iron crystals tend to be aligned in a direction

orthogonal to the compression axis with large diffrac-

tion intensities for (0 0 2) at χ = ±90◦. Upon further

compression, the c-axes rotate and become parallel to

the compression axis at the highest pressures with a

maximum diffraction intensity for (0 0 2) at χ = 0◦.

Diffraction intensities for a-axes (1 1 0) are initially

highest parallel to the compression direction and this

maximum attenuates as the c-axis maximum develops

but a weaker concentration remains.

Fig. 6 shows the representations of the textures we

obtain in terms of inverse pole figures of the compres-

sion direction for �-iron between 18 and 30GPa, af-

ter heating to about 1000K at 30GPa, and in situ at

28GPa and 1000K. At 18GPa, we observe a maxi-

mum around (1 1 2̄ 0) which implies that the crystal-

Fig. 4. Inverse pole figures for �-Fe at 2.8, 6.6, 8.9, and 12.4GPa.

Equal area projection, contours in multiples of a random distribu-

tion.

lites are preferentially oriented with their a-axes paral-

lel to the compression axis.1We then observe a smooth

transition towards a single fiber (0 0 0 1) texture, with

the basal planes of the polycrystal orthogonal to the

compression axis. The (0 0 0 1) texture is similar to that

observed in the diamond anvil cell at 54 and 220GPa

(Wenk et al., 2000b). The presence of the MgO pres-

sure medium surrounding the sample does not appear

to affect the high pressure texture.

The texture we measure after heating to 1000K at

30GPa, or in situ at 28GPa and 1000K, does not dif-

fer significantly from those observed before heating

(Fig. 6). Therefore, our experiment does not show any

1 Note that in an earlier paper (Wenk et al., 2000b), inverse pole

figures were mislabeled, i.e. 1 0 1̄ 0 and 1 1 2̄ 0 were switched.
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Fig. 5. Diffraction intensity vs. χ for the (1 0 0), (0 0 2), (1 0 1) and (1 1 0) planes of �-Fe at 17.7GPa (a) and 30.3GPa (b). Black dots are

experimental data and solid lines are recalculated from the ODF. Experimental intensities have been scaled to match those deduced from

the ODF, expressed in m.r.d. (multiples of a random distribution).

measurable sign of recrystallization or rearrangements

upon heating under the conditions of this study. Be-

cause of the existence of a phase transition to fcc (e.g.

Fig. 2), we were not able investigate this property upon

further heating.

4. Discussion

4.1. Lattice preferred orientation in α-iron

The textures we obtain for the �-phase (bcc) of

iron (2.8–12.4GPa) conform to compression textures

observed by metallurgists (Rollett and Wright, 1998;

Barrett and Massalski, 1980). In inverse pole figures,

we identify two fiber components, a major component

at (1 1 1) and a secondary component at (1 0 0). The

main active slip system in bcc metals is {1 1 0}〈1 1 1〉.

This is analogous to fcc metals but with slip plane

and slip direction reversed. Such a reversal produces

compression textures for bcc metals that are similar

to tension textures in fcc metals. The fact that we

observe the standard bcc compression texture in our

experiments is important since it validates the use

of the diamond anvil cell as a deformation apparatus

and synchrotron X-ray diffraction as an in situ texture

probe (Wenk et al., 2000b; Merkel et al., 2002, 2003).

4.2. Phase transition

Between 12.4 and 17.7GPa the phase transforma-

tion occurs and produces a texture with a main com-

ponent at (1 1 2̄ 0) in �-iron of similar strength as the
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Fig. 6. Inverse pole figures for �-Fe in compression between 17.7 and 30.3GPa, at 28GPa after heating to about 1000K and in situ at

about 1000K and 28GPa. Equal area projection, contours in multiples of a random distribution.

(1 1 1) component in �-iron; some texture has been

inherited during the phase transformation. For the re-

verse transformation (hcp to bcc), Burgers established

an orientation relationship (0 0 0 1)hex–(1 1 0)bcc and

[1 1 2̄ 0]hex–[1̄ 1 1̄]bcc, based on the most obvious

structural relationships (Burgers, 1934, Fig. 7) and

they have been confirmed in single crystal heating

experiments of titanium (e.g. Jourdan et al., 1991).

However, the situation is more complicated for poly-

crystals where variant selection occurs and a marten-

sitic mechanism is not established (Gey and Humbert,

2002; Zhu et al., 2000; Wenk et al., 2004). In our

experiments, comparing the bcc and hcp inverse pole

figures close to the transition (Fig. 4 and 6) we find

that the Burgers relation largely applies with a high

value for (1 1 1) and (1 1 2̄ 0) components and low

values for (1 1 0) and (0 0 0 1) in inverse pole figures

of the compression direction.

The �–� transition in iron with pressure has been es-

tablished as martensitic on the basis of X-ray diffrac-

tion (Mao et al., 1967; Bassett and Huang, 1987; Giles

et al., 1971), X-ray absorption (Wang and Ingalls,

1998) and molecular dynamics calculations (Lee and

Ray, 1989) and detailed models about atomic displace-

ments have been proposed that all lead to the Burger’s

relationship and thus conform with the data of our

experiments (Wang and Ingalls, 1998). In reality, the

situation is complicated by the existence of internal

stresses between grains that develop during the phase

transformation. They also influence the orientation re-

lations and variant selection and can not be deduced

from simple crystallographic considerations. Within

the scope of our experiment, these effects could not

be investigated.

4.3. Lattice preferred orientation in ǫ-iron

4.3.1. Main features

There is an extensive literature on the deformation

of hexagonal metals and the most relevant systems are

summarized in Table 2. For fairly isotropic materials

with low c/a ratios, such as zirconium and titanium, it

is generally found that prismatic slip dominates with

subordinate mechanical twinning (Tenckhoff, 1988;

Pochettino et al., 1992). For materials such as zinc

and beryllium that are more anisotropic elastically and

with a high c/a ratio, basal slip dominates (Greenspan,

1965). However, there have been reports of prismatic

and basal slip, tensile and compressive mechanical

twinning, and pyramidal slip for all hexagonal met-

als (e.g. Akhtar, 1973; Tenckhoff, 1988; Pochettino

et al., 1992). The critical resolved shear stresses
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Fig. 7. Three-dimensional representation of the crystallographic

relations between the hcp and bcc phases according to Burgers

relationship.

Table 2

Table of critical resolved shear stresses (CRSS) for the deformation systems assumed in texture simulations for models A–E (Figs. 8 and 9)

Model A B C D E

Basal (0 0 0 1)〈1̄ 2 1̄ 0〉 0.5 1 2 1m 1

Prismatic {1 0 1̄ 0}〈1̄ 2 1̄ 0〉 1 1 1 1m –

Pyramidal {1 0 1̄ 1}〈1̄ 2 1̄ 0〉 2i 2i 2i 1m –

Pyramidal {1 0 1̄ 1}〈1̄ 1̄ 2 3〉 3i 3i 3i 1 –

Pyramidal {2 1̄ 1̄ 2}〈2 1̄ 1̄ 3̄〉 – – – 1m 1

Tensile twinning {1 0 1̄ 2}〈1̄ 0 1 1〉 1.25m 1.25m 1.25 1m –

Compressive twinning {2 1̄ 1̄ 2}〈2 1̄ 1̄ 3̄〉 2.5i 2.5m 2.5m 1m –

The symbol ‘–’ indicates slip systems that were not included in the simulations, while superscripts m and i indicate systems that were

only moderately active or inactive, respectively.

(CRSS) have been shown to depend on tempera-

ture and deformation geometry. Hcp iron has a low

c/a ratio but a different electronic structure, as em-

phasized by the unique nature of its phase diagram

(Fig. 2), therefore comparisons based on c/a ratios

are not relevant and it has been argued, based on ab

initio calculations, that basal slip may be important

(Poirier and Price, 1999). Recent TEM observations

on Ni–Cr stainless steel also reported dislocations

consistent with basal and pyramidal {2 1̄ 1̄ 2}〈2 1̄ 1̄ 3〉

slip (Poirier and Langenhorst, 2002) and it was sug-

gested that these systems may be active in �-iron at

high pressure. But all of these deductions are not

based on direct observation of the �-phase and need

to be clarified experimentally.

The lattice preferred orientations that develop upon

compression are a good probe of active deformation

systems. They can be compared with polycrystal plas-

ticity simulations to asses the activities of different slip

systems. Such comparisons have been made for zirco-

nium (e.g. Tomé et al., 1991; Lebensohn et al., 1994,

1996) using viscosplastic self-consistent models (e.g.

Lebensohn and Tomé, 1993). In the case of axial com-

pression with activity of both prismatic slip and twin-

ning, a texture develops with two fiber components,

the major and second component displaying a maxi-

mum near (0 0 0 1) and (1 1 2̄ 0), respectively (Tomé

and Canova, 1998). It is worth noting that the (0 0 0 1)

maximum can be attributed to tensile twinning since

prismatic slip does not contribute to the reorientation

of basal planes. In the present analysis, we used sim-

ilar plasticity models to look into texture variations

in more detail, and in particular by adding basal and

pyramidal slip as well as results for five different com-

binations of CRSS (Table 2). Results are summarized
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Fig. 8. Inverse pole figures illustrating texture evolution in compression based on viscoplastic self-consistent simulations for the CRSS

combinations given in Table 2. Strains are 50%, except for (A2), where it is 100%. Equal area projection, contours in multiples of a

random distribution.

in inverse pole figures for 50% strain in Fig. 8. For

easier comparison with previous studies, the CRSS

for twinning of Tomé and Canova (1998) was used.

For all cases, we used a stress exponent of n = 19.

4.3.2. Results for model A

The best agreement with the measured high pres-

sure textures is obtained when basal slip is highly

favored. At low strain (50%), we expect the devel-

opment of a double maximum with the two (0 0 0 1)

and (1 1 2̄ 0) fiber components (Fig. 8-A1). As strain

increases (100%, Fig. 8-A2) the (1 1 2̄ 0) component
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Fig. 9. Evolution of slip system activities for models A–C for basal slip (dotted lines), prismatic slip (dashed line), tensile twinning

(dot-dashed line) and compressive twinning (solid line). These correspond to the models which produce the textures that conform best

with experiments.

disappears and the (0 0 0 1) component becomes more

pronounced. The calculated slip system activities indi-

cate that most of the deformation occurs by basal slip

accompanied by moderate prismatic slip and, at higher

strains, minor compressional twinning (Fig. 9a). In a

simplified way, the (1 1 2̄ 0) component develops by

prismatic (1 0 1̄ 0) slip and the (0 0 0 1) component by

basal slip.

4.3.3. Results for model B

When assigning the same CRSS to basal and pris-

matic slip, slip activity on basal and prismatic systems



96 Articles

248 S. Merkel et al. / Physics of the Earth and Planetary Interiors 145 (2004) 239–251

is similar and moderate twinning occurs. The maxi-

mum near (1 1 2̄ 0) is spread out and slightly shifted

(Fig. 8-B). This also compares reasonably well with

the experimental inverse pole figures obtained at the

highest pressure. As mentioned above, prismatic slip

does not contribute to rotations of the basal planes.

4.3.4. Results for model C

In agreement with previous calculations (Tomé and

Canova, 1998), a double fiber texture develops if pris-

matic slip is dominantly active (Fig. 8-C). However,

the maximum near (0 0 0 1) is distinctly moved by 20◦

from (0 0 0 1); this is not observed experimentally. In

this case, pyramidal slip and tensile twinning are in-

active, but compressive twinning becomes activated at

larger strain to maintain compatibility.

4.3.5. Results for model D

If all systems have equal shear stresses, the main

activity occurs on pyramidal 〈a + c〉 slip, moderate

twinning occurs, yet the texture is not dramatically dif-

ferent from model C (Fig. 8-D). The main difference

is the broad girdle distribution for compression axes

in prism directions with no preference for (1 1 2̄ 0) or

(1 0 1̄ 0). This texture pattern does not agree with the

experiments. Moreover, pyramidal 〈a + c〉 slip is very

rarely observed in hexagonal metals. These simula-

tions are shown here to illustrate the influence of these

slip systems on texture.

4.3.6. Results for model E

Finally we show textures obtained when basal and

pyramidal {2 1̄ 1̄ 2}〈2 1̄ 1̄ 3̄〉 slip are active, as previ-

ously suggested (Poirier and Langenhorst, 2002). The

pattern is very different from the experimental results

(Fig. 8-E). A modification of the weighting of these

slip systems would not introduce any major changes

in the resulting textures. This indicates that the combi-

nation of those two slip systems is not active in �-iron

at the conditions reported here. One should also note

that the implied pyramidal slip system corresponds to

the well-established mechanical twinning system.

4.3.7. Conclusions from polycrystalline plasticity

simulations

The comparison between experimental textures

and simulations establish the activity of basal and

prismatic slip at the conditions of our experiments,

probably modified by minor mechanical twinning.

The maximum near (0 0 0 1) can only be produced

by basal slip, and the maximum near (1 1 2̄ 0) is due

to prismatic slip. Pyramidal slip would produce very

different texture patterns from those that are observed

experimentally.

Although the precision of the experimental mea-

surements has been greatly improved, a comparison

of the new observation with the older results (Wenk

et al., 2000b) is appropriate. In the earlier experiments,

performed at higher pressure (54 and 220GPa), the

(1 1 2̄ 0) component is largely absent while the (0 0 0 1)

component appears much stronger and better defined.

This behavior can be reproduced with a high strain

simulation allowing easy basal slip (Fig. 8-A2). Thus,

the strains in the higher pressure experiment were

larger (producing maxima of 6.7 and 7.3m.r.d., re-

spectively, compared to 3.5m.r.d. in our experiment)

and basal slip is more favorable than prismatic slip.

4.3.8. Effect of temperature

We measured the texture in polycrystalline Fe at

28GPa after heating to about 1000K for 10min and

in situ at about 28GPa and 1000K (T/Tm ≈ 0.4)

and could not observe any significant change in

the texture pattern. The heating did indeed create a

decrease in stress in the sample, both in terms of

pressure and uniaxial stress, but this did not gener-

ate any rearrangement of the preferred orientations

of the crystallites and the sample kept all of its tex-

ture characteristics. This does not preclude recrys-

tallization since it is observed that often recrystal-

lization does not induce profound texture changes

in hcp metals (Wagner et al., 2002; Puig-Molina

et al., 2003).

The heating experiment is a first attempt for radial

diffraction studies under simultaneous high tem-

perature and high pressure in order to bring these

diamond anvil experiments closer to conditions of

the deep earth. In order to fully understand the rhe-

ology of materials, the influence of temperature,

pressure, deformation and recrystallization on tex-

ture need to be evaluated and this can be difficult if

no microstructural data are available. In the future,

these techniques could eventually be extended to ex-

tract this information from the diffraction patterns

by a precise analysis of the shape and position of



Mesures de contraintes et orientations préférentielles 97
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diffraction peaks using techniques such as Rietveld

refinement.

5. Conclusions

We measured the evolution of preferred orientation

in polycrystalline �- and �-Fe under compression in

the diamond anvil cell up to 30GPa, after heating to

about 1000K, and in situ at about 28GPa and 1000K.

These measurements present the first quantitative anal-

ysis of the development of texture and deformation

mechanisms under combined high pressure and high

temperature for phases that are unstable under ambi-

ent conditions. The preferred orientations we obtain

in the �-phase are compatible with those observed in

bcc iron at ambient conditions (Barrett and Massalski,

1980), thus confirming the validity of the approach we

developed for using the diamond anvil cell as a defor-

mation apparatus (Wenk et al., 2000b; Merkel et al.,

2002, 2003). Our observations are also consistent with

a martensitic nature of the �–� phase transition in iron

since the preferred orientation of the �-phase is in-

herited by the �-phase in accordance with the Burgers

orientation relationship.

After the phase transition (at 18GPa) �-Fe displays

a (1 1 2̄ 0) texture, with the c-axis in a direction orthog-

onal to the compression direction. As previously re-

ported, �-Fe under uniaxial compression at high pres-

sure develops a strong (0 0 0 1) single fiber texture

with the c-axis of the polycrystal aligned with the

compression direction. A comparison between the ex-

perimental textures and results from polycrystal plas-

ticity modeling allows us to deduce the two active

deformation mechanisms in this transition: basal slip

(0 0 0 1)〈1̄ 2 1̄ 0〉 and prismatic slip {1 0 1̄ 0}〈1̄ 2 1̄ 0〉,

presumably associated with minor mechanical twin-

ning. No evidence for slip on the {1 1 2̄ 2}〈1 1 2̄ 3〉 sys-

tem, proposed on the basis of analogies with Cr–Ni

stainless steel (Poirier and Langenhorst, 2002), was

observed. Finally, we did not observe any evidence for

change in texture upon heating in situ at about 28GPa

and 1000K. Although the sample experienced a de-

crease in stress, the preferred orientation remained.

With current techniques, an even broader range of

pressure and temperature conditions can be covered,

making the radial diffraction technique even better

suited for studying the deformation in the deep earth.
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Abstract Cubic magnesiow}ustite has been deformed in a
diamond anvil cell at room temperature. We present
results for (Mg0.4Fe0.6)O, (Mg0.25Fe0.75)O, and
(Mg0.1Fe0.9)O up to 37, 16, and 18 GPa, respectively.
The diffraction images, obtained with the radial dif-
fraction technique, are analyzed using both single peak
intensities and a Rietveld method. For all samples, we
observe a [100] fiber texture but the texture strength
decreases with increasing iron content. This texture
pattern is consistent with {110}Æ1-10æ slip. The images
were also analyzed for stress, elastic strains, and elastic
anisotropy. In general, the stress measured in magne-
siow}ustite samples is lower than previously measured on
MgO. The elastic anisotropy deduced from the X-ray
measurements shows a broad agreement with models
based on measurements with other techniques.

Keywords (Mg,Fe)O Æ Texture Æ DAC Æ Synchrotron
X-rays Æ Deformation mechanisms Æ Magnesiow}ustite Æ

Elasticity

Introduction

Magnesiow}ustite [(Mg,Fe)O] is a major component of
the lower mantle and its deformation behavior is
important for understanding the rheology of the deep
earth. The amount of Fe present in (Mg,Fe)O in the
lower mantle has been estimated to be 10–45 mol%
FeO, based on high P–T element partitioning experi-
ments (e.g. Mao et al. 1997; Andrault 2001 and

references therein). Both w}ustite, which has a nonstoi-
chiometric formula Fe1�xO (e.g. McCammon 1993), and
periclase (MgO) have a NaCl (B1) structure at ambient
conditions. Intermediate and iron-rich compositions of
magnesiow}ustite show a phase transition to a rhombo-
hedral phase at high pressure (Yagi et al. 1985; Richet
et al. 1989; Kondo et al. 2004; Lin et al. 2003). There is
also a pressure-induced electronic spin transitions of
iron in (Mg,Fe)O at high pressure (Sherman 1988, 1991;
Sherman and Jansen 1995; Cohen et al. 1997; Badro
et al. 2003; Lin et al. 2005; Speziale et al. 2005), and a
possible dissociation of intermediate compositions into
magnesium-rich and iron-rich components (Dubrovin-
sky et al. 2000, 2001, 2005). Magnesiow}ustite is of cen-
tral importance for geodynamics due to two unique
properties. Firstly, its creep strength is likely to be
considerably smaller than that of (Mg,Fe)SiO3 perov-
skite (Yamazaki and Karato 2001) and recent simula-
tions suggest that perovskite will control the strength of
the lower mantle while (Mg,Fe)O may accommodate
most of the strain (Madi et al. 2005). Secondly, despite
its cubic crystal structure, (Mg,Fe)O is likely to have
large elastic anisotropy: according to first principles
calculations, elastic anisotropy in (Mg,Fe)O is similar to
that of orthorhombic (Mg,Fe)SiO3 perovskite at lower
mantle conditions (Karki et al. 1997; Wentzcovitch et al.
1998). Consequently, magnesiow}ustite may contribute
significantly to the development of seismic anisotropy
(e.g. Karato 1998a, b).

Several studies have focused on texture development
in periclase and magnesiow}ustite. Merkel et al. (2002)
deformed MgO at room temperature and high pressure.
Yamazaki and Karato (2002), Stretton et al. (2001), and
Heidelbach et al. (2003) deformed magnesiow}ustite at
moderate pressure and high temperature in torsion as
well as axial compression. The results indicate that at
low temperature {110}Æ1–10æ is the only significantly
active slip system, whereas at higher temperature {100}
and {111} slips become equally active. In this report we
investigate texture development in magnesiow}ustite with
compositions (Mg0.4Fe0.6)O, (Mg0.25Fe0.75)O, and
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(Mg0.1Fe0.9)O in axial compression at high pressure and
room temperature, measured in situ by synchrotron
X-ray diffraction and a diamond anvil cell (DAC), with
the goal to study the influence of iron content on texture
development and elastic properties.

Experimental details

The starting materials were synthetic polycrystalline
(Mg0.4Fe0.6)O, (Mg0.25Fe0.75)O, and (Mg0.1Fe0.9)O that
belong to the collection of magnesiow}ustites synthesized
and investigated by Bonczar and Graham (1982). They
were prepared by reacting finely ground and well-mixed
powders of oxides and iron in the appropriate propor-
tions. To induce reaction, the palletized mixtures were
sintered at 1,000�C for several hours in iron crucibles
within an evacuated silica tube. Samples were then
ground and the conversion to the B1 phase checked by
X-ray diffraction. The chemical composition of the
samples was determined using electron microprobe and
wet chemical analyses. Before the present experiments,
each sample was further ground in an corund mortar
and loaded as a powder in the DAC. The grain size of
the starting material, estimated in a stereomicroscope
(Stemi SV11) with a zoom range 11:1 with a built in
scale, was in the submicron range.

We performed X-ray diffraction experiments at the
16-IDB beamline of HPCAT at APS (Advanced Photon
Source, Argonne National Laboratory) and at beamline
12.2.2. at ALS (Advanced Light Source, Lawrence
Berkeley National Laboratory). For the experiments at
HPCAT a monochromatic X-ray beam (k=0.42275 Å),
approximately 15–17 lm in diameter, was focused on
the sample either through a beryllium gasket for
(Mg0.25Fe0.75)O or amorphous boron and epoxy gasket
for (Mg0.4Fe0.6)O. Exposure time was 30 s for
(Mg0.25Fe0.75)O and 1 s for (Mg0.4Fe0.6)O. (Mg0.1Fe0.9)O
samples were studied at beamline 12.2.2 at ALS using
monochromatic X-ray beam (k=0.4133 Å for the first
run and k=0.49593 Å for the second run). In this case,
the 70 lm diameter beam was focused on the sample
through a composite gasket made of an amorphous
boron/epoxy disk confined within a kapton supporting
ring (Merkel and Yagi 2005) with an exposure time of
240 s per image. Simple geometrical calculations indi-
cate that for a beam of 15 and 70 lm diameter, the
irradiated volume is on the order of 2.5·104 and
105 lm3, respectively. Therefore, each diffraction image
includes a contribution from thousands of grains and is
appropriate for texture refinement.

In all experiments X-ray diffraction was measured in
radial geometry with the DAC compression axis per-
pendicular to the incident beam. Diffraction images were
recorded with a MAR345 image-plate system
(3,450·3,450 pixels). On those images, the intensity
variations along Debye rings are indicative of preferred
orientation while variations in diffraction angles are
related to stress and elasticity (Fig. 1a, b). For the

measurements performed at the APS the detector to
sample distance, calibrated using a Si standard, was
36.12 cm, thus optimizing the range of diffraction rings
recorded for the opening cone of a standard symmetric
piston-cylinder DAC to 2Hmax=18�. In the experiments
performed at beamline 12.2.2 at ALS, the sample to
detector distance, calibrated using a LaB6 standard, was
29.69 cm, thus optimizing the range of diffractions re-
corded for the opening cone of a large-opening Mao-Bell
type DAC to 2Hmax=26�. In all cases, hydrostatic
pressures were estimated from the lattice parameter of a
gold standard using the equation of state of gold
(Anderson et al. 1989; Duffy et al. 1999). The uncer-
tainty of the estimated pressures is ±3 GPa in average
due to uncertainties in the equations of state of gold and
nonhydrostatic stress conditions.

Data analysis

Rietveld analysis with MAUD

The X-ray diffraction images were analyzed with the
Rietveld method using the software MAUD (Lutterotti
et al. 1999; Lonardelli et al. 2005). This software refines
instrumental, structural, microstructural parameters and
texture from continuous diffraction spectra. Spectra
were obtained by integrating the images over 5� azi-
muthal angular slices resulting in 72 spectra per image.
In some of the experiments a few spectra had to be re-
moved due to a saturation of the image because of a few
large grains. Figure 2a, b shows representative spectra
at different angles relative to the compression direction
for (Mg0.4Fe0.6)O and (Mg0.1Fe0.9)O at 13 GPa.

For (Mg0.4Fe0.6)O and (Mg0.25Fe0.75)O we applied
the Rietveld refinement method to all the azimuthal
diffraction profiles with d-spacings ranging from 1.4 to
2.78 Å which included 111, 200, and 220 (Fig. 2a).
Diffraction profiles of (Mg0.1Fe0.9)O were refined over a
d-spacing range from 0.92 to 2.78 Å (which includes six
diffraction lines, 400, 222, 311, 220, 200, 111) (Fig. 2b).
Instrument parameters (detector distance, beam center,
peak profile, and detector tilt) were refined on the cali-
brant patterns. For each image, we then refined four
background parameters per orientation, crystallo-
graphic parameters, stress, and texture with a composite
sample of (Mg,Fe)O and gold. Stress was assumed to be
triaxial with 2r11=2r22=�r33 (axial symmetry) and
refined using a simple isotropic model based on Young’s
modulus and Poisson ratio.

In absence of experimental or theoretical data
regarding the single-crystal elasticity of magnesiow}ustite
at high pressure we estimated the aggregate bulk and
shear moduli of our sample using third order Eulerian
strain equations (Davies 1974) based on the ambient
pressure bulk and shear moduli of Jacobsen et al. (2002)
and the pressure derivatives of Bonczar and Graham
(1982). Once a satisfying fit between the calculated and
measured d-spacings was achieved, we applied the tex-
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ture model EWIMV that relies on the discrete tomo-
graphic method WIMV (Matthies and Vinel 1982) to
deduce the orientation distribution function (ODF) of
the sample. The main difference between EWIMV and
WIMV is that in EWIMV the ODF cell path for each
data point is computed explicitly for the true measure-
ment angles, no longer requiring a regular grid coverage
and interpolation. In this process, we chose a resolution
of 10� and a projection tube radius of 20�. First, no
sample symmetry was imposed. Under this approxima-
tion, we were able to obtain qualitatively reasonable
pole figures from a single image (e.g. Ischia et al. 2005)
indicating overall axial symmetry with some deviations
that can be attributed to the minimal pole figure cov-
erage. Figure 3a presents the 100 pole figure obtained in
such refinement for (Mg0.4Fe0.6)O at 13 GPa. In a sec-
ond cycle of refinements, cylindrical symmetry was im-
posed and Fig. 3b presents the symmetrical 100 pole
figure obtained for the same conditions as Fig. 3a. After
confirming axial symmetry we assumed it for all results
presented in this paper.

At the end of the Rietveld refinement in MAUD the
ODFs were exported and further smoothed in BEAR-
TEX (Wenk et al. 1998) with a 11� Gauss filter to reduce
stochastic effects. From this smoothed ODF we calcu-
lated inverse pole figures that represent the probability
of finding crystal directions parallel to the compression
direction. Densities are expressed in multiples of a ran-
dom distribution (m.r.d.). For axially symmetric texture,
inverse pole figures provide a complete texture descrip-
tion. The texture is also represented by some numerical
parameters such as minimum and maximum of the ODF
and the texture index F2 (Bunge 1982). The texture index
is the integral over squared ODF values and thus it is a
measure for the texture strength. Since all textures dis-
play a main concentration near 001 we also calculated
how much grains with the compression direction parallel
to 001 contribute to the overall texture. This was done
by calculating the orientation volume of a sphere cen-
tered at Euler angles a=0�, b=0�, c=0� (Matthies
convention) with a radius of 20� (program COMP in
BEARTEX).

Fig. 1 Representative
diffraction patterns of
magnesiow}ustite, (Mg0.4Fe0.6)O
(a) and (Mg0.1Fe0.9)O (b), both
recorded at 13 GPa

Fig. 2 Selected diffraction profiles for (Mg0.4Fe0.6)O (a) and
(Mg0.1Fe0.9)O (b) at 13 GPa. Dotted lines are experimental data,
solid lines are results from full profile refinement with the Rietveld
technique. The profiles at 0� and 180� are in the compression
direction and the profiles at 90� are in the extension direction. The
0� spectrum in b is not shown as it corresponds to the position of
the beam-stop. Note the variations in peak positions and peak
intensities with orientation, which are related to deviatoric stress
and texture. A broadening of the peaks is observed. Diffraction
lines of the sample are labeled in the figure. The diffraction peaks of
the Au pressure standard are also indicated
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Texture analysis with the single peak method

One of the major difficulties encountered in the
refinement of the X-ray diffraction data of magne-
siow}ustite is the presence of a large elastic strain
anisotropy for different crystallographic directions.
This reflects a strong directional dispersion of the
Young’s modulus E(hkl). Based on data at ambient
conditions (Jackson and Khanna 1990; Sinogeikin and
Bass 2000; Jacobsen et al. 2002), the variation of
Young’s modulus between [100] and [111] ranges be-
tween 6 and 20% in the range of compositions inves-
tigated in this study. Because of this, texture analysis
with the Rietveld method that uses an isotropic stress
model was limited and we also applied a different ap-
proach based on single peak fit to extract texture and
stress information.

In this second approach, we analyzed the variations
in the position of the diffraction peaks and their intensity
with the azimuthal angle d by integrating intensities in 5�
slices with the software FIT2D (Hammersley 1998). For
each image, this produces 72 segments for d between 0�
and 360�. The patterns were then fitted individually
assuming Gaussian peak profiles and a linear local
background. The pole distance v, which corresponds to
the angle between the diffracting plane normal and the
load axis, was calculated from

cos v ¼ cos h cos d; ð1Þ

where h is the diffraction angle [see Fig. 3 in Merkel
et al. (2002)].

Using this alternative approach each peak was fitted
individually, and the diffraction intensities for each
peak at all orientations could be satisfactorily repro-
duced. The extracted variations of diffraction intensity
with orientation for (200), (220), and (111) were then
used to calculate the ODF of the sample, assuming
axial symmetry, with the WIMV algorithm of the
BEARTEX package. Figure 4a–d presents a compari-
son for reflection (200) between the experimental
intensities (circles and dots), those recalculated from
the ODF fitted in the Rietveld package MAUD (da-
shed lines), and those recalculated from the ODF fitted
in BEARTEX (solid lines). Overall, only small differ-
ences are observed.

Lattice strain analysis

The X-ray diffraction data were then analyzed to
determine strain and stress using the procedure outlined
in Singh et al. (1998) and briefly summarized here.
Following the convention used in elasticity theory of
single crystals (e.g. Nye 1960), the stress state at the
center of the specimen is given by

rij ¼
r1 0 0

0 r1 0

0 0 r3

0

@

1

A

¼
rP 0 0

0 rP 0

0 0 rP

0

@

1

Aþ
�t=3 0 0

0 �t=3 0

0 0 2t=3

0

@

1

A; ð2Þ

where (r3�r1) ” t. t is a measure of the deviatoric stress
and is defined as uniaxial stress component (USC) fol-
lowing the nomenclature of Singh and Kennedy (1974)
and Singh and Balasingh (1977). rP is the equivalent
hydrostatic pressure.

The d-spacings for a given set of lattice planes mea-
sured by X-ray diffraction vary as a function of the angle
v between the compression direction and the diffracting
plane normal according to the relation:

dmðhklÞ ¼ dPðhklÞ½1þ ð1� 3 cos2vÞQðhklÞ�; ð3Þ

where dm(hkl) is the measured d-spacing and dP(hkl) the
d-spacing under the equivalent hydrostatic pressure rP
and

QðhklÞ ¼
t

3

a

2GRðhklÞ
þ
1� a

2GV

� �

; ð4Þ

where GR(hkl) and GV are bounds to the shear mod-
ulus of the aggregate under the Reuss (iso-stress) and
Voigt (iso-strain) approximations, respectively (Singh
et al. 1998). The factor a which lies between 0 and 1
determines the relative weight of isostress (Reuss) and
isostrain (Voigt) conditions. It specifies the degree of
stress and strain continuity across grains in the
sample.

For a cubic material, we have

ð2GVÞ
�1 ¼

5

2

ðS11 � S22ÞS44
½3ðS11 � S12Þ þ S44�

ð5Þ

Fig. 3 (100) pole figures of
(Mg0.4Fe0.6)O smoothed with
11� Gauss filter without
imposing symmetry (a) and
with imposed cylindrical
symmetry (b) at 13 GPa. Equal
area projection. Four-fold
symmetry in a is an artifact
resulting from the pole figure
coverage
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and

½2GRðhklÞ�
�1 ¼ S11 � S12 � 3SCðhklÞ; ð6Þ

where S ¼ ðS11 � S12 � S44Þ=2 is a measure of elastic
anisotropy, and where the Sij are the single crystal
elastic compliances. The orientation factor CðhklÞ ¼

h2k2þk2l2þl2h2

ðh2þk2þl2Þ2

� �

ranges from 0 for the 200 line to a

maximum of 1/3 for 111.

The axial stress, which represents a proxy for the
material’s strength (e.g. Singh et al. 1998; Kavner 2003)
can be estimated from experimental results using the
relation:

t ¼ r3 � r1 � 6G\QðhklÞ >; ð7Þ

where G is Hill’s average of the Voigt and Reuss bounds
to the shear modulus of the aggregate, and ÆQ(hkl)æ is
the average of the ÆQ(hkl)æ deduced from the experi-
mental data for the different diffraction lines (Singh et al.
1998).

The variations of the experimental d-spacings of the
(111), (200), and (220) planes with v upon compression
and decompression were least-square fitted to Eq. 3
(Fig. 5a–c) in order to deduce dP(hkl) and Q(hkl). In
each case we allowed the maximum stress direction to be
slightly shifted from d=0� by introducing an offset in
Eq. 3 as it could be observed in the experimental data
that the d-spacings minima and maxima were not always
perfectly aligned at 0� and 90�. This offset (on the order
of 5–10�) could only be observed for lattice strains

measurements and is not observed in the sample texture
(i.e. diffraction intensities). Q(hkl) values were then
plotted as a function of C and fitted to Eq. 4, which is
linear in C for the cubic case (Fig. 6). ÆQ(hkl)æ, which
represents an estimation of the strength of the sample
normalized to the shear modulus (ÆQ(hkl)æ=t/6G, from
Eq. 7) was calculated from the linear regression. Finally,
the fitted slope (m1) and the ordinate axis value (m0) was
used to calculate elastic anisotropy (A) (Fig. 6).

A ¼
2C44

C11 � C12

� �

¼
3m0

3m0 þ m1

ð8Þ

where the Cij are the single crystal elastic moduli of the
material.

Results

Rietveld analysis with MAUD

Lattice parameters of (Mg0.40Fe0.60)O, (Mg0.25Fe0.75)O,
and (Mg0.10Fe0.90)O were refined for each pressure and
composition (Table 1). We have fixed the uncertainty on
the refined unit cell parameters to an average value of
±0.005 Å, consistent with the precision of peak position
determination in our X-ray diffraction experiments
[r(dhkl)�10�4 at beamline 12.2.2 of the Advanced Light
Source]. The estimated standard deviations on the unit
cell parameter calculated in the Rietveld refinement
appear largely underestimated because of the many

Fig. 4 Variation of the
diffraction intensities with v for a
pure MgO, b (Mg0.4Fe0.6)O, c
(Mg0.25Fe0.75)O, and d
(Mg0.1Fe0.9)O at about 13 GPa.
Open (1. experiment) and full
circles (2. experiment) are
experimental data and solid and
dashed lines are recalculated from
the ODF fitted to the
experimental intensities with
WIMV as implemented in
BEARTEX (solid lines) and ODF
fitted with MAUD using the
EWIMV algorithm (dashed lines),
respectively
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assumptions involved in this whole spectrum fit proce-
dure. The pressure dependence (V/V0) that we deter-
mined for (Mg0.40Fe0.60)O, (Mg0.25Fe0.75)O, and
(Mg0.10Fe0.90)O is in agreement, within estimated
uncertainties, with the existing 300 K isothermal equa-
tion of state for similar compositions (Jacobsen et al.
2002; Mao et al. 2002) (Fig. 7a–c).

The principal components of the deviatoric stress
tensor (r11, r22, r33) were evaluated using a simple tri-
axial stress model as part of MAUD refinement proce-
dure, based on estimated bulk and shear moduli (see
‘‘Data analysis’’). To account for the typical geometry of
stress in the DAC, r33 was refined with r22=r11 and
r11 þ r22 þ r33 ¼ 0. The maximum principal component

Fig. 5 dm(111) (a), dm(200) (b),
and dm(220) (c) versus v for
(Mg0.1Fe0.9)O at 13 GPa.
Circles are experimental data
and solid lines are fits of lattice
strain equations

Table 1 Unit cell parameters of
(Mg0.4Fe0.6)O, (Mg0.25Fe0.75)O,
(Mg0.1Fe0.9)O (run 1)
(Mg0.4Fe0.6)O (run 2). Principal
stresses components obtained
from the MAUD refinements

aMW [Å] (± 0.005) V/V0 r33 (GPa) Gold a (Å) P (GPa)

Sample (Mg0.4Fe0.6)O
4060_2_004 4.243 0.980 �0.5 4.048 4
4060_2_005 4.215 0.961 �1.5 4.018 9
4060_2_006 4.197 0.948 �1.7 4.002 11
4060_2_009 4.175 0.934 �1.3 3.974 16
4060_2_011 4.144 0.913 �2.5 3.948 22
4060_2_013 4.116 0.895 �2.9 3.925 27
4060_2_015 4.099 0.883 �2.6 3.912 30
4060_2_016 4.086 0.875 �2.6 3.901 33
4060_2_018 4.075 0.868 �3.0 3.884 37
Sample (Mg0.25Fe0.75)O
2575_003 4.265 0.988 �0.1 4.067 2
2575_017 4.243 0.973 �0.7 4.048 4
2575_019 4.230 0.964 �1 4.038 6
2575_027 4.188 0.935 �1.3 4.011 10
2575_028 4.162 0.918 �1.4 3.978 16
Sample (Mg0.1Fe0.9)O
1090_005 4.258 0.974 �1 4.047 4
1090_006 4.197 0.933 �1.4 3.994 13
1090_007 4.167 0.913 �1.8 3.968 18
Sample (Mg0.1Fe0.9)O
1090_2_006 4.262 0.977 �1.1 4
1090_2_008 4.191 0.929 �1.6 12
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of the deviatoric stress tensor (r33) obtained from the
refinements tends to increase and later saturate with
increasing pressure and range from 0 to 3 GPa (Ta-
bles 1).

Our texture analysis with the Rietveld approach
shows that (Mg0.4Fe0.6)O, (Mg0.25Fe0.75)O, and
(Mg0.1Fe0.9)O deformed in compression in the DAC
mainly have a [100] texture as displayed in inverse pole
figures (Fig. 8). Table 2 presents the minima and max-
ima of all ODFs calculated in this study. The texture
strength F2 ranges between 1.7 and 2.3 for
(Mg0.4Fe0.6)O, 1.1 and 1.3 for (Mg0.25Fe0.75)O, and 1.0
and 1.02 for (Mg0.1Fe0.9)O. The texture index of MgO

determined by Merkel et al. (2002) in a comparable
pressure range (0–35 GPa) ranges between 1 and 2.7 in
two different experiments.

The volume fraction of the main texture component
at [100] (as defined in ‘‘Experimental details’’) for all the
samples and all pressures is reported in Table 2 and
plotted as a function of pressure in Fig. 9. Its pressure
and compositional dependencies are in good agreement
with those observed for both F2 index and ODF maxi-
mum values. The combination of these results shows
that the texture strength of magnesiow}ustites (a) in-
creases and later saturates with increasing pressure, and
(b) weakens with increasing Fe content. One of the
experiments (experiment 2) performed on MgO by
Merkel et al. (2002) shows a weaker pressure dependence
of texture strength. One possible reason of this behavior
could be found in the sample arrangement used in this
second experiment (MgO was loaded as thermal insu-
lator and pressure transmitting medium around Fe).

Texture analysis performed independently by indi-
vidual fit of peaks confirms that the main texture of
magnesiow}ustites is at [100]. Figure 4a–d presents the
intensities of diffraction peak 200 of MgO,
(Mg0.4Fe0.6)O, (Mg0.25Fe0.75)O, and (Mg0.1Fe0.9)O as a
function of the angle v at comparable pressures. The
overall variation of amplitude of the diffraction inten-
sities with v decreases with increasing iron content, such
that (Mg0.1Fe0.9)O shows a nearly random distribution.
The inverse pole figures obtained with the whole spec-
trum fit approach (Rietveld method) (Fig. 8a.1, b.1)

Fig. 6 Q(hkl) versus C(hkl) for (Mg0.1Fe0.9)O at 4, 13, and 18 GPa

Fig. 7 V/V0 versus pressure for
(Mg0.4Fe0.6)O (a),
(Mg0.25Fe0.75)O (b) and
(Mg0.1Fe0.9)O (c )
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confirm the results obtained in the inverse pole figures
recalculated from the individual peak fits are shown in
Fig. 8a.2, b.2.

Elastic anisotropy and stress

The axial stress component in the sample can be calcu-
lated from the variations of the d-spacings with orien-
tation in the diffraction pattern. In the present analysis,
we calculated the average axial stress component Ætæ,
defined as 6GÆQ(hkl)æ, where G is the average shear
modulus of the aggregate under the Hill approximation.
In order to assess effects of plastic deformation, we also
evaluated individual stress components using Eq. 4 and
the Reuss approximation for (200), (111), and (222)
when data for (111) was not available.

The value of ÆQ(hkl)æ increases with pressure from
0.03 to 0.06 in (Mg0.40Fe0.60)O, 0.02–0.05 in
(Mg0.25Fe0.75)O, 0.03–0.06 in (Mg0.10Fe090)O (run 1),
and 0.03–0.05 in (Mg0.10Fe0.90)O (run 2). In general, we
find that stress (6GÆQ(hkl)æ) increases and later saturates
with increasing pressure. It is higher for the MgO sam-
ples measured by Merkel et al. (2002) than for the
present magnesiow}ustite samples (Fig. 10a; Table 3).
For MgO, stresses measured on (222) tend to be larger
than stresses on (200). For other compositions, stresses
measured on (200) tend to be larger than those measured
on (111).

The elastic anisotropy factor A for (Mg0.40Fe0.60)O,
(Mg0.25Fe0.75)O, and (Mg0.10Fe0.90)O decreases with
increasing pressure and increasing iron content
(Fig. 10b; Table 3). A is the ratio of the shear moduli in
the (100) and (110) planes in the [100] direction. If A=1

the material is elastically isotropic. We find a change of
sign of the anisotropy factor of magnesiow}ustite at a
pressure that depends on composition, leading to an
interchange in the direction of fastest and slowest com-
pression and shear wave propagation. For instance, at
low pressure, compression waves travel faster along
Æ111æ, at high pressure Æ100æ is the fastest direction. The
pressure of reversal obtained from the radial diffraction
data is in reasonable agreement with simple models
based on third order Eulerian strain equations (Davies
1974) using the ambient pressure elastic moduli of Jac-
obsen et al. (2002) and the pressure derivatives of Bon-
czar and Graham (1982) (Fig. 10b).

Discussion

Lattice preferred orientation

For all examined compositions, our experiments docu-
ment the development of a main texture component at
[100] with increasing pressure. The [100] texture is due to
{110}Æ1–10æ slip as explored previously (Wenk et al.
1989; Merkel et al. 2002). If {110}Æ1–10æ, {111}Æ1–10æ,
and {100}Æ011æ slip systems were all active simulta-
neously, the maximum in the inverse pole figure would
be a girdle between [110] and [100]. Textures we obtain
in (Mg0.1Fe0.9)O are particularly weak and sometimes
show other maxima than [100]. However, the intensity of
those secondary maxima is weak and depends on the
fitting method.

In order to study the influence of iron on (Mg,Fe)O
we compared our results with those of pure MgO as a
reference under similar experimental conditions (Merkel

Table 2 Texture index F2,
minima and maxima of the
ODF, and principal pole
figures 100 with imposing
cylindrical symmetry.
(Mg0.4Fe0.6)O, (Mg0.25Fe0.75)O,
(Mg0.1Fe0.9)O (run 1), and
(Mg0.1Fe0.9)O (run 2)

aMinima and maxima of the
ODF recalculated with WIMV
as implemented in BEARTEX
from the single peak fits
bMinima and maxima of the
ODF recalculated from MAUD
using the EWIMV algorithms.
The ODF were smoothed using
a Gaussian filter of width of 1-
1�. The radius of the texture c-
omponents were set to 20�

ODFa (m.r.d.) ODFb (m.r.d.) F2 Vol% component

Min Max Min Max

Sample (Mg0.4Fe0.6)O
4060_2_004 0.35 4.25 7.76
4060_2_005 0.41 4.32 0.39 3.96 1.44 11.18
4060_2_006 0.32 3.08 0.79 1.23 1.47 11.65
4060_2_009 0.37 5.23 0.30 6.03 1.96 15.30
4060_2_011 0.04 7.82 0.41 5.21 1.91 14.93
4060_2_013 0.26 5.82 0.38 5.05 1.89 15.05
4060_2_015 0.23 5.73 0.43 5.44 1.89 14.36
4060_2_016 0.31 5.27 0.35 6.16 2.00 15.92
4060_2_018 0.20 6.89 0.44 5.87 2.07 16.40
Sample (Mg0.25Fe0.75)O
2575_003 0.53 2.06 0.47 1.73 1.04 5.19
2575_017 0.36 1.99 0.43 2.25 1.16 8.18
2575_019 0.33 2.30 0.38 2.24 1.15 8.32
2575_027 0.36 2.15 0.40 2.17 1.18 7.70
2575_028 0.62 1.79 0.33 1.60 1.13 5.99
Sample (Mg0.1Fe0.9)O
1090_005 0.83 1.13 0.90 1.13 1.00 1.42
1090_006 0.82 1.14 0.79 1.23 1.01 2.12
1090_007 0.83 1.13 0.63 1.17 1.02 2.91
Sample (Mg0.1Fe0.9)O
1090_2_006 0.75 1.14 0.92 1.09 1.00 0.82
1090_2_008 0.48 1.35 0.59 1.21 1.02 3.27
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Table 3 Values of effective stresses deduced from the X-ray data on
(111) and (200), mean stress value (Ætæ=6GÆQ(hkl)æ), and elastic
anisotropy for all compositions studied here along with the MgO
results of Merkel et al. (2002). For MgO, minima and maxima of

the ODF were deduced from experimental ODF calculated with
WIMV and smoothed using a Gaussian filter of width of 11�, as
implemented in BEARTEX

P (GPa) t(222) t(200) <t> A[2C44/(C11-C12)] ODF F2

Min Max

MgO (experiment 1)
1.9 1.5 1.7

1.7
1.674 0.91 1.10 1.00

2.4 2.0 3.0
2.7

1.681 0.89 1.19 1.01

3.1 3.0 2.7
3.1

1.508 0.87 1.26 1.01

5.3 5.6 5.1
5.5

1.252 0.70 2.20 1.11

7.0 5.9 5.5
6.0

1.058 0.63 2.96 1.24

9.5 7.1 6.1
6.8

0.984 0.52 3.78 1.41

11.6 7.0 6.0
6.6

0.987 0.52 3.81 1.41

20.3 8.1 6.4
7.1

0.885 0.22 6.84 2.17

30.3 10.3 9.6
9.5

0.912 0.27 6.46 2.25

35.5 9.4 9.5
8.6

1.071 0.27 6.46 2.25

MgO (experiment 2)
1.5 2.0 2.0 2.1 1.371
5.1 4.8 3.8 4.3 0.991 0.71 2.00 1.09
7.5 8.6 6.0 7.5 0.910 0.61 2.15 1.14
11.0 9.8 7.0 8.5 0.869 0.53 2.76 1.26
17.4 9.5 6.8 8.0 0.870 0.52 2.78 1.26
18.3 8.7 6.9 7.7 0.931 0.48 2.57 1.24
20.2 9.0 7.2 7.8 0.960 0.40 2.34 1.21
23.0 10.5 7.3 8.6 0.844 0.53 2.58 1.24
23.9 9.1 7.6 8.3 0.836 0.46 2.80 1.27
27.0 9.6 7.9 8.4 0.852 0.40 2.74 1.26
29.8 10.6 9.5 9.7 0.895 0.47 2.81 1.27

P (GPa) t(111) t(200) Ætæ A[2C44/(C11�C12)]

(Mg0.4Fe0.6)O
4 2.1 1.9 2.1 0.923
9 1.9 1.9 2.0 0.810
11 2.3 2.3 2.3 0.739
16 1.8 1.9 1.9 0.637
22 3.2 3.7 3.3 0.572
27 3.7 4.7 3.9 0.530
30 2.8 4.3 3.3 0.578
33 4.5 5.6 4.7 0.412
37 4.2 6.0 4.7 0.406
(Mg0.25Fe0.75)O
4 0.9 1.1 1.0 1.152
6 1.2 1.5 1.4 0.953
10 2.4 2.7 2.5 0.676
16 2.2 3.2 2.6 0.588
(Mg0.1Fe0.9)O (run 1)
4 1.6 1.4 1.5 0.651
13 1.9 2.1 2.0 0.449
18 2.2 2.8 2.5 0.360
(Mg0.1Fe0.9)O (run 2)
4 1.9 1.7 1.8 0.658
12 1.3 1.9 1.5 0.410
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et al. 2002). Indeed, we find that pure MgO has the same
main texture component at [100] as our magnesiow}ustite
samples (Fig. 8). The texture strength tends to decrease

with increasing iron content (Table 2; Figs. 8, 9). With
increasing iron content, bonding becomes less ionic and
the strength decreases. This could result in lower

Fig. 8 Inverse pole figures for
different compositions in the
MgO–FeO series: a.1 MgO
(experiment 1 and 2),
(Mg0.4Fe0.6)O, (Mg0.25Fe0.75)O
recalculated from MAUD using
EWIMV algorithms. a.2 The
same as a.1 recalculated with
WIMV as implemented in
BEARTEX from the single
peak fits. b.1 Inverse pole
figures for (Mg0.1Fe0.9)O (runs
1 and 2) from MAUD using the
EWIMV algorithms. b.2 The
same as b.1 recalculated with
WIMV as implemented in
BEARTEX from the single
peak fits. Because of the weaker
texture, the (Mg0.1Fe0.9)O
composition is presented with a
different gray scale. Equal
projection area
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stacking fault energy for the slip system {110}Æ1–10
(Miranda and Scandolo 2005). Another explanation
could be that in iron-rich, more compressible, magne-
siow}ustites a larger portion of strain is accommodated
elastically. The observed broadening of the diffraction
lines in all three magnesiow}ustite compositions with
increasing pressure, may also be an expression of such
heterogeneous elastic strain, probably because of higher
dislocations densities.

(Mg0.80Fe0.20)O up to 300 MPa and 1,400 K by
Stretton et al. (2001) show [100] and [110] texture in
analyses using the EBSD technique. The samples at
higher temperature (1,400 K) and larger grain size and
those at lower temperature (1,200 K) and smaller grain
size, show a stronger texture at [110], which broadens
towards [100] with a minimum at [111]. The texture is
only slightly stronger for the sample deformed at lower
temperature (1,200 K). This suggests that temperature
plays a relevant role on deformation mechanisms of
magnesiow}ustite, similar to isostructural halite (Carter
and Heard 1970).

Heidelbach et al. (2003) studied texture evolution as a
function of strain, observing a change from a dislocation
creep texture at low strains to a recrystallization texture
at high strains. With increasing strain the texture com-
ponents in the following order become more evident:
{111}Æ110æ, {100}Æ110æ and finally at the highest strains
the texture component {112}Æ110æ. The overall observed
texture strengths in this study are relatively low com-
pared to the high strains. This is explained with the
subgrain rotation recrystallization, weakening strong
maxima due to rotation of the crystals.

Another aspect that has to be considered in order to
understand the deformation behavior of magne-
siow}ustites is the complex defect structure associated

with very high Fe contents. The less ionic bonding
strength in (Mg,Fe)O and the probably existing vacan-
cies in the (Mg,Fe)O crystal structure (Jacobsen et al.
2002) might increase the density of dislocations (Luecke
and Kohlstedt 1988; Pulliam 1963; Heidelbach et al.
2003).

Finally, we cannot neglect that grain size, grain
shape, grain distribution, configuration of the existing
phases, deformation history, etc. in the sample can play
a role in the deformation process.

Orientation of stress in the DAC

For each pressure, we could observe a slight offset in the
maximum stress direction in the measured d-spacings.
This indicates that the maximum stress applied to the
sample is not always aligned with the anvil directions but

Fig. 9 100 texture component (vol%) versus pressure for different
compositions in the MgO–FeO solid solution series. The radius of
the spherical texture component was chosen at 20�. Data for
(Mg0.1Fe0.9)O (open and closed squares), (Mg0.25Fe0.75)O (crosses),
(Mg0.4Fe0.6)O (circles), and MgO (open and closed triangles) are
shown in the figure. Lines are guide to the eye through the
experimental data and the star symbol indicates the value that
would be obtained for a random texture

Fig. 10 a Mean stress (6GÆQ(hkl)æ), and effective stresses deduced
from measurements on (111) and (200) versus pressure for all
samples as a function of pressure. For the measurements on MgO,
effective stresses were calculated on (222) and (200) as no data for
(111) was available. For clarity, measurements of MgO (experiment
1) and (Mg0.1Fe0.9)O (run 1) were not included in the figure but
they do not differ significantly. b Elastic anisotropy in magne-
siow}ustite expressed with the Zener ratio A=2C44/(C11�C12) as a
function of pressure. Results deduced from the X-ray data under
the Reuss limit are compared with models based on data from
literature (Jackson and Khanna 1990; Sinogeikin and Bass 2000;
Jacobsen et al. 2002, 2004) (dashed lines)
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can be shifted by a few degrees. This is probably related
to details of the experimental setup such as diamond
alignment and sample loading. This has been also ob-
served on other samples in DAC radial diffraction
experiments (Merkel et al. 2005; S. Merkel and T. Yagi,
submitted for publication). Interestingly, this offset is
not observed in the measured diffraction intensities,
indicating that the texture and plastic deformation of the
sample is indeed axisymmetric. It should be noted that
this can be problematic for whole profile Rietveld
refinements in MAUD as this stress geometry cannot be
readily refined.

Effect of plasticity on the deduced anisotropy

In order to better quantify the combined effects of
pressure increase and Fe–Mg substitution on the elastic
anisotropy in magnesiow}ustites we have compared our
experimental values of the anisotropy factor (A), with
model anisotropies calculated from low-pressure single-
crystal elasticity data (Jackson and Khanna 1990;
Sinogeikin and Bass 2000; Jacobsen et al. 2002, 2004)
extrapolated using Eulerian finite strain equations
(Davies 1974). The model agrees reasonably well with
our experimental results (Fig. 10b). These results indi-
cate that the lattice strain theory (Singh et al. 1998) can
be applied to obtain a first estimate of the anisotropies
of cubic materials.

In recent years, models based on a combination of
polycrystal plasticity and lattice strain theories predicted
that for materials such as MgO, stresses deduced from
lattice strain measurements on (111) should become over
50% greater than deduced from (200), once plastic
deformation is activated (Weidner et al. 2004). This
model appears to agree with the results on MgO of
Merkel et al. (2002). However, it contradicts our mea-
surements for iron-rich magnesiow}ustites for which the
stress measured on (200) is larger than that measured on
(111) (Fig. 10a). Our experiments do indicate an (hkl)-
dependence of stress but much lower than predicted by
Weidner et al. (2004). It should be noted that elasto-
plastic models such as those used byWeidner et al. (2004)
and Li et al. (2004) depend on a number of parameters,
such as the combination of active slip system and the
elastic anisotropy of the material. Our results indicate
that the combination of parameters used in those models
was optimized to match the data measured for MgO. In
particular, elastic anisotropy in magnesiow}ustite changes
greatly with increasing iron content and therefore the
models of Weidner et al. (2004) and Li et al. (2004) may
not apply directly. The evolution of elastic anisotropy
with pressure and composition deduced from this study is
in fairly good agreement with other techniques
(Fig. 10b). This indicates that the radial diffraction data
can be used to extract trends of variation of anisotropies
with composition. However, as pointed out by Weidner
et al. (2004) and Li et al. (2004), the absolute values
obtained should be treated with caution.

Conclusion

Axial deformation experiments on (Mg0.4Fe0.6)O,
(Mg0.25Fe0.75)O, and (Mg0.1Fe0.9) with the DAC show
the development of a [100] texture. The comparison
between the lattice preferred orientation in our
(Mg,Fe)O samples with those observed in pure MgO,
both at room temperature, suggests that the {1–10}Æ110æ
is the main active slip system at these conditions.
However, the weakening of texture with increasing iron
content is significant.

Stress measured in our magnesiow}ustite samples is
significantly lower than previously measured in MgO
(Merkel et al. 2002). Contrary to models based on
polycrystal plasticity and lattice strain theories and
applied to MgO (Weidner et al. 2004), we find that for
iron-rich compositions, the effective stress measured on
(111) is lower than that measured on (200). Elasto-
plastic models such as the ones used in Weidner et al.
(2004) and Li et al. (2004) depend on a number of
parameters, such as the combination of active slip
system and the elastic anisotropy of the material, and
our results underline that they can only be used to
interpret and analyze the experiments they were
designed for.

Finally, the elastic anisotropy deduced from the
X-ray diffraction data decreases with increasing pressure
and iron content, in a agreement with model bases on
low-pressure single-crystal elasticity data (Jackson and
Khanna 1990; Sinogeikin and Bass 2000; Jacobsen et al.
2002, 2004) extrapolated using Eulerian finite strain
equations (Davies 1974). This indicates that the radial
diffraction data could be used to extract trends of vari-
ation of anisotropies with composition.
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Abstract

The Rietveld method is used to extract quantitative texture information from a

single synchrotron diffraction image of a CaSiO3 perovskite sample deformed

in axial compression in a diamond anvil cell. The image used for analysis was

taken in radial geometry at 49 GPa and room temperature. We obtain a preferred

orientation of {100} lattice planes oriented perpendicular to the compression

direction and this is compatible with {110}〈11̄0〉 slip.

1. Introduction

Although CaSiO3 perovskite is thought to be the major calcium silicate component of the

lower mantle, its properties are still poorly understood. Even the structure that CaSiO3

assumes at high pressures is not well defined. Experimentally, CaSiO3 perovskite is generally

reported to assume a cubic structure [1, 2]. Shim et al [3] reported a lower symmetry

structure based on high resolution synchrotron data, and proposed several possible tetragonal

structures. Theoretical calculations have predicted small symmetry lowering distortions of the

cubic structure which yield tetragonal or even orthorhombic symmetries [4, 5]. Caracas et al

[6] predict a multitude of structural instabilities with minor distortions of the cubic lattice

that would be barely discernable in x-ray data. These symmetry lowering distortions are

accomplished by rotation or distortion of the Si–O6 octahedra.

The deformation mechanisms of CaSiO3 perovskite are also poorly understood, and this

is largely due to the fact that it is unquenchable to ambient conditions. This is a problem

commonly encountered in the study of mineral phases that compose the deep earth. One way

that mechanical properties at high pressures have been studied is through the use of diamond

anvil cells (DACs) in radial diffraction geometry [7, 8]. Radial diffraction yields information

on lattice strains as well as lattice preferred orientation (texture).

0953-8984/06/250995+11$30.00 © 2006 IOP Publishing Ltd Printed in the UK S995



116 Articles

S996 L Miyagi et al

In synchrotron diffraction images, preferred orientation manifests itself as systematic

intensity variations along Debye rings. If the lattice planes in a sample are predominantly

oriented in a particular direction, more intense diffraction will be observed in the corresponding

position on the Debye ring. It has been shown that the full orientation distribution (OD) can

often be determined from a single two-dimensional synchrotron diffraction image utilizing

the Rietveld method [9]. Here we perform quantitative texture analysis on radial diffraction

measurements taken in situ on CaSiO3 perovskite deformed in a DAC at high pressure. The

emphasis is on the procedure of the refinement.

2. Experimental technique

Starting material of CaSiO3 wollastonite, ground to a fine powder and mixed with amorphous

boron to serve as laser absorber, was loaded into an 80 µm hole in an amorphous boron–epoxy

gasket supported by a kapton confining ring [10]. The starting thickness of the amorphous

boron–epoxy insert was 40 µm with an outer diameter of 400 µm. The sample was compressed

with 350 µm diameter culet flat diamonds in a laser heated diamond anvil cell with large

openings to allow radial diffraction. The starting material was initially compressed to a pressure

of about 20 GPa. At this pressure, the phase transformation to the perovskite phase was induced

by heating with a focused yttrium–aluminium–garnet laser on one side. The pressure was then

increased in steps up to 49 GPa. Angle-dispersive x-ray diffraction spectra were collected

in radial geometry with a 2000 × 2000 pixels Rigaku imaging plate at beamline BL10XU

of SPring-8 using a monochromatic incident x-ray beam (wavelength 0.412 Å) of 20 µm in

diameter. The exposure time was of the order of 15 min. The sample to detector distance

(447.6 mm) and detector tilt were calibrated with a CeO2 standard taken prior to the experiment.

In order to accommodate a shift in the position of the imaging plates between each exposure,

the direct beam was exposed briefly at the beginning of each exposure and used for beam centre

calibration at each pressure. The image used in the present study is shown in figure 1.

3. Data processing

The MAUD (material analysis using diffraction) software package [11] was used to perform

texture analysis via the Rietveld method. Prior to analysis, the images were first processed

in FIT2D [12]. The beam centre was found using the 2D Gaussian fit function. Distortions

due to tilt, as well as sample to detector distance, were calibrated with the CeO2 standard.

The cake function was used to select the start and end azimuth and 2θ range. A macro was

then used to prepare a series of chi files of integrated slices. For this analysis the full 360◦

coverage was integrated over 5◦ increments of the azimuth angle into 72 slices and saved

in 2θ versus intensity text files. The text files were converted into an esg format file and

imported into the data files window in MAUD as spectra for refinement. Images in tiff format

can also be processed directly in MAUD using the image manager function. In this case it

is necessary to designate the beam centre, azimuth range, increment of integration, and outer

limit for integration. Once integration is complete an esg file (input file for MAUD) is produced.

Rietveld refinement proceeded as follows.

(1) First esg files for the CeO2 standard were imported. Instrument geometry, measurement

type, source, and detector type were selected under instrument options. Wavelength and

detector distance were also entered. Spectra from the CeO2 standard were used to calibrate

Caglioti and Gaussian peak profile parameters. Background parameters and crystallite size
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Figure 1. Diffraction pattern of CaSiO3 at 49 GPa. The small spot in the centre of the beam stop

is the mark from briefly exposing the direct beam. The gasket assembly diffracts at low 2θ angles

producing the dark region in the middle of the image. Note also the presence of the beam stop arm

and diamond spots.

were refined along with the Caglioti and Gaussian values. Once calibration was finished,

Caglioti and Gaussian peak profile parameters were fixed and CeO2 spectra were removed.

(2) The diffraction pattern of CaSiO3 perovskite (figure 1) was processed and imported.

Spectra containing diamond spots or the beam stop arm were removed from the refinement,

and a 2θ range was designated.

(3) A structure model for CaSiO3 perovskite was selected from a mineral database. In this

case a cif (crystallographic information file) with space group Pm3̄m was used [13].

Models can also be built manually in MAUD by designating the space group, chemical

composition, atomic positions, temperature factors, and oxidation states.

(4) Backgrounds were fitted to a seventh-order polynomial in a plotting program and these

values were used in MAUD to define global background parameters. Global backgrounds

were fixed and third-order polynomial backgrounds were added to each of the spectra

to account for variations with azimuth. Individual backgrounds were refined along with

incident intensity and lattice parameters to adjust the peak height and position.

(5) A strain model was then selected for the sample. Moment pole stress [14] with the Reuss

model was used. For cubic symmetry only C11, C12, and C44 are needed to define the

full elastic tensor. All other Ci j values were fixed accordingly (C11 = C22 = C33,

C12 = C13 = C23, and C44 = C55 = C66). According to the geometry of stress in

diamond anvil cell radial diffraction experiments, macrostresses were fixed with σi j = 0

for i �= j , σ11 = σ22, and σ33 = −2σ11, where σ33 is the largest principal stress.

With the conventions implemented in MAUD, σ33 is negative for compression. With

these constraints imposed, σ11 was freed and the parameters were refined. In the initial

refinement of the stress model, the pressure was estimated and Ci j s were calculated for the

pressure based on the theoretical values of Karki and Crain [4]. Once the lattice parameters

converged, the pressure was calculated using the third-order Birch–Murnaghan equation of
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state and values of KT 0 and K
′
T 0 from Shim et al [15, 16]. The elastic constants were then

recalculated at this pressure and entered into the strain model.

(6) To fit peak heights and shapes, isotropic crystallite size and microstrains were refined with

all the previous parameters. To determine the crystallite size, Popa line broadening [17]

with an isotropic size-strain model was used.

(7) Isotropic thermal vibrations were then freed for each of the atoms to improve the balance

of the relative intensities of peaks with respect to each other. This parameter is the isotropic

B-factor, which is given by B = 8π
2〈u〉2, where 〈u〉2 is the mean-squared amplitude of

vibration [18]. Care should be taken to ensure that none of the B-factors become negative.

(8) Once a reasonably good fit (R = 2.22 and Rw = 2.87) was attained, a texture model

was selected for calculation of the orientation distribution function (ODF). The R-factor

in MAUD is equivalent to the ‘R-structure factor’ or RF and Rw is analogous to the ‘R-

weighted pattern’ or Rwp [19]. The difference between the Rw of MAUD and Rwp is that

Rw is taken over all the patterns used in the texture analysis rather than over just the one

pattern that would be used for a standard Rietveld analysis.

(9) Quality of a fit is conveniently shown in a map plot, analogous to a ‘cake’ in Fit 2D.

The experimental data set is shown in figure 2(a). A map plot of the fit prior to texture

refinement is shown in figure 2(b). The tomography based E-WIMV algorithm which is

similar to WIMV [20] was used for the texture refinement. An ODF grid size of 10◦ and

tube projection radius of 20◦ were used. Initially no symmetry was imposed and the texture

was refined with the other parameters. An R-value of 1.97% and an Rw of 2.45% were

obtained. A map plot of the refinement without symmetry imposed is shown in figure 2(c),

and selected profiles are shown in figures 3(a) and (b).

(10) Pole figures of (100), (110), and (111) poles were calculated from the ODF (figure 4(a)).

Pole densities are expressed in multiples of a random distribution (mrd). The textures are

approximately axially symmetric about the compression axis (centre).

(11) Once it was verified that the textures were approximately symmetric, the ODF was reset

and cylindrical symmetry was imposed. A map plot is shown in figure 2(d). With a

symmetric texture R and Rw increased slightly to 2.09% and 2.65% respectively. This

is due to the fact that textures in a DAC are not perfectly axially symmetric. The change in

the quality of fit can be seen particularly well in the (210) peak (figures 2(c), (d)). Along

this peak, intensity variations fit well in the instance where no symmetry was imposed.

However, once cylindrical symmetry is imposed intensity variations along this peak are

not as well correlated between the calculated and experimental data. One can also see

that intensity maxima along other peaks are more symmetric than in the initial refinement.

These differences are very slight, reconfirming that the assumption of cylindrical symmetry

is justified. Other aspects of the fit have remained the same. Pole figures with symmetry

imposed (figure 4(b)) are similar to those previously plotted but have a slightly lower

maximum. This is a result of the averaging of the ODF to meet symmetry requirements.

From the ODF with symmetry imposed an inverse pole figure of the compression direction

was calculated.

4. Results

Crystallographic and microstructural parameters from the refinement and values for elastic

constants are shown in table 1. Errors are indicated in parentheses. It should be noted that

in general errors calculated by Rietveld refinement tend to be underestimated [21]. Estimated
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(a)

(b)

(c)

(d)

Figure 2. (a) Map plot of the experimental data with the compression direction indicated by

an arrow. Peaks are labelled for reference. (b) Fit to the data prior to refinement of texture.

Backgrounds are well correlated as are sinusoidal variations due to non-hydrostatic stresses.

Intensity variations (texture) are still not matched. ((c) and (d)) Map plots showing the quality

of fits after texture refinement for (c) no symmetry imposed, (d) cylindrical symmetry imposed. In

(c), texture with no symmetry shows a good fit of the intensity variations. With symmetry imposed

in (d), the quality of the fit is slightly lower. In the (111) peak (second peak from the left) the

intensity maxima do not correlate as well as in (c).
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(a)

(b)

Figure 3. Diffraction profiles along (a) compression direction and (b) extension direction. For

the profiles shown in (a) and (b), slight mismatches in the 2θ variation can be seen in these two

orientations. Texture is visible as an intensity variation between corresponding peaks at these two

different azimuths. Difference plots are shown below (a) and (b).

standard deviations are only a measure of the precision and do not account for additional errors

introduced during the experiment or calibration.

Texture results for an ODF which is axially symmetric are conveniently represented by the

inverse pole figure of the compression direction. The inverse pole figure is shown in figure 5.

In this case only the cubic sector is needed to represent the texture. It shows a 〈100〉 maximum

with a shoulder towards 〈110〉 and a depleted region around 〈111〉. The textures are moderate,

with a maximum of 1.5 times random distribution.

5. Considerations on Rietveld refinement

Diffraction patterns of samples in DAC often contain large diamond spots. Since these are

the result of single crystal diffraction, in many cases it is possible to rotate the DAC a few



Mesures de contraintes et orientations préférentielles 121
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(b)

(a)

Figure 4. Pole figures plotted for (a) no symmetry imposed and (b) cylindrical symmetry imposed.

The centre of the figures corresponds to the compression direction. Pole figures are equal area

projections with linear contours (in mrd). In the case of (a) it can be seen that the textures are

approximately axially symmetric. The pole figures in (b) are averaged to meet the requirements of

the imposed symmetry. This results in the slightly lower maximum observed in (b). Both sets show

a distinct maximum of 〈100〉 in the compression direction.

Table 1. Refinement parameters from MAUD. Errors are shown in parentheses. Incident intensity

and microstrain are unitless. Values of the elastic constants are for a pressure of 49 GPa.

Refinement parameters from MAUD

Parameter Value (error)

Incident intensity 1.589 (0.007)

Lattice parameter a (Å) 3.3959 (0.0001)

Crystallite size (Å) 43.00 (0.1)

Microstrain 0.0048 (0.0001)

σ33 (Gpa) −12.56(0.03)

Ca isotropic B-factor (Å
2
) 2.017 (0.04)

Si isotropic B-factor (Å
2
) 12.62 (0.05)

O isotropic B-factor (Å
2
) 7.50 (0.03)

C11 (GPa) 712.4 (fixed)

C12 (GPa) 291.9 (fixed)

C44 (GPa) 310.5 (fixed)

degrees, avoiding diffraction conditions and thereby removing the spots. However, it is not

always possible or convenient to take these precautions. Absorption from the beam stop arm

can also hamper refinement. To remedy this, of all 72 spectra, seven spectra, one containing the

beam stop arm and six containing large diamond spots, were discarded from the refinement.

Radial diffraction geometry introduces the additional complication that the x-ray beam not

only passes through the sample but also through the gasket and the diamonds. An advantage

of the boron and kapton gasket assembly is that diffraction from the gasket is almost entirely

due to the kapton and only occurs at low angles [10]. Likewise, absorption effects from the
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Figure 5. Equal area projection of the inverse pole figure for the compression direction. The scale

is in multiples of random distribution (mrd).

diamonds are most problematic at low angles (figure 1). In order to avoid this region, the

refinement was restricted to the 2θ range 8.5◦–18.1◦.

Because of probable stress gradients and weak diffraction from CaSiO3, peaks are of

low intensity and quite diffuse. One complication resulting from this is that backgrounds are

difficult to fit. This was remedied by plotting one spectrum with a representative background

in an independent plotting program, manually selecting points along the background, and

fitting them with a seventh-order polynomial. This was then used to assign values for global

background parameters in MAUD. In this case, this method proved considerably faster than

fitting backgrounds directly in MAUD. Poorly resolved peaks can also make proper assignment

of a crystal structure difficult as it may be impossible to observe subtle peak splits. This is

particularly a problem in this analysis since several non-cubic structures, resulting from minute

distortions of the cubic structure, have been proposed for CaSiO3 [4–6].

Refinement with the cubic Pm3̄m structure did not properly account for the relative

intensities of the peaks. In order to address this issue, we investigated the effects of several non-

cubic structures on the refinement. The structures used were P4/mmm, I 4/mcm, Pnma, and

Pbnm. For all cases it became clear by visual inspection that the cubic structure provided the

best match to the data. Consequently the Pm3̄m structure was retained and used for refinement.

To obtain a better fit, isotropic thermal parameters were refined.

Complications in calculating the texture may occur if the stress model does not accurately

predict the variation of d-spacing with azimuth that results from lattice strains. If the model is

not correct the variation with azimuth may be overestimated for some peaks and underestimated

for others. If the peak positions are not matched, the intensities will be fitted based on where

the calculated peak intersects the data and this may not be the maximum intensity. If this is the

case, intensity variations along a given Debye ring will not be accurately modelled and errors

in the texture extraction may result. Although the stress model used in this refinement provides

a reasonably good fit for these variations in lattice spacing, there are some slight mismatches

in peak positions and intensities between the calculated model and the experimental data. For

example, in figures 3(a) and (b), the (210) peak is well correlated in figure 3(a) but is shifted to

the left in figure 3(b), resulting in an artificially high intensity maximum for that orientation. It
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is likely that this is due to a few degrees of deviation in the maximum compression axis from

the diamond axis [22].

One way to resolve this issue is to refine the elastic constants. We chose to refine the shear

related elastic constants C12 and C44, as variations in d-spacing should be more sensitive to

these than to C11 [23, 24]. These constants were refined in two separate refinements, the first

resulting in a 20% decrease for C12 and the second a 12% decrease in C44. No significant

difference in the quality of fit between these two refinements could be observed. As is often

the case for cubic minerals, the texture is not very sensitive to these minor mismatches in the

stress model and the texture results from these two refinements were practically identical to the

initial texture calculation.

6. Discussion

The lattice parameter obtained from the refinement correlates well with values from previous

experimental work as well as theoretical values for corresponding conditions [3–5, 15, 16, 25].

It is likely, however, that there are additional errors associated with this parameter. For example,

the sample may have moved slightly during the experiment as a result of removing the DAC to

increase the pressure. As a consequence the actual error for this parameter is probably much

higher than the given value.

The crystallite size is unreasonably small. This could be partially due to imperfect

calibration of the Caglioti function from the standard. Since the crystallite size is determined

from the peak shapes, if aberrations in peak broadening are not properly corrected, the

crystallite size obtained will have larger errors. In addition the peaks are not well resolved from

the background and appear broader. This may result in obtaining an artificially low crystallite

size that correlates with peak broadening. It is important to note that crystallite size is not

synonymous with grain size, but refers to the size of the coherently scattering domains within

the grains.

For a well defined crystal structure, isotropic B-factors should be positive and less than

1 Å
2
; however, they are significantly higher. This most likely indicates that the structure model

is not entirely correct. If CaSiO3 perovskite in the sample is not truly cubic but pseudo-cubic,

deviations from the cubic structure would cause the calculated thermal parameters to be large

for those atoms which are misplaced in the model. The especially large thermal vibrations

associated with Si and O atoms could support some sort of rotation or distortion of the Si–O6

octahedra. It is also possible that a variety of these structures could exist in the sample.

We obtain a value of −12.6 GPa for σ33. In the convention used in MAUD the negative

value indicates a compressive stress. This corresponds to an axial stress component t of 18.9 at

49 GPa. This is considerably higher than the value found by Shieh et al [25], who found that

the axial stress component increased from 3 GPa at a pressure of 19 GPa to 11 GPa at 61 GPa

for CaSiO3 perovskite. Our value is also larger than deviatoric stresses previously obtained in

DAC experiments [8]. The actual stress depends on many factors, including the gasket material.

Based on geometrical considerations as well as TEM observations on a variety of

perovskites (KNbO3, KTaO3, BaTiO3, CaTiO3, and MnGeO3), Poirier et al [26] proposed

that crystals with the cubic perovskite structure deform on the {110}〈11̄0〉 slip system at room

temperature and on both the {110}〈11̄0〉 and {100}〈001〉 systems at high temperatures. These

slip systems have also been observed in SrTiO3 perovskite [27] and in CaTiO3 [28]. No

texture information is available on these materials except for a simple shear experiment on

CaTiO3 [29]. The proposed slip systems for cubic perovskite are similar to those of the cubic

mineral halite [30, 31] and periclase [8]. In this case texture information is available and can

be compared with our new results for CaSiO3 perovskite.
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In halite and periclase at low temperature, deformation in compression produces a

〈100〉 maximum parallel to the compression direction. Self-consistent polycrystal plasticity

modelling of the compression of halite with hardening and dominant {110}〈11̄0〉 slip produces

inverse pole figures that are strikingly similar to the inverse pole figure obtained for CaSiO3

perovskite [32]. This family is particularly interesting because the two slip systems (110) 〈11̄0〉

and (11̄0) 〈110〉 are equally favoured and their resulting plastic rotations cancel. Texture in this

case develops as a result of flattening of grains and shape-dependent rotation [33]. Based on

these considerations, we conclude that the CaSiO3 texture is compatible with {110}〈11̄0〉 slip

as has been identified for cubic perovskite at low temperatures [26–28].

7. Conclusions

Quantitative texture analysis by the Rietveld method as implemented in MAUD is used to gain

insight into the deformation mechanisms of CaSiO3 perovskite at high pressures and room

temperature. Using a single synchrotron image taken in radial geometry at 49 GPa we obtain

a compression texture with {100} lattice planes oriented perpendicular to the compression.

This indicates that (110) 〈11̄0〉 slip is the dominant slip system. The refinement suggests that

deviatoric compressive stresses in the DAC were 18.9 GPa at 49 GPa. The crystallographic and

microstructural parameters are consistent with a distortion of the cubic structure. This paper

illustrates a relatively quick and convenient method to obtain quantitative texture and structure

information from materials deformed at high pressure conditions.
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Press) chapter 14, p 560



126 Articles



Mesures de contraintes et orientations préférentielles 127
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Abstract

Diamond anvil cells may not only impose pressure upon a sample but

also a compressive stress that produces elastic and plastic deformation of

polycrystalline samples. The plastic deformation may result in texture

development if the material deforms by slip or mechanical twinning, or if grains

have a non-equiaxed shape. In radial diffraction geometry, texture is revealed by

variation of intensity along Debye rings relative to the compression direction.

Diffraction images (obtained by CCD or image plate) can be used to extract

quantitative texture information. Currently the most elegant and powerful

method is a modified Rietveld technique as implemented in the software

package MAUD. From texture data one can evaluate the homogeneity of strain

in a diamond anvil cell, the strain magnitude and deformation mechanisms,

the latter by comparing observed texture patterns with results from polycrystal

plasticity simulations. Some examples such as olivine, magnesiowuestite,

MgSiO3 perovskite and ε-iron are discussed.

1. Introduction

The deep earth is not accessible to direct observation and most information about its structure

and composition relies on interpretation of geophysical data, mainly seismic evidence. Much

information on potential phase relations has been gained from experiments at high pressure and

high temperature. Of those, shock compression and diamond anvil cells have been essential [1].

In many sectors of the earth there is evidence for dynamic processes that produce heterogeneity

and anisotropy. Thus mechanical properties of minerals, influencing the plastic and elastic

behaviour as well as the rheology, have become of great interest to the geophysics community.

Currently it is not possible to perform quantitative deformation experiments in large volume

apparatus to constrain flow laws beyond pressure conditions of the transition zone [2, 3] and

models based on first principles still poorly constrain the deformation behaviour [4–6], leaving

much uncertainty about deformation mechanisms at ultrahigh pressure. Of considerable interest

has been observation of seismic anisotropy in the earth that can be interpreted as evidence for

0953-8984/06/250933+15$30.00 © 2006 IOP Publishing Ltd Printed in the UK S933
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deformation, producing preferred orientation. In order to understand seismic anisotropy one

needs to know the elastic tensor of crystals and microscopic mechanisms that align them during

deformation. Both can be addressed with diamond anvil cells (DAC), but using a radial, rather

than the conventional axial, diffraction geometry.

In addition to confining pressure, an axial compressive stress is imposed by the diamonds,

as has been established by finite element modelling [7], and in a radial diffraction geometry

Debye rings reveal variations in d-spacings and intensity of lattice planes that are in different

orientations relative to the compression direction. The radial diffraction geometry in DAC

experiments was introduced by Kinsland and Bassett [8] and used by Hemley et al [9] to

investigate stresses and elastic properties up to megabar pressures [10]. Intensity variations

along Debye rings are indicative of preferred orientation (texture) that is evidence for crystal

rotations due to plastic deformation. In this paper we will review some aspects of the radial

diffraction technique to obtain texture information at high pressure and illustrate it with

examples. It has been observed that many materials, brittle at ambient conditions, become

ductile at pressure above 5 GPa, even at room temperature (olivine, periclase, perovskite

and spinel are examples). We will focus on in situ texture measurements and discuss how

texture patterns can be interpreted to indicate intracrystalline deformation mechanisms as well

as overall strain.

Right up front it should be made clear that the DAC deformation experiments are by no

means ideal to investigate the rheology of earth materials, which depends on many factors

such as stress, strain rate, pressure, temperature, grain size and composition [11, 12], including

water content as in the case of quartz [13] and olivine [14–16]. Diffraction volumes in DAC

experiments are small, strain as well as stress may be heterogeneous, it is not possible to

separate pressure from stress, stresses are generally very large, and at most facilities it is

not possible to conduct radial diffraction experiments in situ at high temperature. Despite

these deficiencies, radial DAC remains the only method to conduct deformation experiments

at pressures corresponding to the lower mantle, the D′′ zone and the solid inner core and

to investigate texture development of phases such as MgSiO3 perovskite and postperovskite,

CaSiO3 perovskite and rhombohedral FeO, as well as ε-iron, that are unstable at ambient

conditions and can either not be quenched or suffer substantial obliteration of microstructural

details when decompressed to ambient conditions.

2. Experiments and data analysis

2.1. DAC experiments

DAC experiments use the x-ray and optical transparency of diamonds to conduct spectroscopic

as well as diffraction experiments at high pressure. Depending on the application,

polychromatic or monochromatic x-rays are used. For the experiments reported here we use

monochromatic x-rays and diffraction patterns are recorded with a 2D detector positioned

perpendicular to the incident beam. CCD detectors have the advantage of fast readout, while

image plates have higher resolution and a larger dynamic range, but are slower.

In conventional geometry the beam enters along the diamond axis and the diffraction

pattern contains information about lattice planes that are oriented close to parallel to the incident

x-ray, thus—in axial geometry—the DAC axis. If only phase relations are of interest this

is the preferred geometry because of the high transparency of diamond along the ray path.

Often efforts are made to obtain hydrostatic pressure by immersing the sample in a gas or

liquid. Without such precautions diamond pistons not only produce confining pressure but also

a compressive stress, and the material deforms elastically as well as plastically (figure 1).
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Figure 1. Schematic of a radial DAC cell that is used a deformation apparatus. (a) Initial

dimensions, (b) deformed dimensions and diffraction geometry.

Figure 2. (a) Diffraction image of MgSiO3 perovskite transformed from enstatite, collected in situ

at 43 GPa with an image plate detector at APS-HPCAT. Strong intensity spots are due to diffractions

from diamond. The compression direction is indicated with an arrow. (b) Pole figure coverage for a

Debye ring.

In radial diffraction geometry, the beam passes through the DAC perpendicular to the

axis (figure 1(b)) and in this case Debye rings in diffraction patterns record a whole range

of orientations, with lattice planes from parallel to nearly perpendicular to the DAC axis. The

diffraction pattern illustrates elastic deformation effects expressed in elliptical distortions of

Debye rings and intensity variations that signify texture, as for MgSiO3 perovskite at 42 GPa

in figure 2(a) (the compression direction is indicated with an arrow). Both the elliptical

distortion and the intensity variations are best seen if we ‘cake’ the diffraction pattern by

‘unrolling’ it, e.g. in Fit2D (figure 3). Elastic deformation appears as sinusoidal variations in

d-spacings that are smaller (and correspondingly diffraction angles θ are larger) perpendicular

to the compression direction (arrow). The changes in d-spacings depend upon the applied

compressive stress and elastic properties. In the case of MgO, where elastic properties are well

known, deviatoric stresses ranging from 5 to 9 GPa (above 10 GPa confining pressure) have

been observed [17]. This value depends on material and gasket type. Plastic deformation

is expressed in intensity variations that signify preferred orientation, attained e.g. through

dislocation glide.

In contrast to the axial geometry, in radial geometry x-rays not only pass through diamond

and sample but also through a gasket that maintains the pressure (figure 1(b)). The diffraction

pattern shown in figure 2(a) not only contains diffraction from the sample but from the gasket

and diamonds as well. Diamond diffractions are visible as high intensity spots. In figure 2(a),

diffraction from the confining Kapton gasket produces diffuse rings at low scattering angles.
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Figure 3. Unrolled diffraction image (figure 2(a)) in Fit2D, plotting azimuthal angle along the

Debye ring as a function of Bragg angle θ . The sinusoidal variations in diffraction lines are due to

elastic deformation; intensity differences along lines indicate preferred orientation caused by plastic

deformation. Compression direction is indicated by the arrow.

Furthermore, the incident x-ray passes through the peripheral and central portions of the

sample, and, if there are gradients in pressure, stress and temperature, the diffraction signal

provides an average that needs to be deconvoluted. To facilitate the interpretation of diffraction

images, experiments need to be designed to minimize gradients and signals from the gasket

material.

Gaskets are mainly chosen for strength, combined with x-ray transparency. A favourite

material has been Be, that can be used beyond 200 GPa [9]. A disadvantage is that Be scatters

strongly and its diffraction lines may overlap with the much weaker lines from the sample,

making the analysis difficult. Tilting the DAC 20◦–30◦ can reduce or eliminate this interference.

For moderate pressures (<50 GPa) gaskets produced by mixing a powder of amorphous boron

with epoxy can be used [17, 18]. This is particularly efficient if the size of the boron gasket

is minimized by enclosing a small disk in a ring of x-ray transparent Kapton [19]. No doubt

more flexible designs will be developed in the future. As will be shown later, the present gasket

geometry limits the strain to about 20%. Preferred orientation generally develops quickly and

stabilizes, changing little upon further compression.

2.2. Image analysis

The image in figure 3 illustrates some complications often encountered in the radial diffraction

data analysis. There are many diffraction lines; some of these are partially or completely

overlapped. Also, background intensities vary as a function of azimuthal angle, mainly due

to differences in absorption. An efficient and quantitative approach to analyse such images is

the Rietveld method, that applies a physical model to express spectral intensities and refines

instrumental parameters (e.g. image position, resolution, background), sample characteristics

(absorption, microstructure), crystallographic properties (e.g. lattice parameters and atomic

coordinates) and stress (using an appropriate model), as well as texture, our primary interest.

We apply the Rietveld method in the MAUD software, that is unique in implementing advanced

direct methods of quantitative texture analysis [20, 21].

Images must be calibrated with a standard for wavelength and sample–detector distance.

After being centred, the image is decomposed into spectra by integrating over azimuthal sectors

(usually 5◦, 10◦ or 15◦). As an example, two of these spectra with experimental data and

the Rietveld fit are shown in figure 4(a). Indicated below the spectra are the positions of
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Figure 4. Rietveld method applied to diffraction image of perovskite (figure 2(a)). (a) Two

experimental and fitted spectra parallel (top) and perpendicular to compression direction (bottom).

(b) Map plot of stacked normalized spectra, experimental at bottom and calculated at top.

Compression direction indicated by arrow.

diffraction lines and the deviations between experiment and fit. The two spectra correspond

to different slices and represent different orientations relative to the compression direction. In

the spectrum on top the lattice planes are perpendicular to the compression direction and in the

bottom spectrum they are parallel. An overall assessment of the quality of the Rietveld fit is

displayed in a ‘map plot’ (figure 4(b)) that compares a stack of experimental spectra (bottom)

with recalculated spectra (top), expressed as grey shades. Note that not only peak intensities,

but also background variations, are well reproduced.

The pole figure coverage of a Debye ring from a diffraction image with 5◦ integration is

shown in figure 2(b). The pole figure is in the same orientation as the image (figure 2(a)) and the

coverage is a ring near the periphery. Clearly this coverage is very sparse, extending roughly

from parallel to perpendicular to the compression direction and, if axial symmetry (around the

compression axis) is assumed, contains all information required to reconstruct a quantitative

model of the orientation distribution (OD).

Often it is useful to establish if axial symmetry is indeed satisfied in an experiment and

that sample rotations in the Rietveld program have been done correctly. It has been shown that

a single 2D image (figure 2(a)) with a sparse coverage (figure 2(b)) can be sufficient to derive

an approximate 3D OD [22]. From the OD, pole figures can be generated. In the case of the

image in figure 2(a), and without imposing any sample symmetry, we obtain a (100) pole figure

for perovskite with (100) lattice planes parallel to the compression direction and a (001) pole

figure with (001) lattice planes perpendicular to the compression direction (figure 5(a)). Note

that the sample has been rotated with respect to figure 2, to bring the compression direction into

the centre. The rotated coverage is shown in figure 5(b) (compare with figure 2(b)). We verify

that the pole figure symmetry is roughly axially symmetric about the diamond axis, as would be

expected from the DAC geometry, and thus, in a next step of the analysis, axial symmetry can be

imposed on the measured data (figure 5(c)) and the OD calculation can be refined. A compact

method to represent axially symmetric textures is with inverse pole figures of the compression

direction relative to crystal coordinates, as shown in figure 5(d). The (001) pole figure displays

a maximum in the compression direction (figures 5(a) and (c)). This is expressed in the inverse

pole figure with a maximum near (001) (figure 5(d)). In the following section we will illustrate
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Figure 5. Texture representations of OD data obtained from the image shown in figure 2(a) for

orthorhombic MgSiO3 perovskite at 43 GPa. (a) (100) and (001) pole figures without imposing

sample symmetry; (b) pole figure coverage; (c) (100) and (001) pole figures imposing axial sample

symmetry. The compression direction is in the centre. (d) Inverse pole figure of the compression

direction. Equal area projection with linear contours.

some examples of radial diffraction DAC experiments where quantitative texture information

was obtained and could be interpreted.

3. Examples

The radial DAC experiments that are discussed in this report were conducted at ALS beamline

12.2.2 (wuestite, magnesiowuestite and perovskite) and APS GSECARS beamline 13-ID

(olivine, perovskite, periclase and iron), APS HPCAT beamline 16-ID-B (perovskite) and BNL

beamline X17-C (iron).

3.1. Olivine

The preferred orientation of olivine Mg2SiO4 has been of longstanding interest because of its

importance for interpreting the strong seismic anisotropy in the upper mantle [23]. Numerous

experimental studies documented changes in orientation patterns with temperature, strain rate,

pressure and most recently water content [24, 14–16]. Olivine can be deformed in conventional

deformation apparatus and DAC is not required. We use it here to test the radial DAC method

to see if similar results are obtained as with other methods for corresponding conditions.

Olivine powder (grain size 1–5 µm) was compressed in the DAC to 27 GPa, at which point

the phase transformation to perovskite was induced by laser heating [25]. Between 10 and

15 GPa a distinct texture pattern evolved (figure 6(a)) that strengthened slightly when pressure

was increased to 27 GPa (figure 6(b)). The inverse pole figures display a broad minimum

at (001) and concentrations along the (100)–(110)–(010) girdle, with maximal pole densities

of 1.5 multiples of a random distribution (mrd). This pattern is consistent with deformation

mechanisms where [001] is the principal slip direction such as (100)[001] and {hk0}[001]

pencil glide as determined for low temperature deformation of olivine [26]. Indeed, polycrystal

plasticity simulations for this mechanism produce an inverse pole figure that is very similar to
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Figure 6. Inverse pole figures for olivine obtained from images measured in situ at (a) 15 GPa and

(b) 27 GPa (APS-GSECARS). (c) Polycrystal plasticity simulation for {hk0}[001] pencil glide 10%

strain (table 1) [25]. Equal area projection with linear contours.

Table 1. Slip systems assumed in polycrystal plasticity simulations of olivine. Critical shear stress

coefficients (CRSS) and average activity at 10% strain are given (for texture pattern see figure 6(c)).

Slip system CRSS Activity (%)

(100)[001] 1 33

(010)[001] 1 20

(100)[010] 5 3

{110}[001] 1 44

the experimental ones (figure 6(c)). Assumed critical shear stresses on slip systems and slip

system activities are summarized in table 1. The best agreement in texture strength is obtained

for a shortening of 10%, which provides an estimate for the overall strain in this experiment and

may be typical for many DAC experiments. This texture pattern and deformation mechanism

do not apply to mantle conditions but may be significant for metamorphic rocks, and the high

pressure experiments provide ductility to obtain significant plastic strains at high strain rates.

3.2. Periclase, magnesiowuestite and wuestite

Some of the early radial DAC texture experiments were done with periclase (MgO) [17]. It

was observed that periclase started to deform plastically at 5 GPa confining pressure, with

development of a {001} texture that became very strong upon further straining to 35 GPa,

with a maximum of 9.1 mrd. This texture type indicates that only {110}〈11̄0〉 slip was

significantly active. First principles calculations confirm this slip system for high pressure

and low temperature [5]. At lower pressure and high temperature large volume experiments

produce textures consistent with activity of {110}, {111} as well as {100} slip [27–29]. The

change of slip system activity with temperature for MgO is analogous to isostructural halite

where {110} slip dominates at low temperature, and {110}, {111} and {100} slip systems are

equally active at higher temperature [30].

The original experiments were done with a mixture of periclase and iron [17]. More

recent experiments with single phase oxides, but ranging in composition from periclase (MgO)

to wuestite (FeO), confirm these results [31] but also indicate a change in texture strength

with composition. Figure 7 compares inverse pole figures for 15–20 GPa confining pressure.

For Mg 40% Fe 60% a strong {001} texture develops, similar to pure MgO (figure 7(a); the

maximum is 7 mrd). For the same pressure but for Mg 25% Fe 75% the texture is much

attenuated (figure 7(b), 2.3 mrd), and for Mg 10% Fe 90% even weaker (figure 7(c), 1.2 mrd).

With increasing iron content, magnesiowuestite becomes more compressible [32, 33] and it is
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Figure 7. Inverse pole figures for magnesiowuestite. (a) Fe0.60Mg0.40O, 16 GPa (APS-HPCAT); (b)

Fe0.75Mg0.25O, 16 GPa (ALS-12.2.2); (c) Fe0.90Mg0.10O, 18 GPa (ALS-12.2.2) [31]. Equal area

projection, linear contours.
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Figure 8. Transformation of cubic B1 wuestite (a) to rhombohedral wuestite (b) by a distortion of

the lattice [18]. (c) Inverse pole figure of rhombohedral wuestite at 25 GPa (ALS-12.2.2). Equal

area projection, linear contours.

plausible that for high Mg content, plastic deformation dominates, whereas for high Fe content

elastic deformation may contribute significantly to the accommodation of the moderate strain.

Iron-rich magnesiowuestite undergoes a phase transformation from cubic to rhombohedral

at high pressure (20 GPa) [18, 34–36]. The transformation corresponds to a displacive

distortion of the B1 structure (figure 8(a)) along one body diagonal (figure 8(b)). Interestingly,

when cubic FeO transforms to rhombohedral FeO under stress, it displays immediately a strong

texture with a maximum at {011̄2} (figure 8(c)). The {011̄2} planes of the rhombohedral phase

(hexagonal setting) correspond to {001} lattice planes in the cubic structure. It is conceivable

that this texture develops by transformation twinning with variant selection due to stress.

3.3. MgSiO3 perovskite

Textures of perovskites are not only relevant for geophysics, since they constitute the major

phase in the lower mantle [37], they are also of interest to materials science as important

ferroelectrics [38]. Perovskite occurs in cubic, tetragonal and orthorhombic structures [39].

Orthorhombic MgSiO3 perovskite (space group Pbnm) is stable above 23–25 GPa and the

preferred orientation that develops during mantle convection could be expressed in seismic

anisotropy. Thus deformation mechanisms of this mineral are of great importance and currently

only with radial DAC experiments can we investigate the evolution of preferred orientation

in situ at lower mantle pressure.

In recent DAC experiments perovskite has been produced from olivine (Mg2SiO4),

ringwoodite (Mg2SiO4) and enstatite (MgSiO3) as starting materials [25, 40]. If enstatite is

used, the product is pure perovskite; with olivine and ringwoodite it is a mixture of perovskite

and periclase (MgO). Figure 9 displays some portions of unrolled images, highlighting the

strong diffraction lines 004 + 220, with the main intensity contribution from 004. In all

experiments significant preferred orientation was produced, visible in the intensity variations.
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Figure 9. 004 + 220 diffraction lines of MgSiO3 perovskite measured in situ for different

experimental conditions. (a) Perovskite transformed from olivine at 25 GPa, (b) after increasing

pressure to 43 GPa (APS-GSECARS). (c) Perovskite transformed from ringwoodite at 43 GPa

(APS-GSECARS). (d) Perovskite transformed from enstatite at 50 GPa, (e) increase in texture

strength after maintaining stress for 24 h, (f) change in pattern and microstructure after laser heating

at 1400 ◦C for 30 min (APS-GSECARS). (g) Perovskite transformed from enstatite at 44 GPa (APS-

HPCAT).

But even a qualitative glance reveals considerable differences, depending on starting material

and conditions.

When perovskite transforms from olivine at 25 GPa first a spotty pattern develops due to

a fairly large grain size produced during the phase transformation induced by laser heating at

1200 ◦C (figure 9(a)). Upon increasing pressure to 43 GPa, stresses become more pronounced

and effective grain size is reduced by plastic deformation, resulting in a smooth intensity

distribution with a regular pattern (figure 9(b)). When perovskite is formed from ringwoodite

at 43 GPa a different but well defined texture is present with a maximum intensity of the 004

diffraction line between compression and extension direction (figure 9(c)). An interesting

experiment is with enstatite as starting material. Unfortunately in this case a small (10 µm)

beam had to be used and grain size was rather coarse after transformation at 1350 ◦C and

40 GPa, resulting in a spotty pattern and poor grain statistics. Increasing pressure to 50 GPa,

texture is first moderate (figure 9(d)) but increases when the DAC is maintained at that

pressure for 24 h (figure 9(e)), with a main maximum parallel to the compression direction

and a subsidiary maximum perpendicular to it. This is analogous to a creep experiment

where deformation occurs at constant stress. Upon heating at 1400 ◦C for thirty minutes

stresses are reduced (less curvature) and the grain structure changes, documenting on-going

recrystallization (figure 9(f)). Maxima parallel and perpendicular to the compression direction

are of equal strength. A second experiment with enstatite as starting material, but a boron-epoxy

gasket, produced a similar texture pattern at 44 GPa (figure 9(g)).

Figure 9 only displays the intensity distribution of two overlapped diffraction lines,

illustrating qualitative differences. Some images could be quantitatively analysed with the

Rietveld method, as illustrated in section 2, to obtain orientation distributions and inverse

pole figures (figure 10). When perovskite transforms from olivine, there is shortly after

the transformation a maximum in the inverse pole figure near (100) (figure 10(a)). With

increasing pressure and deformation a second concentration develops near (011) (figure 10(b)).
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Figure 10. Inverse pole figures for orthorhombic MgSiO3 perovskite. (a) Transformed from

olivine at 25 GPa (APS-GSECARS) (compare figure 9(a)), (b) increasing pressure to 43 GPa

(APS-GSECARS) (compare figure 9(b)), (c) transformed from ringwoodite at 43 GPa (APS-

GSECARS) (compare figure 9(c)), (d) transformed from enstatite at 44 GPa (APS-HPCAT)

(compare figure 9(g)). Equal area projection, linear contours.

Table 2. Slip systems assumed in polycrystal plasticity simulations of orthorhombic perovskite.

Critical shear stress coefficients (CRSS) and average activity (in %) at 20% strain (see figure 11 for

corresponding texture types).

Slip system CRSS Activity CRSS Activity CRSS Activity CRSS Activity

A B C D

(100)[010] 1 40 5 18 5 0 5 8

(001)[100] 5 0 5 18 1 44 5 8

(001)[100] 5 41 1 47 1 44 5 0

(001)〈110〉 20 18 20 19 20 11 1 84

We tentatively attribute the (100) maximum to (110) twinning [41]. When perovskite forms

from the intermediate phase ringwoodite, the main maximum is near (011) (figure 10(c)).

Perovskite transforming from enstatite displays a maximum near (001), with a minimum at

(100) (figure 10(d)). We think that the (011) and (001) texture types were produced by slip.

In order to estimate deformation mechanisms, we compare the experimental texture with

polycrystal plasticity simulations, assuming slip systems that have been proposed: (010)[100],

(001)[100], (100)[010] and (001)〈110〉 [42–44]. A single crystal diffraction study did not

find evidence for 〈110〉 slip [45]. We report results for four models of slip systems with

widely different critical shear stress coefficients (table 2). Surprisingly texture patterns are not

dramatically different (figure 11). For dominant (100)[010] slip (model A, figure 11(a)), there

is still significant (001)[100] slip to maintain compatibility, and a broad girdle between (001)

and (100) is quite different from observed textures. The best match for the texture of perovskite



Mesures de contraintes et orientations préférentielles 137
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Figure 11. Polycrystal plasticity simulations for orthorhombic perovskite. For slip systems, critical

resolved shear stress coefficients and activities see table 2. (a) Model A, (b) model B, (c) model C

and (d) model D. Equal area projection, linear contours.

transformed from ringwoodite (figure 10(c)) is obtained if (010)[100] and (001)[100] slip are

equally active (model C, figure 11(c)). The texture of perovskite transformed from enstatite

(figure 10(d)) can be explained if (001)[100] is the dominant slip system (model B, figure 11(b))

or if the slip system is (001)〈110〉 (model D, figure 11(d)). At this point interpretations

are tentative and more experiments are needed. Issues not considered in the simulations are

complications introduced by multiple phases and mechanical twinning that may influence

texture patterns [41]. From a comparison of texture strength in experiments and simulations

we imply an overall strain of about 20%.

One conclusion of experiments and simulations is quite definite: all observed textures

are strongly ”orthorhombic”, requiring slip systems also to be orthorhombic and not pseudo-

cubic. In inverse pole figures pole densities at (100), (010) and (001) are very different. This

indicates that cubic perovskites are poor analogues to infer the deformation behaviour in the

lower mantle [46]. This is consistent with elastic properties and structural features that become

more orthorhombic with increasing pressure and temperature [47, 48].

The MgSiO3 perovskite emerges as a very complex and interesting system with large

texture variations depending on experimental conditions. In addition to the range of results

described above, some radial DAC experiments produced insignificant textures [40] and

experiments on pseudo-cubic CaSiO3 produced a texture compatible with {110} slip [49].

3.4. Iron

Pure iron is the first material where radial diffraction DAC measurements were used to extract

quantitative texture information [50]. In this case, and in contrast to all other DAC experiments

discussed in this paper, white x-rays were used and diffraction effects were recorded with an

energy-dispersive point detector. Iron is of considerable importance in geophysics because it
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Figure 12. Radial DAC deformation of iron. (a) Bcc iron in a mixture with MgO deformed

to a pressure of 12.4 GPa, (b) immediately after phase transformation to hcp at 17.7 GPa [53].

(c) Texture of hcp iron at 220 GPa [50]. (d) Polycrystal plasticity simulation favouring basal slip.

Equal area projection, linear contours.

constitutes the solid inner core, where seismic anisotropy was documented that may be caused

by texturing [51]. At ambient temperature iron transforms from a bcc structure to hcp at 15 GPa.

Experiments at 220 GPa, close to pressures in the centre of the earth, reveal a strong (0001)

texture (figure 12(c)), that can only be explained with significant basal slip (figure 12(d)). This

slip system has been predicted for hcp iron, based on theory [52].

The investigation of iron was continued with monochromatic x-rays and CCD detectors,

at lower pressures [53]. In a mixture of iron and MgO, bcc iron develops a texture with {111}

lattice planes perpendicular to the compression direction (figure 12(a)). This is typical of bcc

metals and attributed to dominant {110}〈1̄11〉 slip [54]. Above 15 GPa the transition to hcp

occurs and the transformation texture has a main concentration at {112̄0} (figure 12(b)), which

is qualitatively consistent with the Burgers’ relationship [55] that predicts close-packed bcc

directions {111} to become aligned with close-packed hcp directions {112̄0}, though this is

accompanied by variant selection, most likely influenced by stress. Upon further increase in

pressure and stress, the hcp {112̄0} transformation texture changes to a (0001) deformation

texture (figure 12(c)).

4. Discussion

Recent radial diffraction geometry DAC experiments have illustrated that oxides and silicates

become ductile at pressures above 5 GPa even at room temperature, activating slip systems

and producing deformation textures. Quantitative texture analysis requires determination of

the orientation distribution, which is now feasible from radial DAC diffraction images. This

is much more informative than a merely qualitative assessment of relative intensity differences

that are difficult to interpret, especially if polychromatic radiation is used. Only quantitative

texture patterns can be interpreted with some degree of confidence.

In cases where textures can be compared with conventional deformation experiments at

similar conditions, and with polycrystal plasticity simulations based on known slip systems,

the patterns are consistent as illustrated for olivine and periclase. With polycrystal plasticity
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we can further estimate an overall strain of about 10–20% for DAC deformation experiments

conducted so far. Image analysis without imposing sample symmetry establishes that strain is

approximately axially symmetric, confirming results from finite element simulations [7], except

for experiments with obvious deficiencies and highly ductile materials such as fcc metals [56].

If active deformation mechanisms are not known they can be implied from texture

patterns by comparisons with polycrystal plasticity simulations, as we have shown here

for magnesiowuestite and perovskite. In some cases these room temperature slip systems

agree with slip systems predicted based on theory, as in the case of post-perovskite ([57]

versus 6) and ringwoodite ([58] versus 4). In MgO different slip systems are active at high

temperature [17, 27–29]. In the future it may be possible to extrapolate slip system activity to

different pressure and temperature conditions and the combined information contributes to a

better understanding of deformation in the deep earth.

Naturally the DAC deformation technology needs to be refined in the future. Foremost it

is necessary to be able to control pressure changes and associated stress increase in situ, which

could not be done in the current experiments, though such methods are used in axial geometry

DAC experiments [59]. It would be highly desirable to investigate slip systems at higher

temperature. Also here methods exist for in situ heating by resistance furnaces [60–62] as well

as laser heating [63] but require non-trivial modifications for radial diffraction that are currently

not available at high pressure beamlines. With in situ control of pressure and temperature it

will become possible to investigate texture changes during initial deformation and particularly

address issues of texture memory during phase transformations that may indicate martensitic

mechanisms, which have been proposed for the olivine–ringwoodite transition but could not be

verified in these experiments [64, 65].

With microbeam techniques it may become possible to investigate microstructure and

orientation grain by grain [66]. A further limitation of the current radial DAC technology is

the relatively limited strain in compressive geometry. Low strain is preferable for identification

of intracrystalline slip systems from textures since polycrystal plasticity theories break down at

large strains, with significant strain hardening [67], activation of subordinate systems and grain

boundary sliding to provide compatibility as well as dynamic recrystallization [68]. Rotational

DAC cells that produce torsion deformation have been developed and provide exciting

opportunities for large strain experiments [69, 70]. Many of these experimental improvements

of DAC technology are currently under development and should become available for users in

the near future.

There is a wide range of applications of DAC deformation experiments to new materials to

not only explore deformation mechanisms at ultrahigh pressure but also to better understand

processes such as texture changes and variant selection during phase transformations, or

changes that occur during static and dynamic recrystallization. Obviously DAC experiments

only provide limited information to infer rheological conditions in the deep earth. Whereas they

may never yield reliable stress–strain curves, we have illustrated that they provide information

on texture development that is a fairly robust indicator of intracrystalline mechanisms,

responsible for grain rotations to achieve anisotropic polycrystal properties. This information

can be used to interpret observed seismic anisotropy patterns in the deep earth [71].
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[10] Singh A K, Mao H-K, Shu J and Hemley R J 1998 Phys. Rev. Lett. 80 2157–60

[11] Frost H J and Ashby M F 1982 Deformation Mechanism Maps (Toronto: Pergamon) p 166

[12] Yamazaki D and Karato S 2001 Am. Mineral. 86 385–91

[13] Griggs D T 1967 Geophys. J. R. Astron. Soc. 14 19–31

[14] Jung H and Karato S-I 2001 Science 293 1460–2

[15] Karato S I, Paterson M S and Fitzgerald J D 1986 J. Geophys. Res. 91 8151–76

[16] Katayama I, Jung H and Karato S I 2004 Geology 32 1045–8

[17] Merkel S, Wenk H-R, Shu J, Shen G, Gillet P, Mao H-K and Hemley R J 2002 J. Geophys. Res. 107 2271

(doi:10.1029/2001JB000920)

[18] Mao H K, Shu J, Fei Y and Hemley R J 1996 Phys. Earth Planet. Inter. 96 135–45

[19] Merkel S and Yagi T 2005 Rev. Sci. Instrum. 76 046109 (doi:10.1063/1.1884195)

[20] Lonardelli I, Wenk H-R, Goodwin M and Lutterotti L 2005 J. Synchrotron Res. 12 354–60

[21] Lutterotti L, Matthies S and Wenk H-R 1999 Int. U. Crystallogr. Comm. Powder Diffraction Newslett. 21 14–5

[22] Ischia G, Wenk H-R, Lutterotti L and Berberich F 2005 J. Appl. Crystallogr. 38 377–80

[23] Montagner J P and Tanimoto T 1990 J. Geophys. Res. 95 4797–819

[24] Carter N L and Ave’Lallemant H G 1970 Geol. Soc. Am. Bull. 81 2181–208

[25] Wenk H-R, Lonardelli I, Pehl J, Devine J, Prakapenka V, Shen G and Mao H-K 2004 Earth Planet. Sci. Lett.

226 507–19

[26] Raleigh C B 1968 J. Geophys. Res. 73 5391–406

[27] Heidelbach F, Stretton I, Langenhorst F and Mackwell S 2003 J. Geophys. Res. 108 2154

(doi:10.1029/2001JB001632)

[28] Stretton I, Heidelbach F, Mackwell S and Langenhorst F 2001 Earth Planet. Sci. Lett. 194 229–40

[29] Yamazaki D and Karato S I 2002 Phys. Earth Planet. Inter. 131 251–67

[30] Carter N L and Heard H C 1970 Am. J. Sci. 269 193–249

[31] Tommaseo C E, Merkel S, Speziale S, Devine J and Wenk H-R 2006 Phys. Chem. Mineral. 33 84–97

[32] Bonczar L J and Graham E K 1982 J. Geophys. Res. 87 1061–78

[33] Jacobsen S D, Reichmann H-J, Spetzler H A, Mackwell S J, Smyth J R, Angel R J and McCammon C A 2002 J.

Geophys. Res. 107 2037 (doi:10.1029/2001JB000490)

[34] Jacobsen S D, Lin J-F, Angel R J, Shen G, Prakapenka V B, Dera P, Mao H-K and Hemley R J 2005 J. Sychrotron

Radiat. 12 577–83

[35] Mao W, Shu J, Hemley R J and Mao H-K 2002 J. Phys. Condens. Matter 14 11349–54

[36] Shu J, Mao H-K, Hu J, Fey Y and Hemley R J 1998 Neues Jahrb. Mineral. Abh. 172 309–23

[37] Ito E M and Takahashi E 1989 J. Geophys. Res. 94 10637–46

[38] Lines M E and Glass A M 1977 Principles and Applications of Ferroelectrics and Related Materials (Oxford:

Clarendon)

[39] Galasso S 1969 Structure, Properties and Preparation of Perovskite Type Compounds (New York: Pergamon)

p 207



Mesures de contraintes et orientations préférentielles 141
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Abstract Lattice preferred orientations (LPO) developed

in perovskite and post-perovskite structured CaIrO3 were

studied using the radial X-ray diffraction technique com-

bined with a diamond anvil cell. Starting materials of each

phase were deformed from 0.1 MPa to 6 GPa at room

temperature. Only weak LPO was formed in the perovskite

phase, whereas strong LPO was formed in the post-

perovskite phase with an alignment of the (010) plane

perpendicular to the compression axis. The present result

suggests that the (010) is a dominant slip plane in the post-

perovskite phase and it is in good agreement with the

crystallographic prediction, dislocation observations via

transmission electron microscopy, and a recent result of

simple shear deformation experiment at 1 GPa–1,173 K.

However, the present result contrasts markedly from the

results on MgGeO3 and (Mg,Fe)SiO3, which suggested that

the (100) or (110) is a dominant slip plane with respect to

the post-perovskite structure. Therefore it is difficult to

discuss the behavior of the post-perovskite phase in the

Earth’s deep interior based on existing data of MgGeO3,

(Mg,Fe)SiO3 and CaIrO3. The possible sources of the dif-

ferences between MgGeO3, (Mg,Fe)SiO3 and CaIrO3 are

discussed.

Keywords Post-perovskite � CaIrO3 � High-pressure �

Lattice preferred orientation

Introduction

Since the discovery of a ‘‘post-perovskite’’ phase in

MgSiO3 (Murakami et al. 2004; Oganov and Ono 2004),

numerous studies have been conducted to explain the

characteristic properties of the D@ layer assuming the

existence of this phase at the bottom of the lower mantle.

Based on theoretical calculations, strong elastic anisotropy

is expected to exist in the post-perovskite phase of MgSiO3

(Iitaka et al. 2004; Tsuchiya et al. 2004). Therefore if lat-

tice preferred orientation (LPO) is formed in this phase in

the D@ layer, many features of seismic observations, which

were difficult to understand so far (e.g., Ritsema et al.

1998; Lay et al. 1998), can then be explained.

The post-perovskite phase is regarded as having a lay-

ered structure formed by the stacking of two different

layers in a [010] direction and it has been suggested that the

(010) plane would be the most favorable slip plane

(Murakami et al. 2004; Iitaka et al. 2004; Carrez et al.

2007). Recently, Merkel et al. (2006, 2007) made radial

X-ray diffraction experiments using diamond anvil cell on

MgGeO3 and (Mg,Fe)SiO3 with the post-perovskite struc-

ture and observed very similar LPOs in both materials.

Unlike the above crystallographic expectation for the slip

plane in the post-perovskite structure, Merkel et al. (2006,

2007) found that [100] or [110] became parallel to the

compression axis and concluded that either the (100) plane,
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the (110) plane, or both are the most dominant slip planes

in this structure. These studies were made at above

100 GPa and it is not clear if the results represent the

deformation fabric because usually little deformation of

the sample occurs in this pressure range. Moreover, since

the slip system of crystal might be a complicated property

governed not only by the crystal structure but also by

various factors such as pressure, temperature and the nature

of bonding, it is necessary to study various materials under

wide P-T conditions for the discussion of the Earth’s deep

interior.

CaIrO3 is known as a prototype for the post-perovskite

structure. There are two different phases in CaIrO3; one is a

perovskite phase, which is stable at low pressure and high

temperature while the other is a post-perovskite phase,

which is stable at high pressure and low temperature

(Hirose and Fujita 2005). All silicates or germanates with

the post-perovskite structure formed under high pressure

amorphize on release of pressure but the post-perovskite

phase of CaIrO3 can be recovered at ambient conditions.

This is quite useful for the study of its plastic properties

because we can use transmission electron microscopy

(TEM) to directly examine the dislocations in the sample.

Miyajima et al. (2006) have studied the dislocations of the

post-perovskite phase of CaIrO3 recovered from high

pressure and temperature synthesis experiments and con-

cluded that the (010) plane would be the most favorable

slip plane for deformation. Yamazaki et al. (2006) made

simple shear deformation experiment on post-perovskite

type CaIrO3 at around 1 GPa and 1,173 K using a modified

Griggs-type apparatus and reported that [100] (010), which

means that the (010) and [100] is a slip plane and slip

direction, respectively, is a dominant slip system. The

results of Miyajima et al. (2006) and Yamazaki et al.

(2006) on CaIrO3 are in good agreement with the crystal-

lographic prediction for the slip plane in the post-

perovskite structure. On the other hand, the studies on

MgGeO3 and (Mg,Fe)SiO3 show marked difference from

above crystallographic prediction.

In the present study, we have carried out radial X-ray

diffraction (Merkel et al. 2002) experiments on both

perovskite and post-perovskite phases of CaIrO3 which

were deformed by the uniaxial compression in a diamond

anvil cell. LPOs of the both phases formed by the plastic

deformation and lattice strain under the uniaxial stress field

were measured. These results will provide useful infor-

mation for the discussion of anisotropy in the D@ layer.

Experiment

Starting materials were synthesized from a mixture of CaO

and IrO2 to obtain stoichiometric CaIrO3 with perovskite

and post-perovskite phase using a cubic-anvil type high-

pressure apparatus. Because, when this material is syn-

thesized at atmospheric pressure, it is difficult to obtain a

single phase but by synthesizing it under appropriate high-

pressure conditions we can easily make each phase as a

single phase. Synthesis conditions were at around 2 GPa–

1,550 K and at around 4 GPa–1,450 K, for perovskite and

post-perovskite, respectively, based on our pressure and

temperature calibrations. This temperature for perovskite

phase was about 200 K lower than its stability field

(T[ 1,740 K at 2 GPa) reported by Hirose and Fujita

(2005). Our synthesis experiments were made without

using thermocouple and the temperature was estimated

from the input power. Slight difference of the heater design

might have affected the efficiency and temperature distri-

bution in the sample chamber. Temperatures measured

during laser heating have large uncertainty as well. Com-

bination of all these effects may have lead to the

discrepancy of the temperature conditions but we have

successfully made a single phase of each phase with the

orthorhombic cell parameters a = 5.348(1) Å, b = 5.592(1)

Å, c = 7.618(1) Å, and V = 229.7(1) Å3 for perovskite

(space group: Pbnm) and a = 3.147(1) Å, b = 9.863(2) Å,

c = 7.299(1) Å, and V = 226.5(2) Å3 for post-perovskite

(space group: Cmcm). Each of the recovered samples was

ground and then placed in a hole of an ‘‘X-ray transparent

gasket’’, which is made of a combination of amorphous

boron and Kapton sheet (Merkel and Yagi 2005). X-ray

experiments were carried out at BL13A of the Photon

Factory, KEK, Tsukuba. Compression experiments were

made up to about 6 GPa at room temperature. The hole,

initially 200 lm in diameter and 200 lm in height, was

filled with a sample together with a few grains of ruby

chips, which worked as a pressure marker. The assembly

was then compressed using diamond anvils with a culet

diameter of 600 lm and powder X-ray diffraction experi-

ments were performed with increasing pressure. In the

radial diffraction experiments, a very thin X-ray beam of

about 30 lm in diameter with an energy of about 30 keV

(k = 0.4265 Å) was irradiated to the sample perpendicular

to the compression axis of the diamond anvil. Thickness

and diameter of the sample under pressure was measured

from the X-ray transmission image of the sample (Merkel

et al. 2002). For the post-perovskite sample, axial diffrac-

tion measurements were also made, in which the X-ray

beam was irradiated along the compression axis. Diffracted

X-rays were recorded using an imaging plate and a typical

exposure time was 10 min. Pressures were measured using

ruby fluorescence technique (Mao et al. 1986). Since the

powdered sample was directly compressed without using

pressure medium, relatively large pressure gradient was

formed from the center to the margin of the sample

chamber. The pressure gradient in the sample chamber was

680 Phys Chem Minerals (2007) 34:679–686
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estimated from a few ruby chips distributed in the sample

chamber. At the margin, the pressure was about 20% lower

compared to the center of the sample.

In the radial diffraction experiments, the observed

diffraction patterns were cut into every 10� of azimuthal

angle (d), which is an angle defined by the incoming and

diffracted X-ray, on the imaging plate and integrated

using Fit2D software (Hammersley 1997). The d = 0� and

90� correspond to the direction of compression axis and

perpendicular to it, respectively. The background was

subtracted from the diffraction profile and then individual

peaks were fitted by the Ps-Voigt function to determine the

peak intensity and the 2h value. The v, which is the angle

between the diffraction plane normal and the compression

axis, is calculated from

cos v ¼ cos h cos d

where (h) and (d) are the diffraction angle and azimuthal

angle, respectively (Merkel et al. 2002).

To evaluate the development of LPO with increasing

pressure, the intensity ratio of the horizontal direction

(Ihor = Id=0�) to the vertical direction (Iver = Id=90�) was

calculated. To reduce the effect of spotty pattern of the

data, the Ihor and Iver were obtained by integrating the

diffraction pattern of ±20� of each d value.

Results

Typical 2-D diffraction patterns of the post-perovskite

phase are shown in Fig. 1 and examples of the integrated

1-D profiles are shown in Figs. 2 and 3. Figure 2 was

obtained from the 6.5(1) GPa pattern of the radial dif-

fraction in Fig. 1a at d = 0� and 90� while Fig. 3 was

obtained by integrating the whole circle of axial diffraction

patterns at each pressure. In powder diffraction using high

energy X-ray, crystal planes nearly parallel to the incident

X-ray beam give strong peaks. Therefore the diffraction

profiles obtained in the axial diffraction geometry are very

similar to those in the radial diffraction geometry at

d = 90�, as is clear from Figs. 2 and 3. Because of the low

background of the X-ray transparent gasket used in the

present study and large scattering factors of the sample,

high quality X-ray diffraction patterns were obtained.

Variation of the diffraction intensity of selected indices as a

function of the v angle is shown in Fig. 4. The starting

sample originally had a needle-like morphology (Miyajima

et al. 2006) but it was ground into powder and no preferred

orientation was observed when loaded in the sample

chamber. By applying load, the sample chamber was

squeeze, the crystals were crushed further into fine grains,

and porosity became almost zero at 1 GPa. By increasing

the pressure, the sample chamber deformed so that it was

compressed along the compression axis while enlarged in

radial directions and an LPO was formed gradually. As

shown in Fig. 4c, a weak LPO was formed in the perov-

skite phase with the diffraction intensity of the (020) line

being slightly stronger at v = 90�. On the other hand, much

stronger LPO was formed in the post-perovskite phase.

Two diffraction lines, (020) and (040), showed high

intensities at v = 0� while two other lines, (002) and (110),

showed high intensities at v = 90�. This LPO was formed

gradually with increasing pressure by the deformation of

(a) 

(b) 

0.6(1)GPa 6.5(1)GPa 0.1MPa(recovered)

0.7(2)GPa 6.4(5)GPa

(002)

(020)

(040)

(110)

(002)

(020)

0.1MPa

Radial diffraction images

Axial diffraction images

Fig. 1 2-D diffraction images

of CaIrO3 with post-perovskite

(ppv) phase. Radial diffraction

images of CaIrO3 with ppv

phase at 0.6(1) GPa, 6.5(1) GPa

and 0.1 MPa (recovered),

respectively. The horizontal of

the diffraction image

corresponds to the compression

axis. b Axial diffraction images

of CaIrO3 with ppv phase at

0.1 MPa, 0.7(2) GPa and 6.4(5)

GPa, respectively. All patterns

were taken at room temperature
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the sample. Figure 5 shows the intensity ratio Ihor/Iver for

(020) as a function of sample thickness and it is clear from

this figure that the LPO was developed gradually by the

decrease of the sample thickness. In the present study, all

deformation experiments were made at room temperature

and the pressure was increased from 0.1 MPa to about

6 GPa. The sample was then recovered to ambient condi-

tion. The strong preferred orientation of the crystal formed

during compression remained unchanged even after

recovering the sample to 0.1 MPa.

In the radial diffraction experiments, the X-ray beam

was always positioned so that the beam passes through the

center of the sample. In axial diffraction experiments,

however, the measurements were repeated by shifting the

beam from the center to the margin of the sample. No

meaningful change of the diffraction pattern was observed

depending on the beam position. Moreover, at the margin

of the sample chamber, where one dimensional flow of the

sample towards the side of the gasket hole occurs, no

anisotropic feature of the Debye ring was observed relative

to the flow direction. In other words, no clear LPO was

observed within the plane perpendicular to the compression

axis.

The d-values of two independent peaks (020) and (002)

of the post-perovskite phase, measured in axial geometry,

are plotted in Fig. 6 as a function of pressure, which was

measured by ruby fluorescence technique. The change of
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Fig. 2 Integrated 1-D diffraction profiles of the post-perovskite phase

observed by radial diffraction at 6.5(1) GPa. a azimuthal angle of

d = 0� and b d = 90�. Diffraction peaks were labeled with miller

indices of the post-perovskite phase. The asterisk indicates the

diffraction from boron-epoxy gasket
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Fig. 3 Integrated 1-D diffraction profiles of post-perovskite phase

observed by axial diffraction with increasing pressure. Peaks were

labeled with miller indices of the post-perovskite phase

682 Phys Chem Minerals (2007) 34:679–686

123



Mesures de contraintes et orientations préférentielles 147

the b and c axes of the orthorhombic unit cell can be

directly calculated from these two peaks. It is clear from

Fig. 6 that the b-axis decreases monotonously with

increasing pressure while the c-axis increases first up to

about 2 GPa and then decreases with increasing pressure.

Discussion

The main purpose of the present study was to clarify the

LPO of CaIrO3 formed by plastic deformation under uni-

axial stress field. In the present experiments, a very large

plastic deformation of the sample chamber occurred during

compression. The height of the sample chamber decreased

to about 25% of the original value while the diameter of the

sample chamber increased to about 150%. In spite of such

large deformation, only a weak LPO was formed in the

perovskite sample, as shown in Fig. 4c.

On the other hand, much stronger LPO was observed in

the post-perovskite sample under the same uniaxial com-

pression. As shown in Fig. 4a and b, the intensities of (020)

and (040) are very strong at v = 0� while they are almost

zero at v = 90�. For (002) and (110) lines, on the other

hand, the intensities are very strong at v = 90� while they
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are almost zero at v = 0�. It should be noted that this strong

LPO was developed gradually with decreasing the sample

thickness, as shown in Fig. 5. The starting sample was a

compressed powder and has some porosity but the porosity

decreased rapidly at the initial stage of the compression and

became almost zero at 1 GPa. Therefore it is clear that

the observed LPO was formed by the plastic deformation,

not by the reorientation of the crystals during primary

compaction. The big difference between the results in the

perovskite and post-perovskite phases indicates that LPO

formed in the post-perovskite phase reflects a characteristic

feature of the post-perovskite structure.

The LPO found in the post-perovskite phase strongly

suggests that (010) was the dominant slip plane during

plastic deformation. When the (010) plane works as dom-

inant slip plane, it becomes parallel to the flow plane and

the b-axis is aligned to the compression axis while the

a-axis and the c-axis are aligned perpendicular to it. This

explains why the diffraction intensity of (020) and (040)

becomes strong at d = 0� while that of (002) becomes

strong at d = 90�. Although (200) diffraction is weak and

overlapped with other lines, (110) appeared strongly

around d = 90� because the b-axis is more than three times

longer than the a-axis and the direction normal to (110)

plane is close parallel to the a-axis.

When the post-perovskite phase was found in MgSiO3,

it was expected that the (010) plane would be the easiest

slip plane because the post-perovskite phase is basically a

sheet structure of BO6 octahedra stacked along the b-axis.

The octahedra are connected by edge and corner sharings

along the [100] and [001] directions, respectively, and the

post-perovskite phase is formed by stacking these layers

alternatively with a layer of A cations (Murakami et al.

2004; Iitaka et al. 2004). Results of ab-initio calculations

for dislocation cores, based on the Peierls–Nabarro model,

also supported that the (010) would be the easiest slip plane

in MgSiO3 post-perovskite phase at 120 GPa (Carrez et al.

2007). In the TEM observation of CaIrO3 with the post-

perovskite phase, Miyajima et al. (2006) found dislocations

with a Burgers vector b = [100] and\u0w[and concluded

that the potential slip system during plastic deformation

could be [100] (010). Yamazaki et al. (2006) made a simple

shear deformation experiments on CaIrO3 at 1 GPa and

1,173 K and observed that the a- and b-axes were aligned

in the shear direction and perpendicular to it, respectively.

Based on this observation, they concluded that dominant

slip system of CaIrO3 during plastic deformation is [100]

(010) and it is in good agreement with the dislocations

observed by Miyajima et al. (2006). Therefore our present

result for slip plane is in agreement with these two

experimental studies (Miyajima et al. 2006; Yamazaki

et al. 2006) and the results of ab-initio calculation (Carrez

et al. 2007). Although a strong LPO was formed with an

alignment of the (010) plane perpendicular to the com-

pression axis, we could not find clear direction in the (010)

plane for which the deformation glide occurs easily. This is

probably because in the present experiment the deforma-

tion was not a simple shear even at the margin of the

sample chamber.

The anomalous expansion of d (002) shown in Fig. 6

is interesting and can be understood from the anisotropy

of the crystal structure and uniaxial compression of the

present experiment. In this structure, IrO6 octahedra are

connected by corner sharing and are extended in the

direction of the c-axis, forming zigzag chains in the b–c

plane. Therefore, if the crystals are aligned so that the

b-axis is compressed uniaxially, it is likely that this zigzag

chain will be straightened and expanded along the c-axis.

Recently, Martin et al. (2007) made compression experi-

ments of CaIrO3 with post-perovskite structure from 0.3 to

29 GPa and, contrary to our result, reported smooth com-

pression of all axes. It is reasonable because they used

NaCl as a pressure transmitting medium and heated the

sample by laser after each increment of the pressure. In

such condition, uniaxial stress is annealed and no strong

preferred orientation of the crystal is formed.

Merkel et al. (2006, 2007) reported a completely dif-

ferent behavior of the post-perovskite phase using MgGeO3

and (Mg,Fe)SiO3. They observed that both (020) and (002)

diffraction intensities became strong in the direction per-

pendicular to the compression axis and concluded that the

planes close to (100) were aligned perpendicular to the

compression axis. Based on this result, and in agreement

with the first principles calculation by Oganov et al. (2005),

they concluded that planes near (100) or (110) were

dominant slip planes in the post-perovskite phase. It is

known that the slip system of olivine changes systemati-

cally with pressure, temperature, and strain rate (e.g.,

Zhang and Karato 1995). On the other hand, in the crystals

with a distinct layered structure such as graphite, hexagonal

BN and mica, the major slip system is the same, even

though the chemical composition is different. Therefore we

expected that the behavior of MgGeO3, (Mg,Fe)SiO3 and

CaIrO3 would be very similar. They are in fact found to be

quite different and there are several possibilities to explain

this difference.

It is known that even when the structure is the same, if

the relative size of the component ions is quite different,

the deformation mechanism can change as well (e.g.,

Poirier and Price 1999). The axial ratios of various oxides

with a post-perovskite phase reported so far are summa-

rized in Table 1. It is clear that the axial ratio of the

orthorhombic unit cell varies considerably depending on

the composition. The b/c ratio of CaIrO3 is larger compared

to other compounds which suggests that the b-axis of

CaIrO3 is elongated. This conclusion is reversed, however,
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if the b/a is compared, and it is difficult to conclude that the

(010) plane of CaIrO3 deforms easily because the b-axis is

relatively elongated compared to MgGeO3. It is known that

the b-axis of the post-perovskite phase is more compress-

ible than other axes (Murakami et al. 2004) and theoretical

calculations predict that elastic anisotropy changes with

compression (Tsuchiya et al. 2004). The present experi-

ments on CaIrO3 were made at a low pressure from

0.1 MPa to 6 GPa while those on MgGeO3 were made in a

pressure range from 104 GPa to 130 GPa (Merkel at al.

2006). Oganov et al. (2005) made a theoretical argument to

predict the slip plane in post-perovskite structure. If we

could compare the cC for (010) and (110) planes of CaIrO3,

where c and C are stacking fault energy and relevant shear

elastic constant, respectively, it would be quite useful to

test their theory. At this moment, however, the calculation

is difficult because of the lack of data for the elastic

constants.

Another possibility to explain the difference between

our results and those of Merkel et al. (2006, 2007) is that

the LPO in MgGeO3 and (Mg,Fe)SiO3 which they reported

may not be related to the plastic deformation of the sample.

They reported that a strong LPO was formed before the

‘‘deformation experiment’’. Instead, it was formed when

the starting material [orthopyroxene-type MgGeO3 and

(Mg,Fe)SiO3] was transformed into post-perovskite phase

by heating it above 100 GPa. The LPO formed by this

process remains unchanged during the subsequent com-

pression to higher pressures. This is conceivable because

the thickness of the sample in diamond anvil is very thin at

100 GPa and deformation during the subsequent pressure

increase is expected to be very small.

When the powdered sample is directly compressed at

room temperature by an opposed anvil apparatus, the

sample deforms under strong uniaxial stress field and the

LPO is formed. But when the sample is transformed to a

high-pressure phase by heating, the differential stress drops

considerably (Uchida et al. 1996). Therefore, the LPO

observed in MgGeO3 and (Mg,Fe)SiO3 could be related to

the LPO of the starting material and to the transition

mechanism from the starting material to the post-perov-

skite phase. Alternatively, it could be related to the lower

differential stress or thermal annealing, as Santillan et al.

(2006) have reported. They compressed Mn2O3 using

diamond anvil and have reported that the post-perovskite

type phase formed by their experiment had LPO. When it

was formed at room temperature, the dominant plane per-

pendicular to the compression axis was (010) plane but it

has changed into (100) and (110) planes after thermal

annealing.

Recent theoretical studies for post-perovskite phase of

MgSiO3 suggested that seismic anisotropy observed in the

D@ layer can be well explained by the slip plane of (110),

rather than (010), because it explains by a much smaller

degree of preferred orientation (Oganov et al. 2005) and

the experimental results of MgGeO3 (Merkel et al. 2006)

and (Mg,Fe)SiO3 post-perovskite (Merkel et al. 2007) are

in agreement with this theoretical prediction. On the other

hand, present study together with the work by Yamazaki

et al. (2006) show quite different LPO and indicates that it

is dangerous to discuss the Earth’s interior based on the

above assumption. Because, very recent theoretical calcu-

lation (Carrez et al. 2007) suggests that (010) is the easiest

slip plane, contrary to the results of Oganov et al. (2005).

Moreover, experimentally obtained LPOs in MgGeO3 and

(Mg,Fe)SiO3 were formed from the beginning of formation

of the post-perovskite phases and these samples have

experienced no large deformation. Therefore, in order to

make reliable arguments about the D@ layer of the Earth, it

is necessary to develop a new experimental methods or

devices (e.g., Ma et al. 2006) for ‘‘large’’ deformation

experiments of silicate materials expected to exist in the

Earth. Alternatively, more systematic studies on the model

material are required to clarify the slip system in post-

perovskite structure by changing various parameters such

as pressure, temperature, chemical composition and strain

rate.
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Composition a (Å) b (Å) c (Å) b/a c/a b/c Condition Reference

MgSiO3 2.456 (1) 8.042 (1) 6.093 (1) 3.27 2.48 1.31 120 GPa–300 K Murakami et al. (2004)

MgGeO3 2.613 (1) 8.473 (3) 6.443 (3) 3.24 2.46 1.31 78 GPa–300 K Hirose et al. (2005)

MnGeO3 2.703 (1) 8.921 (3) 6.668 (1) 3.30 2.46 1.33 72 GPa–1700 K Tateno et al. (2006)

CaIrO3 3.147 (1) 9.863 (2) 7.299 (1) 3.13 2.31 1.35 1 atm–300 K This study

Phys Chem Minerals (2007) 34:679–686 685

123



150 Articles

Hammersley AP (1997) Fit2D: an introduction and overview.

ESRF97HA02T, ESRF Grenoble, France

Hirose K, Fujita Y (2005) Clapeyron slope of the post-perovskite

phase transition in CaIrO3. Geophys Res Lett 32:L13313. doi:

10.1029/2005GL023219

Hirose K, Kawamura K, Ohishi Y, Tateno S, Sata N (2005) Stability

and equation of state of MgGeO3 post-perovskite phase. Am

Mineral 90:262–265

Iitaka T, Hirose K, Kawamura K, Murakami M (2004) The elasticity

of the MgSiO3 post-perovskite phase in the Earth’s lowermost

mantle. Nature 430:442–445

Lay T, Williams Q, Gamero EJ (1998) The core-mantle boundary

layer and deep earth dynamics. Nature 392:461–468

Ma Y, Selvi E, Levitas VI, Hashemi J (2006) Effect of shear strain on

the a-e phase transition of iron: a new approach in the rotational

diamond anvil cell. J Phys Condens Matter 18:S1075–S1082

Mao HK, Xu J, Bell PM (1986) Calibration of ruby pressure gauge to

800 kbar under quasi-hydrostatic conditions. J Geophys Res

91:4673–4676

Martin CD, Chapman KW, Chupas PJ, Prakapenka V, Lee PL, Shastri

SD, Parise JB (2007) Compression, thermal expansion, structure,

and instability of CaIrO3, the structure model of MgSiO3 post-

perovskite. Am Mineral 92:1048–1053

Merkel S, Yagi T (2005) X-ray transparent gasket for diamond anvil

cell high pressure experiments. Rev Sci Instrum 76:046109

Merkel S, Wenk HR, Shu J, Shen G, Gillet P, Mao HK, Hemley RJ

(2002) Deformation of polycrystalline MgO at high pressures

of the lower mantle. J Geophys Res 107:2271. doi:

10.1029/2001JB000920

Merkel S, Kubo A, Miyagi L, Speziale S, Duffy TS, Mao HK, Wenk

HR (2006) Plastic deformation of MgGeO3 post-perovskite at

lower mantle pressures. Science 311:644–646

Merkel S, McNamara AK, Kubo A, Speziale S, Miyagi L, Meng Y,

Duffy TS, Wenk HR (2007) Deformation of (Mg,Fe)SiO3 post-

perovskite and D@ anisotropy. Science 316:1729–1732

Miyajima N, Ohgushi K, Ichihara M, Yagi T, Frost DJ (2006) Crystal

morphology and dislocation microstructure of CaIrO3: a TEM

study of an anologue of the MgSiO3 post-perovskite phase.

Geophys Res Lett 33:L12302. doi:10.1029/2005GL025001

Murakami M, Hirose K, Kawamura K, Sata N, Ohishi Y (2004) Post-

perovskite phase transition in MgSiO3. Science 304:855–858

Oganov AR, Ono S (2004) Theoretical and experimental evidence for

a post-perovskite phase of MgSiO3 in Earth’s D@ layer. Nature

430:445–448

Oganov AR, Martonak R, Laio A, Raiteri P, Parrinello M (2005)

Anisotropy of Earth’s D@ layer and stacking faults in the MgSiO3

post-perovskite phase. Nature 438:1142–1144

Poirier JP, Price GD (1999) Primary slip system of e-iron and

anisotropy of the Earth’s inner core. Phys Earth Planet Inter

110:147–156

Ritsema J, Lay T, Garnero EJ (1998) Seismic anisotropy in the

lowermost mantle beneath the Pacific. Geophys Res Lett

25:1229–1232

Santillan J, Shim SH, Shen G, Prakapenka VB (2006) High-pressure

phase transition in Mn2O3: application for the crystal structure

and preferred orientation of the CaIrO3 type. Geophys Res Lett

33:L15307. doi:10.1029/2006GL026423

Tsuchiya T, Tsuchiya J, Umemoto K, Wentzcovitch RM (2004)

Elasticity of post-perovskite MgSiO3. Geophys Res Lett

31:L14603. doi:10.1029/2004GL020278

Tateno S, Hirose K, Sata N, Ohishi Y (2006) High-pressure behavior

of MnGeO3 and CdGeO3 perovskites and the post-perovskite

phase transition. Phys Chem Miner 32:721–725

Uchida T, Funamori N, Ohtani T, Yagi T (1996) Differential stress

of MgO and Mg2SiO4 under luniaxial stress field. In: High

pressure science and technology, World Scientific, London, pp

183–185

Yamazaki D, Yoshino T, Ohfuji H, Ando J, Yoneda A (2006) Origin

of seismic anisotropy in the D’’ layer inferred from shear

deformation experiments on post-perovskite phase. Earth Planet

Sci Lett 252:372–378

Zhang S, Karato S (1995) Lattice preferred orientation of olivine

deformed in simple shear. Nature 375:774–777

686 Phys Chem Minerals (2007) 34:679–686

123



Mesures de contraintes et orientations préférentielles 151
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a b s t r a c t

Radial X-ray diffraction measurements are performed on CaSiO3perovskite between 25.5 and 49.3 GPa

at 300 K. The Rietveld method is used to extract quantitative texture and stress information. We find

some mismatches in lattice strains evaluated in the Rietveld method with variations of d-spacings for

2 0 0 and 2 1 0 over-estimated while those for 1 1 1 are under-estimated and attribute it to the effect of

plastic deformation. The differential stress supported by CaSiO3 perovskite in this study is approximately

twice as large as previous measurements and the ratio of differential stress to shear modulus t/G varies

between 5.4% and 7.2% between 25 and 49 GPa. The sample displays preferred orientation of the {1 0 0}
planes perpendicular to the compression direction, compatible with slip on {1 1 0}〈1 1̄ 0〉.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

CaSiO3 perovskite is believed to be the major calcium rich phase

of the transition zone and lower mantle (Fiquet, 2001; Ricard et al.,

2005). Based on laboratory experiments, thermodynamical models,

and considerations on the chemical composition of the mantle it is

thought to be the third most abundant mineral in the lower mantle,

accounting for about 7 wt% of the average composition and up to

20 wt% in subducted slabs (Fiquet, 2001; Ricard et al., 2005; Perrillat

et al., 2006). Despite its importance, little is know about this mate-

rial and its mechanical properties, in large because CaSiO3is not

quenchable to ambient conditions. Previous studies on both the

stable structure of CaSiO3perovskite and its elastic properties have

yielded varied results. Early experimental studies reported a cubic

unit cell (Liu and Ringwood, 1975; Mao et al., 1989; Tamai and

Yagi, 1989). However, first principles calculations predict that lower

symmetry, tetragonal or even orthorhombic, structures should be

stable (Stixrude et al., 1996; Akber-Knutson et al., 2002; Caracas

et al., 2005; Adams and Oganov, 2006; Li et al., 2006b). The calcu-

lated structural distortions and energy differences between these

structures are small and it is therefore difficult to discern the sta-

∗ Corresponding author. Tel.: +33 3 20 43 46 86; fax: +33 3 20 43 65 91.

E-mail address: sebastien.merkel@univ-lille1.fr (S. Merkel).

ble structure (Caracas et al., 2005). Recently, using high-resolution

synchrotron X-rays, Shim et al. (2002) reported a lower symme-

try structure, leading them to propose a tetragonal unit cell. This

result was later confirmed by further experimental work (Ono et

al., 2004; Kurashina et al., 2004). According to the latest results,

the stable structure of CaSiO3perovskite under ambient tempera-

ture is tetragonal with a phase transition to a cubic structure above

490–580 K in the 27–72 GPa pressure range (Komabayashi et al.,

2007). Studies of the elastic constants of CaSiO3 are limited to the-

oretical work (Karki and Crain, 1998; Li et al., 2006a) and to date no

direct measurements of the elastic constants have been published.

The mechanical properties of high-pressure minerals can be

studied using radial X-ray diffraction in the diamond anvil cell

(DAC) (Merkel et al., 2002). In those experiments, a polycrystalline

sample is confined under non-hydrostatic stress in a DAC. The elas-

tic deformation of the crystals is expressed in changes in d-spacings

measured on the diffraction images which can be used to estimate

the differential stress supported by the sample and provide a lower

bound to the yield strength. Plastic deformation by dislocation glide

and mechanical twinning produces rotations of crystals and lattice

preferred orientation (LPO) which causes intensity variations along

the Debye rings. This can be used to infer slip systems and to under-

stand the development of aggregate anisotropy. Radial diffraction

studies on the strength of CaSiO3 between 19 and 65 GPa have

been performed before (Shieh et al., 2004) but no texture analysis

0031-9201/$ – see front matter © 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.pepi.2008.05.018
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was made. In a previous paper (Miyagi et al., 2006), we presented
texture and stress analysis using the Rietveld method with data
measured on a single image at 49.3 GPa. Here, we report the full
analysis of this experiment with results on the differential stress
and development of LPO in CaSiO3 deformed in a DAC from 25.5 to
49.3 GPa.

2. Experiment

Starting material of CaSiO3 wollastonite, ground to a fine pow-
der and mixed with amorphous boron to serve as laser absorber,
was loaded into an 80 �m hole in an amorphous boron-epoxy gas-
ket supported by a kapton confining ring (Merkel and Yagi, 2005).
Starting thickness of the amorphous boron-epoxy insert was 40 �m
with an outer diameter of 400 �m. The sample was compressed
with 350 �m diameter culet flat diamonds in a laser heated dia-
mond anvil cell with large openings to allow radial diffraction. The
starting material was initially compressed to a pressure of about
20 GPa. At this pressure, the phase transformation to the perovskite
phase was induced by single-sided heating with a focused yttrium-
aluminum-garnet laser.

Pressure was then increased in six steps up to 49.3 GPa at 300 K.
Angle-dispersive X-ray diffraction spectra were collected in radial
geometry with a 2000 × 2000 pixels Rigaku R-AXIS IV imaging
plate equipped with online reader at beamline BL10XU of SPring-8
using a monochromatic incident X-ray beam (wavelength 0.412 Å)
of 20 �m in diameter. The incident X-ray beam was perpendicular
to the compression direction and exposure time was about 15 min.
Sample to detector distance (447.6 mm) and detector tilt were cali-
brated with a CeO2 standard taken prior to the experiment. During
the reading process in this detector, the imaging plate is rotated
within the detector. This results in a shift of the position of the beam
center between exposures. In order to accommodate this shift, the
direct beam was exposed briefly at the beginning of each exposure
and used for beam center calibration.

3. Results

A total of seven diffraction images were taken at 20, 25.5, 29.5,
32.1, 34.8, 43.7, and 49.3 GPa. Of these seven patterns two were
unusable due to poor diffraction quality (20 and 34.8 GPa) and
were discarded. Representative diffraction spectra are shown in
Fig. 1. They show considerable variations in peak position with
azimuth angle ı and systematic intensity variations with ı. Vari-
ations of peak positions with orientation are related to stress while
the variations of diffraction intensity are indicative of LPO in the
sample.

Diffraction images were quantitatively analyzed for texture and
lattice strains using the Rietveld method as implemented in the
software package MAUD (Lutterotti et al., 1999). Details of the anal-
ysis are given in Miyagi et al. (2006) and consequently only relevant
features will be discussed here.

Data was fit using a cubic Pm3̄m structure (Finger and Hazen,
1991). Although there may be some minor peak splitting, data qual-
ity was too poor to resolve any deviation from the cubic structure,
and the data could not be fitted with a tetragonal or orthorhombic
structure. The hydrostatic lattice parameter a obtained from the
refinement was converted to pressures using a third-order Birch-
Murnaghan equation of state for CaSiO3 perovskite and values for
K0 and K ′

0 from Shim et al. (2000).
The variations of peak positions with azimuth were fit using the

single crystal elastic constants of Karki and Crain (1998) and the
Moment Pole Stress model (Matthies, 1996; Matthies et al., 2001)
assuming a 50% Reuss condition. In this analysis, we assumed that

Fig. 1. Diffraction spectra extracted from the diffraction pattern at 49.3 GPa for
azimuth angles ı between 0◦ and 360◦ with 5◦ intervals. Diffraction lines from the
CaSiO3 perovskite sample are indicated on the figures. Variations of diffraction inten-
sities and peak positions with orientation are related to LPO and stress in the sample,
respectively. Unlabelled peak at 2� ≈ 13.5◦ and ı = 360◦ is a diamond spot.

the deviatoric component of the stress applied to the sample was

� =

[
�11 0 0
0 �22 0
0 0 �33

]
(1)

with �11 = �22, and �33 = −2�11. The differential stress component
t was then calculated using

t = �33 − �11. (2)

For comparison with other experiments, we also calculated the
angle  between the maximum stress direction and the normal to
the diffracting plane (e.g. Singh et al., 1998) using

cos = cos � cos ı, (3)

where � is the diffraction angle and ı is the azimuth on the image
plate.

After the first calculation of the stress model, we noticed sys-
tematic mismatches in peak positions for the calculated model and
the data, such that the azimuthal variation of some peaks were
over-estimated while others were under-estimated. For instance,
Fig. 2 presents a comparison between the d-spacings obtained
using single peak fitting techniques and those recalculated in the
Rietveld refinement at 49.3 GPa. The d-spacings for the 2 0 0 lines
are over-estimated for planes parallel to the compression direction
( ≈ 90◦) while those for 1 1 1 are under-estimated at this same
orientation. Therefore, we performed new calculations including a
refinement of either C12 or C44. Both types of refinements equally
improved the fit and the results will be presented for the three
cases: refinement of t with no refinement of elastic moduli, refine-
ment of t and C12, and refinement of t and C44. In all cases,
refinements of t with no elastic moduli provided values between
those obtained with C12 or C44 refined. Therefore, the two stress
values obtained C12 or C44 refined were used to bound the uncer-
tainty in our analysis. We find that the differential stress supported
by the sample increases continuously with pressure from a value of
12.1 (±0.8) GPa at 25.5 GPa to 19.0 (±1.5) GPa at 49.3 GPa. Table 1
and Fig. 3 summarize these results.

LPO were fit using the E-WIMW algorithm available in MAUD.
Initially, no symmetry was imposed and the texture was refined
with the other parameters. Textures were found to be approxi-
mately axially symmetric about the compression direction (Miyagi
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Fig. 2. d-Spacings vs. angle between the diffracting plane normal and the maximum stress axis at 49.3 GPa. Open circles were extracted from the diffraction spectra using

single peak fitting. Thick solid lines is recalculated from the Rietveld refinement with C12 or C44 refined. Thin dashed lines are fit to the results at 52 GPa from Shieh et al.

(2004). Differences between refinements with no Cij refined, C12 refined, or C44 refined can not be seen at this scale. White and dark arrows indicate orientations where the

peak positions are under- and over-estimated, respectively.

Table 1

Pressure, corresponding elastic moduli C11 , C12 , and C44 (Karki and Crain, 1998), ODF minima and maxima, and differential stresses t fitted to the data

P C11 C12 C44 Min Max t C12 refined C44 refined 〈t〉

t C12 t C44

25.5 554 234 274 0.77 1.38 12.3 11.3 275 12.9 314 12.1 ± 0.8

29.5 583 245 280 0.70 1.43 12.9 10.7 325 14.2 362 12.4 ± 1.7

32.1 601 251 285 0.77 1.53 14.7 14.8 249 14.7 283 14.7 ± 0.1

43.7 681 280 303 0.78 1.65 17.7 18.9 230 16.8 272 16.8 ± 1.0

49.3 712 292 311 0.71 1.61 18.8 20.6 221 17.5 264 17.5 ± 1.5

Table also includes results for differential stresses and elastic moduli for refinements including C12 or C44 . 〈t〉 is the final estimate of differential stress based on the results

obtained for various hypothesis. Pressures, elastic moduli, and stresses are expressed in GPa, ODF minima and maxima in m.r.d. Note that the refined elastic moduli C12 or

C44 are effective moduli which reproduce the X-ray data and do not directly correspond to single crystal elastic moduli.

Fig. 3. Differential stress measured in CaSiO3 perovskite. Squares are data from this

study calculated using the elastic moduli of Karki and Crain (1998), with no refine-

ment of elastic moduli (black squares), refining C12 (white squares), and refining C44

(grey squares). Circles are the results from Shieh et al. (2004). Solid lines are guide

to eyes through the data.

et al., 2006). The orientation distribution functions (ODF) were

therefore reset and fit with cylindrical symmetry about the com-

pression direction imposed. Textures are moderate with the ODF

maxima increasing from 1.38 m.r.d. at 25.5 GPa to 1.61 m.r.d.

at 49.3 GPa (Table 1). Texture is conveniently represented by an

inverse pole figure of the compression direction which shows the

relation between crystallographic directions and the compression

direction. The inverse pole figures for all pressures are shown in

Fig. 4. In all cases, we find a 〈1 0 0〉 maximum with a shoulder

towards 〈1 1 0〉 and a depleted region around 〈1 1 1〉.

4. Discussion

4.1. Structure

Data was fit using a cubic Pm3̄m structure although first-

principles calculations and recent experiments suggest a lower

symmetry (Stixrude et al., 1996; Akber-Knutson et al., 2002;

Caracas et al., 2005; Adams and Oganov, 2006; Li et al., 2006b; Shim

et al., 2002; Ono et al., 2004; Kurashina et al., 2004; Komabayashi et

al., 2007). We did investigate the effect of various non-cubic struc-

tures on the refinement, P4/mmm, I4/mcm, Pnma, and Pbnm. For
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Fig. 4. Inverse pole figure of the compression direction illustrating the LPO in cubic CaSiO3perovskite compressed in a diamond anvil cell for all pressures measured in this

study. Equal area is used and linear contours are expressed in multiples of random distribution.

all cases, it was clear that the cubic structure provided the best

match to the data. Consequently, the Pm3̄m structure was retained

and used for the refinements. As mentioned before, distortions

between the tetragonal and cubic structure are small and it under-

goes a phase transition to a cubic structure at higher temperature

(Komabayashi et al., 2007). Moreover, the symmetry of the elastic

moduli calculated using first-principles methods is consistent with

cubic symmetry (Li et al., 2006a). Therefore, it is relevant to use a

cubic reference frame to understand and model the plastic behavior

of this phase in the mantle.

4.2. Stress

We find some mismatches in peak positions between the cal-

culated model and the data, such that the azimuthal variation of

some peaks are over-estimated while others were under-estimated

(Fig. 2). Better results are obtained by including a fit of the shear

related constants C12 and C44, with both refinements equally

improving the fit. Still, it can be seen that the amplitude of the

variations of d-spacings is not fully accounted for (e.g. 1 1 1, 2 0 0,

2 1 0).

There are several reasons to account for these mismatches. First,

we assumed a cubic symmetry and this could have an effect on the

stress model. Second, errors in the calculations of elastic moduli

we used (Karki and Crain, 1998) could also affect the stress model.

However, the variations we observe in the refinement on the elas-

tic moduli (up to 20% for C12 and up to 12% for C44) are larger than

what is usually expected for first-principles calculations on sili-

cates. Third, it has been shown that errors in the calculation of stress

models can occur if there is a small component of shear within

the sample or if the axis of maximum compression deviates from

the diamond axis (Merkel, 2006). It is most likely that those mis-

matches are due to yield strength anisotropy. It has been shown that

stresses deduced using X-ray diffraction on materials that deform

plastically can be drastically different when using different lattice

planes (Weidner et al., 2004; Li et al., 2004; Merkel et al., 2006). In

particular, Weidner et al. (2004) and Li et al. (2004) demonstrated

that, for MgO, stresses deduced from 2 0 0 would be significantly

smaller than those deduced from 1 1 1. This is in agreement with our

measurements on CaSiO3 perovskite where we over-estimate the

amplitude of the variations of d-spacings for 2 0 0 and 2 1 0 while

those for 1 1 1 are under-estimated.

Plastic deformation induces errors in X-ray stress measurements

that can be difficult to account for. In this study, we decided to use

the average stress obtained from the refinements using fixed elas-

tic moduli, with C12 refined, and with C44 refined. The difference

between the values we obtained are on the order of 10% and were

used to estimate an error on our measurements (Table 1). In any

case, mismatches in the stress model may also induce errors in tex-

ture calculation and thus is important to remedy prior to extraction

of texture information (Miyagi et al., 2006). It should be noted that

the values of C12 and C44 refined with the X-ray data are empirical

and represent effective elastic moduli that can fit our data. They are

not directly related to single crystal elastic moduli (Li et al., 2004;

Merkel et al., 2006; Antonangeli et al., 2006).

4.3. Strength

By the von Mises yield criterion, the measured differential stress

supported by a sample provides a lower bounds estimate for the

yield strength. For the case of axial compression this is t = �3 − �1 ≤

�y, where �y is the yield strength. If plastic deformation is achieved

then the yield strength is equal to the maximum differential stress.

Yield strength in a polycrystal depends on the available slip systems,

their critical resolved shear stress (CRSS), and as well as the texture

of the sample. Hardening or an increase in the yield strength can

also result if the dislocation density of the sample increases (Kocks

and Mecking, 2003). It is important to note that strain, strain rate,

and pressure cannot be decoupled in our experiment and we must

use a general definition of yield strength.

The values of differential stress supported by our sample are

about twice as large as those of Shieh et al. (2004) (Fig. 3) and this

observation is independent of the assumption used to deduce stress

from the X-ray data, as our data shows significantly more varia-

tions of d-spacings with orientation (Fig. 2). In DAC experiments,

the plastic yield limit is not always reached between the tips of

the diamonds (Merkel et al., 2000). Therefore, lower values of dif-

ferential stress may be obtained. Hardening due to an increase in

dislocation density may also result in a higher yield strength and

may affect the value of t. In our experiment, the sample was mixed

with boron, while Shieh et al. (2004) added platinum to the sam-

ple. Platinum may have acted as a softer phase and accommodated

some of the strain. It may also coat grains and promote deforma-

tion mechanisms such as grain boundary sliding that would prevent

CaSiO3 from reaching its yield point. Choice of gasket material may

also affect the value of t, as a harder gasket material may support

more stress, preventing the sample from reaching the yield point.

In order to compare the strengths of a range of materials, the

dimensionless quantity t/G is often used, where t is the differential

stress and G is the shear modulus (e.g. Ruoff, 1973; Chua and Ruoff,

1975). In general, this ratio tends to be in the 3–7% range for silicates

and less than 3% for metals. Our value for CaSiO3 perovskite is 5.4%
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Fig. 5. Ratio of differential stress to shear modulus t/G as a function of pressure

obtained in radial diffraction experiments in the DAC. Solid squares are measure-

ments on CaSiO3 perovskite from this study, open squares results for (Mg,Fe)SiO3

perovskite (Merkel et al., 2003), open triangles results for MgO (Merkel et al., 2002),

grey diamonds results for olivine (Uchida et al., 1996), open diamonds results for

ringwoodite (Kavner and Duffy, 2001), and open circles results for SiO2(Shieh et al.,

2002). Lines are guides to the eyes through the experimental data.

at 25.5 GPa and becomes as high as 7.2% at 49.3 GPa, in the range of

values obtained for other silicates and oxides (Fig. 5).

4.4. Texture

Texture strength increases with pressure and shows no indica-

tion of saturation with increasing stress. No change in texture type

with pressure increase is observed. In order to interpret our experi-

mental textures, we use the viscoplastic self-consistent polycrystal

plasticity model (Lebensohn and Tomé, 1993) to simulate texture

evolution in cubic perovskite polycrystal deformed by slip under

axial compression. The experimental texture pattern of CaSiO3 per-

ovskite in axial compression is similar to textures obtained for

MgO (Merkel et al., 2002), a cubic minerals with low temper-

ature slip systems of {1 1 0}〈1 1̄ 0〉. This is the same slip system

that has been proposed for cubic perovskites at low tempera-

ture (Poirier et al., 1989) and observed at high temperature in

CaTiO3(Besson et al., 1996) and SrTiO3(Wang et al., 1993). Conse-

quently, we chose to investigate deformation on these slip systems,

as well as other slip systems common in cubic minerals. These

include {1 1 1}〈1 1̄ 0〉 (the dominant slip system in minerals with fcc

structure), {1 1 0}〈1 1̄ 1〉 (common in bcc structures), {1 1 0}〈1 1̄ 0〉

(MgO), {1 0 0}〈0 1 1〉 (galena), and {1 0 0}〈0 0 1〉 (pyrite). We find that

only simulations that favor slip on {1 1 0}〈1 1̄ 0〉 produce textures

that are very similar to the experimental results. We conclude that

{1 1 0}〈1 1̄ 0〉 is most likely the dominant slip plane in pseudo-cubic

CaSiO3 perovskite.

This is in agreement with previous observations that the texture

pattern for CaSiO3 is compatible with dominant slip on {1 1 0}〈1 1̄ 0〉

(Miyagi et al., 2006; Fig. 5). It is interesting to note that, for this sys-

tem, each slip plane and direction has an equivalent and opposite

slip plane and direction e.g. (1 1 0)[1 1̄ 0] and (1 1̄ 0)[1 1 0]. These

equivalent systems have the same Schmid factor and their spins

cancel each other. As a result texture does not develop due to shears

on this slip system. Slip on this system does, however, induce an

orientation dependent change in grain shape which leads to shape

dependent reorientation. As texture develops due to grain shape

changes, textures are weak at low strains but, at higher strains,

grains become more elongated and stronger textures can develop

(Wenk, 2000). Indeed, this is consistent with the moderate texture

strengths observed here (up to 1.7 m.r.d.) since our deformation

geometry only allows an approximate 20% strain (Wenk et al.,

2006).

5. Conclusions

We performed radial X-ray diffraction on CaSiO3 perovskite

under non-hydrostatic loading between 25.5 and 49.3 GPa and

analysed the data using the Rietveld method, as implemented in

the software MAUD (Lutterotti et al., 1999). We investigated the

effect of various non-cubic structures on the refinement and found

that, for all cases, the cubic structure Pm3̄m provided the best

match to the data. It should be noted, however, that our sample

was highly stressed and that the data quality could have been too

poor to resolve the small distortions between the proposed cubic

and tetragonal structures (Shim et al., 2002; Komabayashi et al.,

2007).

We find some mismatches between lattice strains evaluated in

MAUD and the experimental data, with variations of d-spacings

for 2 0 0 and 2 1 0 over-estimated while those for 1 1 1 are under-

estimated. Better results are obtained by including a fit of the shear

related constants C12 or C44. This is attributed to the effect of plas-

tic deformation on lattice strains, as previously noticed in MgO

(Weidner et al., 2004; Li et al., 2004) and cobalt (Merkel et al., 2006).

The differential stress supported by CaSiO3 perovskite in this

study is approximately twice as large as previous measurements

(Shieh et al., 2004). The ratio of differential stress to shear modu-

lus t/G varies between 5.4% and 7.2% between 25 and 49 GPa. This

highlights the importance of insuring that samples reach the plastic

yield point when deducing the yield strength of a material. It also

indicates that the addition of a second phase, amorphous boron in

this work and platinum in that of Shieh et al. (2004), may have a

significant effect on measurements of strength.

Our results indicate that, at high pressure and room temper-

ature, significant texture can be induced in CaSiO3 perovskite.

We obtained texture patterns with a 〈1 0 0〉 maximum, a shoulder

towards 〈1 1 0〉, and a depleted region around 〈1 1 1〉. Comparison

with visco-plastic self-consistent modeling indicates that this tex-

ture is most likely due to dominant slip on {1 1 0}〈1 1̄ 0〉.
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alkene precursors. Moreover, if a precursor

with more than one C0C bond were used,

two or more stereogenic centers could be intro-

duced in one step with absolute stereocontrol.

Because (E)- and (Z)-olefins are converted to

products of opposite configuration, the rela-

tive stereochemistry can be controlled by prop-

er choice of the geometry of the individual

C0C bonds.

In this way, to take one example, the stereo-

centers in the terpenoid side chain of tocopher-

ols could be introduced stereoselectively (Fig.

3), providing an attractive route to these bio-

logically and economically important fat-soluble

antioxidants, which are the main components of

vitamin E. Despite considerable effort in various

laboratories, no commercially viable stereose-

lective total synthesis of (RRR)-tocopherols has

been developed so far (25).

To demonstrate the potential of our catalysts

for transformations of this type, we studied the

hydrogenation of g-tocotrienyl acetate 16 (Fig.

4). In this reaction, which involves hydrogen-

ation of three C0C bonds, two new stereogenic

centers are created and, therefore, four stereo-

isomers can be formed. Because the two pro-

chiral double bonds are both (E)-configured,

the sense of asymmetric induction at the two

reaction sites is expected to be the same, lead-

ing either to the (RR)- or (SS)-configuration

depending on the absolute configuration of

the catalyst. The influence of the stereogenic

center present in the substrate is very weak,

as shown by hydrogenation with an achiral

iridium catalyst Eligand 2 (R1 0 H, R2 0 Ph);

face selectivity, 59:41 and 52:48 at the C(3¶)

and C(7¶) double bond, respectively^. Deter-

mination of the isomeric composition of the

hydrogenation product is difficult, but a

suitable method has been described that in-

volves GC analysis after conversion of the

acetate 17 to the corresponding methyl ether

(26, 27).

We screened various iridium catalysts de-

rived from ligands of types 2 to 6 (Fig. 1) in the

hydrogenation of tocotrienol derivatives (28).

Whereas oxazoline-based ligands showed disap-

pointingly low stereoselectivities, imidazolines 4

and pyridine-phosphinites 6 gave encouraging

results. The most efficient ligand in the imidaz-

oline series was derivative (R)-15, producing a

90:5:4:1 mixture of (RRR)-, (RRS)-, (RSR)-, and

(RSS)-tocopheryl acetates (21, 22). However, the

best stereoselectivity was achieved with the irid-

ium catalyst derived from pyridine-phosphinite

ligand 11, which gave almost exclusively the

natural (RRR)-isomer of g-tocopheryl acetate 17

(29), thus providing a highly effective stereose-

lective route to this important class of bioactive

antioxidants. Previously developed strategies for

the stereoselective synthesis of vitamin E com-

pounds (25) use a stepwise approach for the

introduction of the stereogenic centers in the side

chain. Here, the natural RR configuration is es-

tablished in a single step.
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Plastic Deformation of
MgGeO

3
Post-Perovskite at

Lower Mantle Pressures
Sébastien Merkel,1* Atsushi Kubo,2 Lowell Miyagi,1 Sergio Speziale,1 Thomas S. Duffy,2

Ho-kwang Mao,3 Hans-Rudolf Wenk1

Polycrystalline MgGeO3 post-perovskite was plastically deformed in the diamond anvil cell
between 104 and 130 gigapascals confining pressure and ambient temperature. In contrast with
phenomenological considerations suggesting (010) as a slip plane, lattice planes near (100)
became aligned perpendicular to the compression direction, suggesting that slip on (100) or
(110) dominated plastic deformation. With the assumption that silicate post-perovskite behaves
similarly at lower mantle conditions, a numerical model of seismic anisotropy in the D¶¶ region
implies a maximum contribution of post-perovskite to shear wave splitting of 3.7% with an
oblique polarization.

T
he D¶¶ region, the layer above the core-

mantle boundary (CMB), exhibits a seis-

mic discontinuity, substantial seismic

anisotropy, and considerable lateral hetero-

geneity, and it plays a key role in our under-

standing of the deep Earth (1–4). Seismic

anisotropy in D¶¶ could reflect lattice preferred

orientation (LPO) of minerals (5) or alignment

of structural elements, including layers of melt

(6, 7). LPO patterns depend on deformation

mechanisms, and interpretation of D¶¶ anisot-

ropy has been ambiguous because of the ab-

sence of any experimental constraints on such

properties. Here, we report results of an ex-

perimental study of deformation of MgGeO
3

post-perovskite (pPv) at high pressures.

Post-perovskite is the stable phase of

MgSiO
3
at D¶¶ pressures and is likely to be one

of the main constituents of D¶¶ (8–14). First-
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principles calculations indicate that it has a

strong elastic anisotropy (9, 15–17), and ex-

perimental results show that the b axis is more

compressible than the a and c axes (8). On the

basis of structural considerations, pPv has been

suggested to form platy crystallites parallel to

(010) (fig. S1) or needle-like crystallites in the

direction of E100^, and (010) has been suggested

as the dominant slip plane (8, 9, 15). In con-

trast, first-principles calculations indicate that

C
66

is larger than C
44
and C

55
, which is incom-

patible with the concept of a layered structure

parallel to (010) (16). More recent calculations

have also identified a family of polytypes

intermediate between Pv and pPv and suggest

(110) as a dominant slip plane (18).

We deformed a sample of polycrystalline

MgGeO
3
-pPv plastically in the diamond anvil

cell between 104 and 130 GPa, heating to

1600 K in different cycles, and observed the

evolution of LPO in the sample in situ using

radial x-ray diffraction (19). Germanates have

long been regarded as suitable low-pressure

analogs for silicates, based on crystal chemistry

systematics and the similarity of slip systems

(20–22). MgGeO
3
exhibits nearly the same

transition sequence as MgSiO
3
with increasing

pressure, including a transition to a pPv phase

at about 63 GPa (23). MgGeO
3
-pPv also

displays a strong elastic anisotropy (23). The

transition pressure to the pPv phase in MgGeO
3

is almost half that of MgSiO
3
(120 GPa), and

the diffraction intensity of MgGeO
3
is greater

than MgSiO
3
. Therefore, MgGeO

3
is a good

candidate for experimental investigation of

plasticity of pPv phases under deep mantle

pressures.

We performed an angle dispersive radial

x-ray diffraction experiment (fig. S2) at the

High-Pressure Collaborative Access Team

(HPCAT) sector of the Advanced Photon Source

(beamline 16-ID-B). Starting material was a

powder of pure MgGeO
3
orthopyroxene mixed

with 10 weight percent Pt powder that served

as pressure calibrant and laser absorber. It

was compressed to a pressure of 104 GPa and

then converted into the pPv phase by laser

heating in different locations at a temperature

of 1600 K for about 10 min. Pressure was then

increased to 124 GPa over 5 hours. At this

stage, the sample was left for 15 hours to

allow relaxation of stresses and strains. Later,

the sample was further heated for about 20

min at 1600 K and left for 18 hours to allow

relaxation. At the end of this cycle, pressure in

the sample was on the order of 130 GPa (table

S1). At every step, we collected radial diffrac-

tion patterns to evaluate the pressure, stress,

and LPO in the sample (24).

The diffraction images show substantial

variations of diffraction peak positions and

intensities with orientation relative to the com-

pression direction (Fig. 1) that can be used to

estimate stress and deduce LPO. We analyzed

the x-ray diffraction images with two differ-

ent methods (24): One relies on individual

peak fitting (19), and the other relies on a full

image analysis with the Rietveld method (25).

The differential stress in the MgGeO
3
-pPv sam-

ple ranged from 3.6 to 8.9 GPa and evolved

continuously with increasing pressure (table

S1). The texture we obtained is represented as

inverse pole figures of the compression di-

rection in Fig. 2. We observed a texture with

a maximum between (100) and (110) at 104

GPa that did not change with time, further

heating, or further compression. At 104 and

130 GPa, the ODF maximums were 1.89 and

1.96 multiples of a random distribution, re-

spectively (table S1). A distinct minimum was

at (010). Results from individual peak fitting

(Fig. 2B) and the Rietveld method (Fig. 2C)

were similar.

To interpret the observed textures, we sim-

ulated the development of LPO in pPv poly-

crystals deformed by slip in compression using

a viscoplastic self-consistent (VPSC) polycrys-

tal plasticity model (26). The LPO evolution

depends on the imposed deformation history

and the active slip systems. At this point, lit-

tle is known about deformation mechanisms

in pPv. Therefore, we decided to investigate

several combinations of slip systems and crit-

ical resolved shear stresses for (100), (010),

(001), and (110) (table S2). In agreement with

predictions of first-principles calculations sug-

gesting (110) as slip plane in pPv (18), the

best match with experiments was obtained for

simulations with dominant slip on (100),

(110), or a combination of the two (Fig. 2,

D and G), indicating that those are the most

likely slip planes at the conditions of the ex-

periment. Slip on (010) and (001) did not

produce a maximum near (100), and slip on

(010) produced a maximum rather than the

observed minimum at (010) (Fig. 2, E and F).

A comparison between the strength of the ex-

perimental and calculated textures indicates that

the macroscopic compressive strain was 0.2

in the experiment.

There are limitations in using analogs to

extract meaningful rheological properties at

temperature, stress, and strain rate conditions

that are far removed from those in the earth.

However, assuming that (100) and (110) slip

also applies to MgSiO
3
-pPv under deep mantle

Fig. 1. Unrolled diffraction image of MgGeO3

measured in radial geometry, in situ, at 130 GPa.
The directions of maximum and minimum stress
are indicated by the black and gray arrows, re-
spectively. LPO and deviatoric stress are deduced
from the variations of diffraction intensity and
peak position with orientation. Diffraction peaks
from the MgGeO3 sample, Pt pressure calibrant,
and Be and BeO from the gasket material are
labeled on the figure. Because of the geometry
of the experiment, Be and BeO peaks always ap-
pear as double lines.

Fig. 2. Inverse pole figure showing the preferred orientation pattern in MgGeO
3
pPv in

compression measured (A) at 104 GPa just after converting the material to the pPv phase; (B) at
130 GPa, 41 hours later, after cycles of laser heating and pressure increase, calculated using the
individual peak fitting method; (C) at 130 GPa, calculated using the Rietveld method; and (D to G)
simulated after 20% compressive strain with models that favor slip along (100), (010), (001), and
both (100) and (110), respectively. Equal-area projection is used, and linear contours are expressed
in multiples of random distribution.
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conditions, we obtained an estimate of expected

anisotropies in the D¶¶ layer using again VPSC

polycrystal plasticity models to calculate the

three-dimensional orientation distribution and

then average the single-crystal elastic tensors

as a function of crystallographic orientation.

From the aggregate elastic tensor, we then cal-

culated seismic velocities in different direc-

tions. As a typical deformation path for shear

zones, we used simple shear to an equivalent

strain of 0.5, corresponding to a shear g 0 0.86,

and slip system combinations that favor slip on

(100) and (110). For such a model, the E100^

axes tend to align in an oblique maximum ro-

tated from the shear plane normal against the

direction of shear (Fig. 3).

The single-crystal anisotropy calculated at

135 GPa and 4000 K (17) for P waves is 15%

(Fig. 3), and shear wave splitting (dV
S
) reaches

24%, but the pattern is complex. The poly-

crystal average for simple shear deformation

displays a weak directional anisotropy of only

3.4% for P waves and a maximum of 3.7% for

shear wave splitting. The relatively low anisot-

ropy is related to the complex single-crystal

elastic tensor where maxima and minima are

superposed during averaging. For S waves, the

largest amount of splitting occurs at an in-

clination of about 45- from both the plane and

direction of shear.

Seismological observations have reported

large delays for shear waves that graze hori-

zontally through the D¶¶ region with shear wave

splitting delays of up to 10 s, corresponding to a

polarization anisotropy of up to 3% in D¶¶.

These observations have also shown that the

anisotropy style—V
SH

9 V
SV
, V

SH
G V

SV
(where

V
SH

and V
SV

are the velocities of the horizon-

tally and vertically polarized shear waves,

respectively), or tilted transverse anisotropy—

varies regionally (2, 4, 27–29). For a region in

which deformation occurs in simple shear

parallel to the CMB, we found that the con-

tribution of pPv to shear wave splitting should

range from 0.1 to 3.1% for waves traveling in

the plane of shear (Fig. 4). In agreement with

recent seismic observations of tilted transverse

anisotropy in D¶¶ (28, 29), we also found that

for silicate pPv the polarization anisotropy is

usually inclined by about 45- compared with

the plane of shear.

These results underline the importance of

high-pressure experimentation in assessing

plasticity and seismic anisotropy in the deep

Earth. In the future, this work will have to be

complemented with experiments on silicate

pPv itself, higher temperatures, and lower strain

rates.
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C. N. Tomé, H. R. Wenk, Eds. (Cambridge University Press,

Cambridge, UK, 1998), pp. 560–595.

27. M. Moore, E. J. Garnero, T. Lay, Q. Williams, J. Geophys.

Res. 109, B02319 (2004).

28. E. J. Garnero, V. Maupin, T. Lay, M. J. Fouch, Science 306,

259 (2004).

29. J. Wookey, J. M. Kendall, G. Rümpker, Geophys. J. Int.
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Fig. 4. Contribution of silicate-pPv to anisot-
ropy in a region deformed in simple shear par-
allel to the CMB.
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Deformation of (Mg,Fe)SiO3

Post-Perovskite and D¶¶ Anisotropy
Sébastien Merkel,1,2* Allen K. McNamara,3 Atsushi Kubo,4† Sergio Speziale,1‡ Lowell Miyagi,1

Yue Meng,5 Thomas S. Duffy,4 Hans-Rudolf Wenk1

Polycrystalline (Mg0.9,Fe0.1)SiO3 post-perovskite was plastically deformed in the diamond anvil cell
between 145 and 157 gigapascals. The lattice-preferred orientations obtained in the sample
suggest that slip on planes near (100) and (110) dominate plastic deformation under these
conditions. Assuming similar behavior at lower mantle conditions, we simulated plastic strains and
the contribution of post-perovskite to anisotropy in the D′′ region at the Earth core-mantle
boundary using numerical convection and viscoplastic polycrystal plasticity models. We find a
significant depth dependence of the anisotropy that only develops near and beyond the turning
point of a downwelling slab. Our calculated anisotropies are strongly dependent on the choice
of elastic moduli and remain hard to reconcile with seismic observations.

S
eismological observations of the lower-

most mantle (the D′′ region) have revealed

a region of great complexity distinct from

the overlying deep mantle (1, 2). Unlike the bulk

of the lower mantle, the core-mantle boundary

(CMB) includes large-scale regions with appar-

ent seismic anisotropy (3). It has been suggested

that this anisotropy could reflect lattice-preferred

orientation (LPO) of minerals (4) or alignment

of structural elements, including layers of melt

(5, 6). A number of lines of evidence now sug-

gest that the transition from a perovskite (Pv) to a

post-perovskite (pPv) phase in (Mg,Fe)SiO3 (7, 8)

could explain important properties of D′′ (9–13).

However, the influence of this phase transition on

our understanding of D′′ anisotropy remains

ambiguous. In this paper, we present multiscale

modeling of deformation-induced anisotropy

from (Mg,Fe)SiO3-pPv in D′′. This work is a

combination of high-pressure deformation exper-

iments on (Mg,Fe)SiO3-pPv and numerical mod-

eling of convection using polycrystal plasticity to

predict strain and anisotropy in D′′.

We deformed a sample of polycrystalline

(Mg0.9,Fe0.1)SiO3-pPv plastically in the dia-

mond anvil cell in compression between 145

and 157 GPa and observed the evolution of

LPO in situ using angle dispersive radial x-ray

diffraction (fig. S1) at the High-Pressure Collab-

orative Access Team (HPCAT) of the Advanced

Photon Source (beamline 16-ID-B). Starting

material was a powder of natural orthopyroxene

(14) mixedwith 10weight percent Pt powder that

served as a laser absorber. The sample was

initially compressed to high pressure, at which

we could not observe coherent diffraction from

within the sample, and then converted into the

pPv phase by laser heating at different sample

positions at a temperature of 1700 K for 20 min

and 2000 K for ~15 min. After the phase trans-

formation, pressure and differential stress in the

sample were 145 and 7.2 GPa, respectively. They

were then increased in two steps to 157 and 8.5

GPa over the course of 30 hours. At every step,

we collected radial diffraction patterns to evaluate

the pressure, stress, and LPO in the sample (14)

(table S1).

The diffraction images show substantial

variations of diffraction peak positions and

intensities with orientation relative to the com-

pression direction that can be used to estimate

stress and deduce LPO (14) (Fig. 1). For instance,

we observed that the diffraction intensity in the

compression direction is minimal for 004 and

022, whereas it is maximal for 113 and 132. The

texture we obtain (14) is represented in Fig. 2. In

contrast with low-temperature and lower-pressure

observations on the Mn2O3 (15) and CaIrO3 (16)

pPv analogs, we observed LPO compatible with

previous observations on a MgGeO3-pPv analog

deformed under similar conditions (17) with a

clear minimum at (010) and (001). Those LPO

are formed immediately upon synthesizing and

heating (Mg,Fe)SiO3-pPv at high pressure.

Minima observed at (010) and (001) preclude

slip on (001) and (010) planes, and a comparison

of observed textures and results from viscoplastic

self-consistent (VPSC) polycrystal plasticity

simulations (18) indicate that the deformation is

likely dominated by slip on planes such as (100)

or (110), in agreement with results of first-

principles modeling of stacking fault energetics

and shear elastic constants SiO3 (19) but in

disagreement with first-principles modeling of

dislocation cores based on the Peierls model that

suggest [001](010) as the easiest slip system (20).

There are limitations in our experiment: time

scale, grain size, strain, temperature, and devia-

toric stresses are quite different from those in

D′′. Moreover, LPOs are formed immediately

upon synthesizing and heating the pPv phase

and do not evolve greatly upon further compres-

sion. However, assuming that (100) and (110)

slip also applies to (Mg,Fe)SiO3-pPv under deep

mantle conditions, we simulated the development

of LPO in (Mg,Fe)SiO3-pPv in D′′ combining

geodynamic information about macroscopic de-

formation and the microscopic deformation

mechanisms found in the experiment (table S2).

Deformation in D′′ can be quite complex because

it is coupled to larger-scale mantle-wide convec-

tive processes. Therefore, we performed our mod-

eling using the entire mantle domain.We used the

numerical convection code Citcom (21) with the

addition of Lagrangian tracers to obtain a proper

estimation of the deformational characteristics of
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mantle strain expected in D′′ and tracked

deformation in tracers along several streamlines

by computing the left-stretch tensor at each step

(14, 22, 23). The two-dimensional (2D) convec-

tion calculation employed a Rayleigh number of

107, stress-free boundaries, a temperature-

dependent rheology, and a viscosity jump of a

factor of 50 across the 660-km phase transition

(14). The formation of a rigid lid was inhibited by

imposing a maximum allowable viscosity for the

uppermost portion of the model, allowing strong

slabs to form. As is typical for geodynamical

modeling, we employed the Boussinesq approx-

imation to minimize the number of free parame-

ters. This approximation excludes the effects of

compressibility, viscous dissipation, adiabatic

heating/cooling, and buoyancy effects due to

phase transitions, including the Pv-pPv phase

transition. We would expect that our predicted

strain values would be slightly modified with the

inclusion of these smaller-order physical pro-

cesses; however, given the uncertainties in the

model parameters, we predict that the difference

would be minor, particularly for this study.

We began tracking deformation in slab re-

gions at about 290 km above the CMB, cor-

responding to an approximate depth at which

the Pv-to-pPv phase transition is expected to

occur. The general trend of strain appears to be

similar for most tracers and is characterized by

horizontal stretching as slab material impinges

upon the CMB (Fig. S4). After investigating

several streamlines and observing similar trends,

we concentrated on one particular streamline for

use in polycrystal plasticity models (18). Accu-

mulated strains along a streamline are very large

and, assuming that all this strain is accommo-

dated by dislocation glide, polycrystal plasticity

simulations would predict very sharp textures,

close to a single crystal. This is clearly not real-

istic. At high temperatures, strain may be partial-

ly accommodated by climb, boundary diffusion,

and dynamic recrystallization that may signifi-

cantly weaken texture development. Further-

more, secondary phases may be present. Thus,

after several tests (14), we found that a reasonable

assumption is that 10% of the plastic strain

recorded by the tracer is accommodated by dis-

location glide in pPv and the rest by mechanisms

that do not produce preferred orientation. Using

the VPSC model, we simulated the LPO evolu-

tion of an aggregate of 2000 grains at each time

step of the convection model. Most of the strain

(Fig. 3 and fig. S5) occurs as the aggregate

reaches the CMB and flows parallel to it. This

configuration is very similar to a combination of

pure and simple shear parallel along the freeslip

surface of the CMB. As the tracer descends into

D′′, we observe very little development of LPO

(Fig. 3A). Texture develops rapidly between steps

1000 (Fig. 3A) and 2000 (Fig. 3B) as the tracer

turns at the CMB. The texture strengthens and

evolves only moderately as the particle moves

along the CMB (up to step 5000) (Fig. 3C) and is

later modified during upwelling (Fig. 3D).

We obtained an estimate of expected anisot-

ropies in the D′′ by averaging the single-crystal

elastic tensors as a function of crystallographic

orientation. From the aggregate elastic tensor, we

then calculated seismic velocities in different di-

rections. First-principles calculations provide single-

crystal elastic moduli for MgSiO3-pPv at high

pressure and high temperature (24, 25) (table S3).

Fig. 1. Unrolled diffraction image of (Mg,Fe)SiO3-pPv measured in radial diffraction, in situ, at 145 GPa. The
directions ofmaximumandminimum stress are indicated by the black and gray arrows on the right, respectively.
LPO and differential stress are deduced from the variations of diffraction intensity and peak position with
orientation. Miller indices of the diffraction lines from the (Mg,Fe)SiO3-pPv sample actually used in the analysis
are labeled on the figure. Diffraction lines with no evidence of stress (straight lines) are from the gasket.

Fig. 2. Inverse pole figure showing the preferred orientation pattern in (Mg,Fe)
SiO3-pPv in compressionmeasured (A) at 145GPa just after converting thematerial
to the pPv phase, (B) at 157 GPa, (C) in MgGeO3 pPv at 130 GPa (17), and (D)
simulated after 20% compressive strain with models that favor slip on (100) and

(110). Equal-area projection is used, and linear contours express pole densities in
multiples of a random distribution. Reflections used for inverting the orientation
distribution function are indicated in the experimental inverse pole figures. The 152,
062, and 200 peaks of (Mg,Fe)SiO3-pPv overlap and are not well resolved.
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The results of the two calculations differ signif-

icantly, and we decided to include both in our

analysis (figs. S8 to S10). As the tracer plunges

into the D′′ layer, we observe very little anisotro-

py. It develops rapidly between steps 1000 and

2000 (Fig. 3, A and B), as the tracer reaches the

CMB. At step 5000 (Fig. 3C), before entering the

upwelling, shear wave splitting reaches 4.42% and

1.24% with the elastic moduli of Stackhouse et al.

(24) and Wentzcovitch et al. (25), respectively.

Most seismic observations of shear wave po-

larization anisotropy in D′′ involve delays of ver-

tically polarized Swave components (SV) relative

to horizontally polarized Swave components (SH)

for paths that graze horizontally through the D′′

region (26). However, other studies show tilted

transverse anisotropy (27, 28) or local variations

of fast polarization directions (29–31). Our pre-

dictions of shear wave polarization anisotropies

depend strongly on the choice of elastic moduli.

Using both models, we found a significant depth

dependence of the anisotropy that only develops

near and beyond the turning point of a downwel-

ling slab (Fig. 3 and figs. S8 to S10). In a slablike

environment, we also found that the anisotropy for

waves propagating parallel to the CMB should

produce loosely symmetric patterns. Using the

elastic moduli of Stackhouse et al. (24), we pre-

dict a maximum anisotropy of 4% perpendicular

to the direction of flow, with the direction of fast

polarization ranging from 60° to 90° (VSH < VSV).

Using the elastic moduli of Wentzcovitch et al.

(25), we obtain lower values of anisotropy with

dVS ranging between 0.5 and 0.6%, with a fast

polarization near 0° (VSH > VSV) for waves travel-

ing perpendicular to the direction of flow. Waves

traveling parallel to the direction of flow would

show varying anisotropies with very little anisot-

ropy near the downwelling and up to 1.2% before

upwelling, again with a fast polarization near 0°

(VSH > VSV).

Predictions using the elastic moduli of Stack-

house et al. (24) systematically imply VSH < VSV

and are inconsistent with most seismic measure-

ments that find either VSH > VSV or locally vary-

ing fast polarization directions. Using the elastic

moduli of Wentzcovitch et al. (25), we obtain

complex patterns of anisotropies with lower

amplitude than observed seismically. Although

many characteristics of D′′ are consistent with

the properties of post-perovskite, other phases or

structural mechanisms (e.g., layering) may be

necessary to explain the seismic anisotropy of the

region. Our study shows how ultrahigh pressure

experiments on silicate post-perovskites com-

bined withmicroscale (plasticity) andmacroscale

(mantle flow) modeling provide the means to test

our understanding of deformation behavior at the

base of Earth’s mantle.

References and Notes

1. T. Lay, Q. Williams, E. J. Garnero, Nature 392, 461 (1998).

2. R. D. van der Hilst et al., Science 315, 1813 (2007).

3. M. Panning, B. Romanowicz, Science 303, 351

(2004).

4. A. K. McNamara, P. E. van Keken, S. I. Karato, Nature

416, 310 (2002).

5. Q. Williams, E. J. Garnero, Science 273, 1528

(1996).

6. J. M. Kendall, in The Core-Mantle Boundary Region,

M. Gurnis, M. E. Wysession, E. Knittle, B. A. Buffet, Eds.

Fig. 3. Modeled temperature, strain, texture, and shear wave splitting from
silicate post-perovskite in D′′. The central figure illustrates the evolution of
temperature and strain along a streamline. Temperatures are normalized so that
T = 0 at Earth’s surface and T = 1 at the CMB, strains are indicated by the black
lines representing the evolution of maximum and minimum stretch of the
Lagrangian particle for every 500 time steps, and numbers are time-step
numbers. Panels (A) to (D) present the modeled 3D [100] orientations, shear

wave splitting dVS, and fastest shear wave polarizations at time steps 1000,
2000, 5000, and 6000, respectively. Shear wave splitting was calculated using
the elastic moduli of Stackhouse et al. (24) and Wentzcovitch et al. (25). Linear
scale, equal area projection. Contours for the [100] and dVS pole figures are
expressed in multiples of a random distribution and percentage, respectively.
Black and white lines (for low and high anisotropies, respectively) indicate the
direction of polarization of the fast shear wave.

www.sciencemag.org SCIENCE VOL 316 22 JUNE 2007 1731

REPORTS

 o
n

 J
u

n
e

 2
2

, 
2

0
0

7
 

w
w

w
.s

c
ie

n
c
e

m
a

g
.o

rg
D

o
w

n
lo

a
d

e
d

 f
ro

m
 



166 Articles

(American Geophysical Union, Washington, DC, 1998),

pp. 97–118.
7. M. Murakami, K. Hirose, K. Kawamura, N. Sata, Y. Ohishi,

Science 304, 855 (2004).

8. A. R. Oganov, S. Ono, Nature 430, 445 (2004).

9. D. Helmberger, T. Lay, S. Ni, M. Gurnis, Proc. Nat. Acad.

Sci. U.S.A. 102, 17257 (2005).

10. J. Wookey, S. Stackhouse, J. Kendall, J. Brodholt,

G. D. Price, Nature 438, 1004 (2005).

11. K. Hirose, Rev. Geophys. 44, RG3001 (2006).

12. W. L. Mao et al., Science 312, 564 (2006).

13. T. Lay, J. Hernlund, E. J. Garnero, M. S. Thorne,

Science 314, 1272 (2006).

14. Materials and methods are available as supporting

material on Science Online.

15. J. Santillán, S. Shim, G. Shen, V. Prakapenka, Geophys.

Res. Lett. 33, L15307 (2006).

16. D. Yamazaki, T. Yoshino, H. Ohfuji, J. Ando, A. Yoneda,

Earth Planet. Sci. Lett. 252, 372 (2006).

17. S. Merkel et al., Science 311, 644 (2006).

18. R. A. Lebensohn, C. N. Tomé, Acta Metal. Mater. 41,

2611 (1993).

19. A. R. Oganov, R. Martonák, A. Laio, P. Raiteri,

M. Parrinello, Nature 438, 1142 (2005).

20. P. Carrez, D. Ferré, P. Cordier, Nature 446, 68

(2007).

21. L. Moresi, M. Gurnis, Earth Planet. Sci. Lett. 138, 15

(1996).

22. A. K. McNamara, P. E. van Keken, S.-I. Karato,

J. Geophys. Res. 108, 2230 (2003).

23. A. K. McNamara, S. Zhong, Earth Planet. Sci. Lett. 222,

485 (2004).

24. S. Stackhouse, J. P. Brodholt, J. Wookey, J.-M. Kendall,

G. D. Price, Earth Planet. Sci. Lett. 230, 1 (2005).

25. R. Wentzcovitch, T. Tsuchiya, J. Tsuchiya, Proc. Nat. Acad.

Sci. U.S.A. 103, 543 (2006).

26. M. Moore, E. J. Garnero, T. Lay, Q. Williams, J. Geophys.

Res. 109, B02319 (2004).

27. E. J. Garnero, V. Maupin, T. Lay, M. J. Fouch, Science

306, 259 (2004).

28. J. Wookey, J. M. Kendall, G. Rümpker, Geophys. J. Int.

161, 829 (2005).

29. S. A. Russell, T. Lay, E. J. Garnero, Nature 396, 255

(1998).

30. S. A. Russell, T. Lay, E. J. Garnero, J. Geophys. Res. 104,

13,183 (1999).

31. J. M. Rokosky, T. Lay, E. J. Garnero, Earth Planet. Sci. Lett.

248, 411 (2006).

32. We thank D. Mainprice for his petrophysics software

package, P. Liermann for assistance during the experiment,

and the two anonymous reviewers for their comments. This

work was supported by NSF grants EAR-0510383 and

EAR-0456356 (T.S.D., H.R.W., and A.K.M.) and the Carnegie/

Department of Energy Alliance Center (T.S.D. and H.R.W.).

Experiments were performed at HPCAT (Sector 16), Advanced

Photon Source (APS), Argonne National Laboratory. Use of the

HPCAT facility was supported by Department of Energy (DOE)

Basic Energy Sciences (BES), DOE National Nuclear Security

Administration, NSF, Department of Defense (DOD) Tank-

Automotive and Armaments Command, and the W. M. Keck

Foundation. Use of the APS was supported by DOE-BES under

contract W-31-109-ENG-38. S.M. and S.S. also acknowledge

support from the Miller Institute for Basic Research in Science.

Supporting Online Material
www.sciencemag.org/cgi/content/full/316/5832/1729/DC1

Materials and Methods

Figs. S1 to S10

Tables S1 to S3

References

31 January 2007; accepted 13 April 2007

10.1126/science.1140609

Weak Northern and Strong Tropical
Land Carbon Uptake from Vertical
Profiles of Atmospheric CO2
Britton B. Stephens,1* Kevin R. Gurney,2 Pieter P. Tans,3 Colm Sweeney,3 Wouter Peters,3

Lori Bruhwiler,3 Philippe Ciais,4 Michel Ramonet,4 Philippe Bousquet,4 Takakiyo Nakazawa,5
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Armin Jordan,10 Martin Heimann,10 Olga Shibistova,11 Ray L. Langenfelds,12 L. Paul Steele,12

Roger J. Francey,12 A. Scott Denning13

Measurements of midday vertical atmospheric CO2 distributions reveal annual-mean vertical CO2

gradients that are inconsistent with atmospheric models that estimate a large transfer of terrestrial
carbon from tropical to northern latitudes. The three models that most closely reproduce the
observed annual-mean vertical CO2 gradients estimate weaker northern uptake of –1.5 petagrams
of carbon per year (Pg C year−1) and weaker tropical emission of +0.1 Pg C year−1 compared
with previous consensus estimates of –2.4 and +1.8 Pg C year−1, respectively. This suggests
that northern terrestrial uptake of industrial CO2 emissions plays a smaller role than previously
thought and that, after subtracting land-use emissions, tropical ecosystems may currently be
strong sinks for CO2.

O
ur ability to diagnose the fate of anthro-

pogenic carbon emissions depends criti-

cally on interpreting spatial and temporal

gradients of atmospheric CO2 concentrations (1).

Studies using global atmospheric transport mod-

els to infer surface fluxes from boundary-layer

CO2 concentration observations have generally

estimated the northern mid-latitudes to be a sink

of approximately 2 to 3.5 Pg C year−1 (2–5).

Analyses of surface ocean partial pressure of CO2

(2), atmospheric carbon isotope (6), and atmo-

spheric oxygen (7) measurements have further

indicated that most of this northern sink must

reside on land. Tropical fluxes are not well con-

strained by the atmospheric observing network,

but global mass-balance requirements have led to

estimates of strong (1 to 2 Pg C year−1) tropical

carbon sources (4, 5). Attribution of the Northern

Hemisphere terrestrial carbon sink (8–13) and

reconciliation of estimates of land-use carbon

emissions and intact forest carbon uptake in the

tropics (14–19) have motivated considerable re-

search, but these fluxes remain quantitatively un-

certain. The full range of results in a recent inverse

model comparison study (5), and in independent

studies (3, 20, 21), spans budgets with northern

terrestrial uptake of 0.5 to 4 Pg C year−1, and trop-

ical terrestrial emissions of –1 to +4 Pg C year−1.

Here, we analyzed observations of the vertical

distribution of CO2 in the atmosphere that pro-

vide new constraints on the latitudinal distribu-

tion of carbon fluxes.

Previous inverse studies have used boundary-

layer data almost exclusively. Flask samples from

profiling aircraft have been collected and mea-

sured at a number of locations for up to several

decades (22–24), but efforts to compile these

observations from multiple institutions and to

compare them with predictions of global models

have been limited. Figure 1 shows average ver-

tical profiles of atmospheric CO2 derived from

flask samples collected from aircraft during mid-

day at 12 global locations (fig. S1), with records

extending over periods from 4 to 27 years (table

S1 and fig. S2) (25). These seasonal and annual-

mean profiles reflect the combined influences of

surface fluxes and atmospheric mixing. During

the summer in the Northern Hemisphere, midday

atmospheric CO2 concentrations are generally

lower near the surface than in the free tropo-

sphere, reflecting the greater impact of terrestrial

photosynthesis over industrial emissions at this

time. Sampling locations over or immediately

downwind of continents show larger gradients

than those over or downwind of ocean basins in

response to stronger land-based fluxes, and higher-

latitude locations show greater CO2 drawdown at

high altitude. Conversely, during the winter, res-

piration and fossil-fuel sources lead to elevated

low-altitude atmospheric CO2 concentrations at

northern locations. The gradients are comparable

in magnitude in both seasons, but the positive
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extreme as some portions of the Martian mantle

[e.g., (26)]. Although the Itsaq-DM seems to have

been obliterated, or at least not sampled at present,

the source mantle of the Narryer Complex crust

persists to the present. These observations require

an explanation for the differing behavior of the

two depletedmantle components, theNarryer-DM

able to retain its identity, despite ongoing mantle

dynamics for >4.5 Gy, as compared with the tran-

sient Itsaq-DM. If all or much of the mantle was

initially as highly fractionated as Itsaq-DM, then

why was this mantle only partially, but apparently

homogeneously, remixed such that all modern ter-

restrial rocks yield precisely the same 142Nd, dis-

tinct from chondrites? The difference supports

models of “hidden reservoirs” where part of the

complementary, low Sm/Nd domain is locked in a

region of Earth, where it is both never sampled at

the surface [e.g., (27–29)] and isolated from re-

mixing. More speculative suggestions are that

part of the low Sm/Nd component may have been

lost from Earth during accretion, with the missing

material accounting for the present-day high
142Nd, or that Earth accreted with a nonchondritic

Sm/Nd ratio. In contrast, the Itsaq-DM mantle

source persisted for at least a billion years af-

ter its formation, as recorded by compositions

of 3.6-Gy-old Greenland samples, but was able

to communicatewith other less fractionatedmantle

reservoirs and eventually lost its distinct signature

through remixing.

An enduring tenet of geology is that Earth

started from a well-mixed homogeneous body

and evolved progressively over geologic time to

a more differentiated chemical state through

observable processes such as plate tectonics and

continental crust formation. The 142Nd data

presented here, however, provide strong evidence

that terrestrial planets such as Earth were affected

by non-uniformitarian processes early in their

histories, resulting in locally extreme chemical

differentiation. Furthermore, some of the chem-

ical effects of these events appear to persist in

silicate domains to the present day. Thus, an

emerging challenge for understanding the Earth

system is determining the relative roles of early

planetary processes versus progressive differen-

tiation in shaping Earth’s chemical architecture.
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High-Pressure Creep of Serpentine,
Interseismic Deformation, and
Initiation of Subduction
Nadege Hilairet,1* Bruno Reynard,1 Yanbin Wang,2 Isabelle Daniel,1 Sebastien Merkel,3

Norimasa Nishiyama,2† Sylvain Petitgirard1

The supposed low viscosity of serpentine may strongly influence subduction-zone dynamics at
all time scales, but until now its role could not be quantified because measurements relevant to
intermediate-depth settings were lacking. Deformation experiments on the serpentine antigorite at high
pressures and temperatures (1 to 4 gigapascals, 200° to 500°C) showed that the viscosity of serpentine
is much lower than that of the major mantle-forming minerals. Regardless of the temperature,
low-viscosity serpentinized mantle at the slab surface can localize deformation, impede stress buildup,
and limit the downdip propagation of large earthquakes at subduction zones. Antigorite enables viscous
relaxation with characteristic times comparable to those of long-term postseismic deformations after
large earthquakes and slow earthquakes. Antigorite viscosity is sufficiently low to make serpentinized
faults in the oceanic lithosphere a site for subduction initiation.

S
ubduction zones, in which slabs of oceanic

lithosphere sink into the mantle, are active

zones where frequent large earthquakes

cause considerable human and material damage.

Such events are triggered by stress buildup or

strain localization, the understanding of which

relies on identifying the materials involved and

their rheology. On top of slabs of many sub-

duction zones, a layer with low seismic velocity

and high Poisson ratio (>0.29) is interpreted as

extensively serpentinized mantle material (1, 2),

and may accommodate most of the deformation

at the slab/mantle wedge interface. Serpentinites

form by peridotite hydration either during hydro-

thermal alteration of the oceanic lithosphere be-

fore subduction or by percolation of the fluids

released by mineral dehydration within the

downgoing slab through the overlying mantle

wedge (3). The high-pressure variety of serpen-

tine, antigorite, can remain stable down to ~180

km depth in cold subduction zones (4). Serpen-

tinites are highly deformed as compared to other

exhumed materials in paleosubduction zones (5),

which points to their crucial mechanical role. The

expected low strength or viscosity of serpentinite
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has strong seismic implications because it may

govern stress buildup and downdip relaxation

over the slab surface, which are critical parame-

ters for earthquake triggering and for the down-

dip extent of major ruptures (6). So far, only

viscous relaxation of the anhydrous mantle has

been considered a potential trigger of major

earthquakes, such as the Tonankai 1944, Nan-

kaido 1946 (7), and Alaska 1964 events (8).

Serpentinites also have global geodynamic im-

portance on the time scale of mantle convection

because a serpentinite layer may decouple the

mantle wedge from the downgoing slab (9). Its

presence therefore is a defining condition of the

plate tectonic regime on Earth.

The limitations of apparatus have restricted

previous high-temperature deformation experi-

ments on serpentinites to pressures below 0.7

GPa (5, 9–11). Below the antigorite dehydration

temperature (600°C), such low confining pres-

sures favor brittle behavior, with deformation

being governed by frictional forces, whereas

different deformation mechanisms are to be

expected at higher pressures (11), as suggested

by numerous defects allowing for intracrystalline

creep commonly observed in antigorite (12). In the

absence of high-pressure data, quantifying the role

of serpentinite at long and short time scales in sub-

duction zones has remained beyond reach. We per-

formed in situ measurements (13) of antigorite flow

stress using the recently developed deformation-

DIA (D-DIA) apparatus coupled with synchro-

tron x-ray analysis (14) under conditions of low

constant strain rates (~10−4 to 10−6 s−1) and pres-

sure and temperature (P-T) of 1 and 4 GPa and

200° to 500°C, respectively; that is, over most of

the antigorite stability field (4, 15). We obtained a

stress-strain curve for 14 sets of experimental

conditions (tables S1 and S2). Strain values e(t)

were measured on synchrotron x-ray radiographs,

and differential stress s was measured from elastic

lattice strains on angle-dispersive x-ray diffraction

patterns (13, 16). The stress value taken or extrap-

olated at 15% axial strain was used arbitrarily as a

measure of the ultimate flow stress (table S3).

Because sample observation shows features con-

sistent with intracrystalline deformation (13),

flow stress values were fitted to power-law equa-

tions (Table 1), in which the stress exponent de-

pends on the dominant deformation mechanism

(dislocation creep, diffusion, etc.), and to an expo-

nential law appropriate for low-temperature creep

processes [the Peierls mechanism (13)]. The best

fit to the present data, at 1 and 4GPa, was obtained

with a single power-law equation that yielded

an activation volume of 3.2 ± 0.7 cm3 mol−1,

activation energy of 8.9 ± 5.4 kJ mol−1, and a

stress exponent of 3.8 ± 0.8 (Table 1), consistent

with deformation by dislocation creep. The de-

crease of the stress exponent with increasing

pressure when fitting data at each pressure

independently (13) is consistent with the activa-

tion of intracrystalline deformation mechanisms

at the expense of frictional grain boundary slid-

ing at low confining pressure.

The ductile deformation of antigorite observed

above 1 GPa complements observations from pre-

vious triaxial experiments, showing brittle behav-

ior of serpentinite below 0.7 GPa and a transition

toward a distributed semi-brittle deformation up to

1 GPa (5, 11). If controlled by antigorite, the

transition from brittle to ductile creep at the slab

interface with either the crust or the mantle wedge

should dependmainly on depth, while the thermal

structure of the subduction zone exerts only minor

effects. In the case of high porosity (microcracks)

with reduced effective confining pressure, the

transition depth may depend indirectly on temper-

ature through the amount of water released by

mineral dehydration.

In order to depict further the potential role of

antigorite rheology on wedge dynamics, we cal-

culated a strength profile at a constant strain rate

along a slab surface (Fig. 1), assuming a P-T

profile in a moderately hot subduction zone and

considering two extreme cases. In the first model,

we assumed a 300-m-thick serpentinite layer

formed by hydration above the subducting slab

and sheared by 10 cm year−1, corresponding to a

strain rate of 10−10 s−1. Such conditions corre-

spond to those of a subduction zone characterized

by strong mechanical coupling or fast postseis-

mic deformation due to sparse serpentinization.

In the second case, a 10-km-thick serpentinite

layer sheared by 1mm year−1 deforms at a strain

rate of 10−14 s−1. Such conditions hold for a

subduction zone with a layer of extensively ser-

pentinized mantle decoupled from a slowly

downgoing slab. These two end-member models

indicate that, regardless of strain rate and

subduction-zone setting, antigorite is the only

mineral among themajor phases in the subducting

lithosphere and mantle wedge that is capable of

yielding by creep at geophysically relevant strain

rates and temperatures below 600°C (Fig. 1).

Table 1. Preferred fits to power law ė= Asnexp[–(Ea + PV*)/(RT)] and exponential law ėp = Apexp
[(–Ep/RT)(1 – s

t
)2]. Standard errors (1s) are in parentheses at the right of each parameter. A and

Ap are material constants, Ea and Ep are activation energies, V* is activation volume, n is a stress
exponent, and t is Peierls stress.

Power law

Data used 10−1 ln (A) Ea (kJ) V* (cm3) n R2

1 and 4 GPa –8.6 (1.6) 8.9 (5.4) 3.2 (0.7) 3.8 (0.8) 0.89

1 GPa –12.6 (2.5) 17.6 (6.5) 5.8 (1.3) 0.90

4 GPa –7.9 (2.8) 16.6 (10.5) 3.4 (1.4) 0.81

Exponential law

Data used t (GPa) Ep (kJ) 104 Ap R2

1 GPa 1.97 (0.36) 59.9 (18.4) 9.8 (2.5) 0.83

Fig. 1. Strength of antigo-
rite (atg) and other major
silicates along a slab sur-
face. Strengths are cal-
culated from deformation
laws at a strain rate of
10−10 s−1 (thick curves) and
10−14 s−1 (thin curves) along
a slab surface P-T profile
[profile number i50 from
(28)] (upper graph). The
low-temperature dislocation
glide Peierlsmechanism (PM)
(29), is the most realistic
deformation mechanism for
olivine (ol) at these pres-
sure, temperature, and strain-
rate conditions. Because the
Peierlsmechanism cannot be
extrapolated to low strain
rates, strength can be cal-
culated from the creep law
only at 10−14 s−1. At 10−10 s−1, the transition from frictional behavior according to Byerlee’s law
(thick black line), and antigorite deforming plastically by the Peierls mechanism, occurs between 0.7 and
1 GPa. Antigorite strength remains at least one order of magnitude lower than that of other major mantle
and crust minerals regardless of the deformation mechanism and the strain rate, except for very fine-
grained (1 mm) olivine deforming by diffusion creep (dif, dotted curve), the strength of which becomes
inferior to that of antigorite before its dehydration at strain rates below ~10−12 s−1. Millimeter-sized
olivine deforming by diffusion creep yields much higher strength and plots off the graph. The Peierls
mechanism is from (29) and the wet olivine dislocation creep and diffusion creep from (30). di, wet
diopside; an, anorthite, dislocation creep laws (31).
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The exception is fine-grained olivine, which

may become weaker than antigorite above 2.5

GPa (Fig. 1). Shear instabilities may, therefore,

be reconsidered as a possible mechanism for

intermediate-depth seismicity, which may either

be related to antigorite dehydration producing

very fine-grained olivine or occur within fine-

grained partly serpentinized peridotites (17).

These deformation experiments provide an

upper bound for serpentinite viscosity, because

naturally occurring localizationswould induce high

strain rates and lower the effective viscosity. The

values we calculated for effective serpentinite

viscosity, ~ 4.1019 Pa•s for a strain rate of 10−13

s−1 (13), are of the same orders of magnitude as

those used in current numerical models (18).

Serpentine viscosity as determined by us does not

vary much with temperature, which precludes

substantial shear heating in a low constant strain-

rate system. Our flow law predicts that strain rate,

hence viscosity as well, depends nonlinearly on

stress. This would enhance positive feedbacks

between strain and stress variations, as compared

to models using linear stress dependence such as

Newtonian rheology (18).

Seismologists define three zones downdip

along the slab: seismic, transitional (locked dur-

ing interseismic time), and aseismic. The factors

controlling the downdip limit of the seismogenic

and locked transitional zones will also govern the

downdip propagation of megathrust ruptures,

such as the event of 26 December 2004 in Java

(19). Because serpentinite has a low viscosity,

with little pressure and temperature dependence

above 1 GPa, the depth at which nonseismogenic

creep is possible is governed exclusively by the

extent of the serpentinite layer in the subduction

zone. This is consistent with observations in Japan,

where shallow depths (a maximum of 30 km) of

seismogenic zones are associated with Poisson

ratios higher than 0.29 (20), a strong indication of

serpentinization, whereas deeper (50 to 70 km)

downdip limits coincide with no indices of ser-

pentinization (21). In Sumatra, where no evi-

dence of serpentinization is found, the downdip

limit occurs even deeper in the mantle (22).

Because of its low viscosity, serpentine can

relax stress at rates comparable to those of

postseismic and slow seismic deformations.

Using a modifiedMaxwell body with a nonlinear

viscous behavior, subject to a permanent defor-

mation e0 producing an initial stress s0 = e0E,

where E is the Young modulus (in pascals), the

characteristic relaxation time tc required to relax

half of the initial stress s0 is

tc ¼
2n−1−1

AEðn−1Þsn−10

exp
Ea þ PV

∗

RT

� �

ð1Þ

(23), where Ea and V* are the activation energy

and volume, respectively; A and n are material

parameters; R is the gas constant; P is the

effective confining pressure; and T is the temper-

ature. At temperatures of 200° to 500°C relevant

to a slab surface, the relaxation times for antig-

orite are at least 10 orders of magnitude shorter

than those for olivine (Fig. 2). For subduction-

zone flow stress estimates up to ~100 MPa (18),

antigorite relaxation times compare well with

characteristic times of co- or postseismic surface

deformations such as those measured by geodetic

measurements for slow slip events, episodic tremor

and slip, silent earthquakes, afterslips, and viscous

relaxation (Fig. 2). Viscous relaxation of serpen-

tinite therefore accounts for slow-slip events and

for slow earthquakes occurring over periods of a

few days to 1 year and which follow a scaling

law different from that for regular earthquakes

(24). These results also suggest that the impor-

tance of viscoelastic relaxation processes for

triggering large earthquakes in subduction zones

over interseismic periods of several years (25, 26)

should be reassessed, taking into account the low

viscosity of serpentinites measured here. Thus,

the triggering of future earthquakes, such as the

Tokai event expected in Japan, may depend on

serpentinite viscous relaxation (7).

Together with a strong stress dependence, the

low viscosity of antigorite at P-T conditions

where other minerals have viscosities orders of

magnitude higher confirms that serpentinite is an

ideal candidate for strain localization within

subduction zones. Moreover, antigorite-bearing

serpentinites formed deeply in oceanic transform

faults and passive margins may constitute

decisive weak zones in the oceanic lithosphere,

because their viscosity is lower than the critical

value of 1020 Pa•s required to initiate subduction

(27). The present data quantitatively relate

viscous deformation of serpentinites to interseis-

mic deformation and slow earthquakes. They

should help improve numerical modeling of

seismicity and convection in subduction zones.
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A Comprehensive Phylogeny of
Beetles Reveals the Evolutionary
Origins of a Superradiation
Toby Hunt,1,2* Johannes Bergsten,1,2* Zuzana Levkanicova,3 Anna Papadopoulou,1,2

Oliver St. John,1,2 Ruth Wild,1,2 Peter M. Hammond,1 Dirk Ahrens,4 Michael Balke,1,4

Michael S. Caterino,1,5 Jesús Gómez-Zurita,1,6 Ignacio Ribera,7 Timothy G. Barraclough,2

Milada Bocakova,8 Ladislav Bocak,3 Alfried P. Vogler1,2†

Beetles represent almost one-fourth of all described species, and knowledge about their

relationships and evolution adds to our understanding of biodiversity. We performed a

comprehensive phylogenetic analysis of Coleoptera inferred from three genes and nearly 1900

species, representing more than 80% of the world’s recognized beetle families. We defined

basal relationships in the Polyphaga supergroup, which contains over 300,000 species, and

established five families as the earliest branching lineages. By dating the phylogeny, we found that

the success of beetles is explained neither by exceptional net diversification rates nor by a

predominant role of herbivory and the Cretaceous rise of angiosperms. Instead, the pre-Cretaceous

origin of more than 100 present-day lineages suggests that beetle species richness is due to

high survival of lineages and sustained diversification in a variety of niches.

T
he extraordinary diversity of beetles has

long fascinated evolutionary biologists

(1). The strongly sclerotized front wings

defining the order Coleoptera (the beetles), which

provide protection while retaining the ability of

powered flight with the membranous hindwings,

may be an evolutionary novelty that promoted

extensive diversification (2). Beetles appeared

around 285 million years ago (Ma) (2, 3), fol-

lowed by radiations of wood-boring (suborder

Archostemata), predacious (Adephaga), and fun-

givorous (Polyphaga) lineages (4) present in the

fossil record from the middle Triassic on (2, 3).

Their species richness is associated with extreme

morphological, ecological, and behavioral diver-

sity (4), and diversification of the most species-

rich extant lineages may have been driven by

co-radiations with angiosperms (5) and/or mam-

mals (6) and/or geological and climatic change (7)

occurring since the Cretaceous (145 to 65 Ma).

Studies of phylogenetic relationships within

the Coleoptera resulted in a preliminary consen-

sus on the classification, defining 4 suborders, 17

superfamilies, and 168 families (8–10). However,

formal phylogenetic analyses of morphological

characters (11, 12) and more recently molecular

data (5, 13, 14) have been limited to subgroups at

the family or superfamily level. Because of the

sheer size of the group and the complexity of

morphological character systems, these analyses

have not been applied to the entire order.

We compiled a three gene data matrix pro-

viding a complete taxonomic representation for

all suborders, series and superfamilies; >80% of

recognized families; and >60% of subfamilies

(9, 10), which together contain >95% of described

beetle species. Sequences for the small subunit

ribosomal RNA (18 S rRNA) were obtained for

1880 species from de novo sequencing and

existing databases. Mitochondrial 16S rRNA

(rrnL) and cytochrome oxidase subunit I (cox1)

sequences were added for nearly half of these taxa

(table S1) to create a datamatrix of rapid, medium,

and slowly evolving sequences. Phylogenetic

analysis of the combined matrix was performed

with a fragment-extension procedure for global

sequence alignment followed by tree searches

with fast parsimony algorithms (15). We tested for

long-branch attraction, i.e., the spurious pairing of

rapidly evolving lineages, by removing taxa ter-

minal to long branches and assessing trees with a

retention index (RI)measure of fit to the traditional

classification (table S2) (15). The resulting par-

simony tree largely agrees with the existing clas-

sification at the family and superfamily levels [on

average, 95.7% of terminals assigned to a family

were recovered as monophyla (table S2)], al-

though our taxon sampling was not comprehen-

sive in some families. Model-based Bayesian

methods were applied to a 340-taxon representa-

tive subset at the subfamily level.

The trees (Figs. 1 and 2) were rooted with the

neuropterid orders, the presumed sister to the

Coleoptera (16), and recovered the major subdi-

visions of Adephaga [37,000 known species;

posterior probability (pp) = 1.0] and Polyphaga

(>300,000 species; pp = 1.0) as sisters to the

Myxophaga (94 species) plus Archostemata (40

species) (8). The Adephaga was divided into two

clades containing an aquatic (Hydradephaga;

diving beetles and whirligig beetles; pp = 0.90)

and a terrestrial (Geadephaga; ground beetles and

tiger beetles; pp = 1.0) lineage, supporting a

single terrestrial-to-aquatic transition in this sub-

order (13).

In the strongly supported suborder Polypha-

ga, five families occupied the basal nodes (Figs.

1 and 2) (pp = 1.0). These families include the

Decliniidae; the Scirtidae, with aquatic larvae;

the Derodontidae, an ecologically diverse family

from global temperate zones; and the Eucinetidae

and the Clambidae. These ancestral five families

were previously considered basal Elateriformia

(superfamily Scirtoidea), except for Derodontidae,
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taining surfactants can be controlled by light (26). In
contrast, our work demonstrates a photoinduced liq-
uid motion triggered by azobenzenes immobilized on
a solid surface.

15. S.-K. Oh, M. Nakagawa, K. Ichimura, Chem. Lett. 4,
349 (1999).

16. M. Fujimaki et al., Langmuir 14, 4495 (1998).
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19. Y. L. Chen, C. A. Helm, J. N. Israelachvili, J. Phys.
Chem. 95, 10736 (1991).

20. The condition includes both equilibrium thermody-

namic and dynamic factors, and is applicable to pre-
viously described methods for moving liquids by a
driving force arising from an imbalance in surface
tension forces. As an example, see (5).

21. An NPC-02 drop at 40°C (nematic-isotropic tran-
sition temperature of NPC-02 is 35°C) also ex-
hibited the light-driven motion. Detailed studies
including the effect of liquid crystallinity on the
spreading kinetics of the liquid will be published
elsewhere (S.-K. Oh, M. Nakagawa, K. Ichimura, in
preparation).
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tr 5 24°) surfaces, respectively.

26. J. Y. Shin and N. L. Abbott, Langmuir 15, 4404
(1999).

21 January 2000; accepted 30 March 2000

Raman Spectroscopy of Iron to

152 Gigapascals: Implications

for Earth’s Inner Core
Sébastien Merkel,1,2 Alexander F. Goncharov,1 Ho-kwang Mao,1

Philippe Gillet,2 Russell J. Hemley1

Raman spectra of hexagonal close-packed iron (ε-Fe) have been measured from
15 to 152 gigapascals by using diamond-anvil cells with ultrapure synthetic
diamond anvils. The results give a Grüneisen parameter g05 1.68 (60.20) and
q5 0.7 (60.5). Phenomenologicalmodeling shows that the Raman-activemode
can be approximately correlated with an acoustic phonon and thus provides
direct information about the high-pressure elastic properties of iron, which have
been controversial. In particular, the C44 elastic modulus is found to be lower
than previous determinations. This leads to changes of about 35% at core
pressures for shear wave anisotropies.

Understanding recent geophysical observa-

tions of elastic anisotropy, possible superro-

tation, and magnetism of Earth’s inner core

(1) requires detailed information about the

thermodynamic and elastic properties of core-

forming materials under appropriate condi-

tions. High-pressure properties of iron are

crucial in this respect because the core is

composed primarily of this element. Iron

transforms from the body-centered cubic

(bcc) phase (a-Fe) at ambient conditions to a

face-centered cubic (fcc) phase (g-Fe) at

moderate pressures and temperatures and to

a higher-pressure hexagonal close-packed

(hcp) phase (ε-Fe) (.13 GPa) (2). The hcp

phase has a wide stability field to more than

300 GPa and high temperatures (3–5). Tech-

niques to measure lattice strains at megabar

pressures (6) have determined the elastic

properties of ε-Fe to 210 GPa (7). These

results show discrepancies with calculations

in which first-principles methods were used

(8–10), in particular for shear moduli and

anisotropy. Measurements and estimates of

the Grüneisen parameter, an important ther-

modynamic property of iron that relates the

1Geophysical Laboratory and Center for High Pressure
Research, Carnegie Institution of Washington, 5251
Broad Branch Road, NW, Washington, DC 20015,
USA. 2Laboratoire des Sciences de la Terre, UMR
CNRS 5570, Ecole Normale Supérieure de Lyon, 46
allée d’Italie, 69364 Lyon Cedex 07, France.

Fig. 5 (left). Light-driven motion of an NPC-02 droplet on a CRA-CM–
modified plate to capture a glass bead (diameter ;0.5 mm). A droplet was
placed on a CRA-CM–modified plate (A), followed by UV light irradiation at

the right edge of the droplet to cause an asymmetrical spreading (B). Subsequent irradiation with blue light at the left edge resulted in dewetting, leading
to the displacement of the droplet (C). The repetition of this stepwise photoirradiation resulted in the approach of the droplet to the bead (D), which was
finally captured by the liquid (E). Fig. 6 (right). Light-driven displacement of an NPC-02 droplet in a glass tube. A droplet of NPC-02 was placed in the
tube (A), and one edge of the droplet was exposed to UV light, leading to the slight advancement of the droplet (B). Subsequent irradiation with blue light
at the opposite edge pushed the droplet to the left (C).
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thermal pressure and the thermal energy,

show large discrepancies (5, 11–16). Recent-

ly, the phonon density of states of ε-Fe at

high pressure has been investigated up to 42

GPa (16) and 153 GPa (17) by inelastic

nuclear resonance x-ray scattering. Notable

differences with the results of first-principles

calculations are also found (17). Thus, there

is a need to clarify the elastic and thermody-

namic properties of iron at core pressures.

For many years, it was thought that vibra-

tional Raman spectroscopy of simple metals

was not possible at high pressures because of

the weak scattering due to the high reflectiv-

ity and strong background from the apparatus

(e.g., diamond-anvil cell). The bcc (a-Fe) and

fcc (g-Fe) phases have no first-order Raman

spectra because all the atoms sit on inversion

centers. The ε-Fe hcp phase has one Raman-

active mode of E2g symmetry (18). Recent

studies have shown that the E2g phonon mode

in some hcp metals can be measured at mod-

erate pressure in diamond cells. Measure-

ments have been performed on Zn (19), Si

(19), Zr (20), and Mg (21), but the E2g mode

of ε-Fe was expected to be particularly weak

(22) and has not been reported. Information

on the frequency of the E2g mode of ε-Fe and

its evolution with pressure provides experimen-

tal information on thermodynamic properties of

the material because such vibrational frequen-

cies are input data for construction of consistent

thermodynamic models (23). Moreover, the

mode correlates with a transverse acoustic pho-

non; thus, its frequency shift provides informa-

tion on the pressure dependence of shear mod-

uli (i.e., C44), which is crucial for constraining

the elastic anisotropy of iron at core pressures.

Measurement of the phonon also provides a

critical test of first-principles methods, which

have been a difficult problem for iron.

High-purity polycrystalline Fe samples

were loaded in a piston-cylinder–type dia-

mond cell; two sets of experiments were per-

formed at 15 to 50 GPa and 25 to 152 GPa

(24). To reduce the background lumines-

cence and scattering from the diamond anvils

(which could be much stronger than the sam-

ple), we used ultrahigh-purity synthetic dia-

mond anvils, which in previous work have

been crucial for studying weak Raman exci-

tations in the hundreds of gigapascals pres-

sure range (25). We also used a 35° incidence

angle for the exciting radiation, which pre-

vents specular reflection from being directed

to the spectrometer and reduces the sig-

nal from the diamonds. The diameter of the

laser spot was less than 10 mm, which is

smaller than the sample size, so effects of the

pressure gradients are minimized. Signal lev-

els were maximized with a high-throughput

single-grating spectrometer with holographic

notch filters.

Two Raman bands were observed at mod-

erate pressures (between 15 and 40 GPa), with

the stronger band identified as the E2g funda-

mental predicted by symmetry for the hcp lat-

tice (26) (Fig. 1). The mode exhibits a sublinear

frequency increase with pressure (Fig. 2). Ra-

man spectra measured together with the ruby

fluorescence in different locations of the sample

show consistent results. Moreover, spectra mea-

sured on compression and decompression are

close, which indicates that the uniaxial stress

does not have an important effect on these

results. The measured frequencies are lower

than first-principles results (27), although the

pressure dependence is similar (Fig. 2). An

empirical model (28) gives much lower fre-

quencies. The positive pressure shift (initial

slope dn0/dP 5 1.0 cm21/GPa) is consistent

with the wide stability range of ε-Fe (3–5), in

contrast to the behavior of several other hcp

metals (see below).

We examined the thermal Grüneisen pa-

rameter gth at high pressure. Despite the im-

portance of the Grüneisen parameter of ε-Fe,

experimental data have been limited and do

not agree (Table 1). The mode-Grüneisen

parameter gi of the Raman mode is defined as

gi 5 2@~d lnn)/(d lnV )] (1)

where n is the frequency of the mode and V

is the volume. It provides an approximate

means for calculating gth with gi 5 ^gi& ;
gth. This assumes that the gi for the mode is

representative of all the vibrations of the

crystal (23). We can write

gi ; gth 5 g0(V/V0)
q (2)

where g0 represents the extrapolated value of

gth at zero pressure with the volume depen-

dence of gth explicitly given by the parameter q.

Using this relation and the equation of state of

ε-Fe (3, 29), we calculate g0 5 1.68 (60.20)

and q 5 0.7 (60.5). Assuming q 5 1, we have

g0 5 1.81 (60.03). The results agree with the

analysis of recent high-pressure, high-tempera-

ture x-ray diffraction measurements (5), which

suggests that gi of the E2g mode provides a

good approximation for ^gi&. Our analysis is

also compatible with that obtained from mea-

surements of the phonon density of state of ε-Fe

between 20 and 40 GPa, where q 5 0 was

assumed (16) (Table 1).

In ε-Fe, the C44 elastic modulus and the

E2g Raman mode are properties of the same

phonon branch. Specifically, the E2g mode

correlates with a transverse acoustic phonon

Fig. 1. Raman spectra of ε-Fe at selected pres-
sures. The strong band is identified as the E2g
optical phonon; a weaker feature is observed at
higher frequencies and lower pressures. Solid
line, Lorentzian fit to the peak, which suggests
a homogeneous line shape.

Fig. 2. Pressure shift of E2g Raman phonon in
ε-Fe. Open squares, first set of experiments;
filled and open circles, second set of experi-
ments during loading and unloading, respec-
tively; solid line, second-order polynomial fit to
experimental data; dashed line, fit to the results
of first-principles calculations by the tech-
niques described in (28) but for ambient tem-
perature (27); open diamond, result of an em-
pirical model (28).

Table 1. Thermal Grüneisen g0 parameter of ε-Fe and its volume dependence q.

Pressure range
(GPa)

g0 q Method

15 to 100 2.2 1 Shock compression (11)
15 to 100 2.2 (60.5) 1.62 (60.37) Shock compression (12)
20 to 250 2.75 1.5 First-principles (13)
0 to 240 1.7 0.7 Theory (15)
15 to 300 1.78 (60.06) 0.69 (60.10) X-ray diffraction (5)
20 to 42 1.5 (60.2) 0 Phonon density of states (16)
15 to 150 1.68 (60.20) 0.7 (5) This study*

*If we fix different values of q, we obtain the following: q 5 0, g0 5 1.44 (60.03); q 5 1, g0 5 1.81 (60.03); q 5 1.5,
g0 5 2.02 (60.04).
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and C44 represents the slope of this branch at

the center of the Brillouin zone. With a phe-

nomenological model, they may be related as

C44 5 2p2M[(3)1/2c/~6a2)]n2 (3)

where M is the atomic mass of iron, c and a are

unit cell parameters, and n is the frequency of

the optical phonon (30). Applying this relation

to our data, we deduce the pressure dependence

of the C44 of ε-Fe (Fig. 3). Notably, our data are

lower than the results of lattice-strain experi-

ments (7). The analysis used in these experi-

ments assumes that the state of stress on all

crystallographic planes is identical. However,

recent work has shown that this may not be

satisfied in a material undergoing anisotropic

deformation, specifically in many hcp transition

metals (31). The first-principles results (9, 10)

are also higher than those obtained here. Appli-

cation of first principles for magnetic metals

such as iron has been problematic, partly be-

cause differences between theory and experi-

ments for the pressure-volume relation at low

pressures (32) may be associated with changes

of the magnetic properties within ε-Fe (9). The

use of Raman spectroscopy to determine the

pressure dependence of C44 is exact for a sine

dispersion relation; if the phonon branch does

not deform with pressure, this assumption can

be supported by theory (27, 28).

The results have important geophysical

implications. Although knowledge of C44 is

not sufficient to calculate the full seismic

anisotropy parameters, the shear wave polar-

ized perpendicular to the basal plane (S1) and

that polarized parallel to the basal plane (S2)

have the anisotropies

DS1 5 (C111C33 22C13)/4C44, DS2 5 C44/C66

(4)

Therefore, the lower value of C44 found here

would increase DS1 and decrease DS2. Assum-

ing no difference in the estimation of the other

elastic moduli (7) arising from the change of

C44, we calculate DS1 ' 0.65 and DS2 ' 1.44 at

39 GPa, corresponding to changes of about

35%. This also improves the agreement with

the first-principles calculations (33).

Finally, we can compare the results with

those of other hcp structured transitions metals

that have been studied recently by high-pres-

sure Raman spectroscopy—for example, Zn

(19), Si (19), Zr (20), and Mg (21). The behav-

ior of the E2g phonon with pressure differs

appreciably from one to another. Zn, Si, and

Mg show an increase of frequency with pres-

sure with initial slopes (dn0/dP) of about 3.3,

3.1, and 3 cm21/GPa, respectively. In contrast,

ε-Fe also shows a positive pressure shift but

with a dn0/dP of 1.0 cm21/GPa. Comparing gi

values, we find gi(Zn) ' 2.4 between ambient

pressure and 12 GPa, gi(Mg) ' 1.6 at ambient

pressure, and gi(Si) ' 6 near 40 GPa compared

with gi(Fe) 5 1.44 (60.03) between 20 and

150 GPa. Zirconium appears to be a unique

case: mode softening is observed for the E2g

phonon of a-Zr, with dn0/dP 5 20.7 cm21/

GPa (20). Moreover, the relation between elas-

tic modulus C44 and the frequency of the E2g

mode (Eq. 3) can be examined for Zr, Mg, and

Zn because they crystallize in the hcp structure

at zero pressure and reliable experimental mea-

surements of C44 are available (Table 2). The

results agree to within 15% for Zr and Mg, but

a large discrepancy is found for Zn, which

undergoes higher-pressure phase transition and

anomalous changes in electronic structure (34)

(not evident in Fe). Direct comparison of the

measured and calculated frequency of the E2g

phonon at different pressures is possible for Mg

(35) and Zr (36). In both cases, we find that the

measured frequency is lower than that calculat-

ed by first-principles methods, which is consis-

tent with results obtained for ε-Fe (Figs. 2 and

3). This study and analysis open the possibility

of Raman investigations of the vibrational dy-

namics of other metals, including planetary

core-forming materials at megabar to multi-

megabar pressures.
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Accretion of Primitive

Planetesimals: Hf-W Isotopic

Evidence from Enstatite

Chondrites
Der-Chuen Lee1,2 and Alex N. Halliday2

Enstatite chondrites have often been considered to be closely related to the
material from which Earth accreted. However, tungsten isotopic data reveal
clear differences. Moreover, the silicate and metal fractions define distinct
initial 182Hf/180Hf corresponding to a 13.8 6 5.3 million year apparent age
difference. Internal reequilibration does not provide a ready explanation for this
result. Larger scale redistribution of tungsten is more likely, such as may have
occurred during collisions between planetesimals.

Enstatite chondrites formed in a highly re-

duced environment, possibly in the inner

regions of the solar nebula (1, 2). They are

the only group of chondrites whose silicate

fractions have oxygen isotopic composi-

tions similar to those of Earth and the moon

(3), prompting some to suggest a genetic

relationship (4 ). The Mn-Cr isotopic data

for enstatite chondrite leachates and resi-

dues define an initial Cr isotopic composi-

tion that is similar to that of silicate Earth

and the moon (5, 6 ), and this has been used

to argue that the enstatite chondrite parent

body (ECPB) may have formed at the same

heliocentric distance. However, many fea-

tures of enstatite chondrites are enigmatic

and hard to explain. There are substantial

compositional gaps between the enstatite

chondrites and the Earth-moon system (2,

7 ), and chemical evidence for heteroge-

neous accretion of the ECPB has been pre-

sented (8). Furthermore, the relationship

with Earth is unlikely to be straightforward.

For example, dynamic simulations suggest

that localized feeding zones for the growth

of planetesimals and planets are unrealistic

(9). Rather, planetary accretion can sample

a broad provenance (9, 10).

The recently developed 182Hf-182W

chronometer (half-life 5 9 million years) is

well suited for studying accretion in the

inner solar system (11–15). Both Hf and W

are highly refractory. However, chemically

they are quite different, with Hf being

strongly lithophile (“silicate-loving”) and

W moderately siderophile (“metal-lov-

ing”), such that fractionation between Hf

and W occurs during metal-silicate differ-

entiation and partial melting (11, 12).

Hence, excess 182W in the W atomic abun-

dance is found in meteorites that sample

high Hf/W silicate reservoirs formed within

the life-span of 182Hf. This is as found in

some eucrites, martian meteorites, lunar

samples, and the silicate phases of ordinary

chondrites (13–15). Conversely, a deficit in
182W is found in early metals such as iron

meteorites and the metal fractions of ordi-

nary chondrites, because they have low

Hf/W (10, 11, 16, 17 ). Ordinary chondrites

appear to define reasonable internal Hf-W

isochrons with a linear functional relation

between Hf/W and W isotopic composi-

tions. Here we report data for enstatite

chondrites and find different behavior im-

plying systematic redistribution and mixing

of W.

Four enstatite chondrites, including EH

and EL groups, Abee (EH4), Indarch (EH4),

ALHA81021 (EL6), and Hvittis (EL6), were

selected for study. Experimental proce-

dures (18) were as used previously (15).

The Hf-W data for all four enstatite chon-

drites (Table 1) show a positive correlation

between measured Hf/W ratios and the re-

spective W isotopic compositions of indi-

vidual fractions (Fig. 1), consistent with the

former presence of 182Hf. In detail, howev-

er, the metals and silicates display distinct

characteristics (Fig. 1).

Portions of the magnetic (largely metal)

fractions of each meteorite were leached in

6 M HCl (18). The leachates contain the

easily soluble metal, sulfide, and minor

phosphate fractions with low Hf/W (Table

1). The residues from this procedure mainly

comprise small amounts of silicates and

minor oxides, insoluble in 6 M HCl. The

Hf-W data for all of these “magnetic frac-

tions,” that is, bulk metals, metal leachates,

and metal residues, are collinear, intersect-

ing the data for the carbonaceous chon-

drites, Allende and Murchison (11, 12)

(Fig. 1). These data are also collinear with

the data for the ordinary chondrites (15),

providing evidence that the metals are co-

eval and early (Web fig. 1) (19). A regres-

sion of the data for all enstatite chondrite

metals, their leachates and residues, and the

whole rock values of Allende and Murchi-

son yields a slope (equal to initial 182Hf/
180Hf ) of (1.85 6 0.38) 3 1024 (Fig. 2),

equivalent to that defined by the ordinary

chondrites (;1.8 3 1024) (15). The regres-

sion results are the same but with larger

uncertainties if the carbonaceous chon-

drites are excluded [(1.88 6 0.73) 3 1024].

The initial 182Hf/180Hf at the start of the

solar system is thought to lie in the range

(1.87 6 0.16) 3 1024 to (2.75 6 0.24) 3

1024 (15). On this basis, the metals in the

enstatite chondrites formed within a few

million years, at most, of the start of the

solar system.

In contrast, the nonmagnetic fractions

(predominantly silicates) for each sample

lie to the right of and below the best-fit line

defined by the magnetic (metal) fractions

(Fig. 1). The data for the nonmagnetic frac-
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Abstract

X-ray diffraction experiments on textured polycrystalline aggregates in the diamond anvil cell can be used to

determine the single-crystal elastic properties of the material under high pressure. We describe a direct method to

extract the elastic moduli of O-Fe from diffraction data without assumptions used in previous models to evaluate the

requirements on measurement precision. Assuming elastic properties and a realistic texture, variations of d-spacings

with orientation have been calculated. From these data, and assuming a sufficient precision, it was possible to retrieve

the elastic moduli used in input. We establish the feasibility of the method, which is also applicable to other materials.

This is important for explaining the discrepancies between the experimental results and those from first-principles

calculations. Implications for the seismic anisotropy in the Earth's inner core are discussed. ß 2001 Elsevier Science

B.V. All rights reserved.

Keywords: iron; elasticity; textures; anisotropy

1. Introduction

Seismic observations have established that the

solid inner core of the Earth is anisotropic and

that seismic waves travel 3^4% faster along the

axis of the Earth, than in the equatorial plane

[1]. Knowledge of the single-crystal elastic moduli

and the preferred orientation pattern of O-iron,

the principal constituent of the inner core [2], is

crucial for understanding anisotropy in the

Earth's core. Preferred orientation can originate

from growth [3,4], £ow induced by Maxwell

stresses [5,6], or by thermal convection [7]. In

view of these ¢ndings determination of the elastic

moduli in O-Fe under high pressure has been of

great interest. Studies include ¢rst-principles cal-

culations [8^12], radial di¡raction experiments to

above 200 GPa [13,14], and Raman spectroscopy

[15] but the results of di¡erent methods do not

agree. There is fair agreement between ¢rst-prin-

ciples calculations cited above (all for 0 K) but
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models based on experimental data produce much

more anisotropic values. Moreover, recent calcu-

lations predict major changes as a function of

temperature at high pressure that reverse the

sign of the elastic anisotropy [16]. Thus, there is

a need to clarify both the preferred orientation

and elastic properties in O-Fe under high pressure

and temperature.

Recently the elasticity of O-Fe at high pressure

was examined by X-ray di¡raction experiments

carried out with the diamond anvil cell. System-

atic variations of d-spacings were analyzed as a

function of orientation of corresponding lattice

planes to the diamond cell axis (Fig. 1). The

theory used in the analysis of the radial di¡rac-

tion experiments on O-Fe [17] assumed a random

orientation of the crystallites in the sample and

that the state of stress on all crystallographic

planes is identical. However, it is well-established

that O-Fe samples prepared under these conditions

are highly textured [18,19], with c-axes preferen-

tially aligned parallel to the axis of compression.

This provides an opportunity to determine the

elastic constants directly from di¡raction data,

without assumptions used in previous analyses.

Single-crystal elastic constants can be determined

from di¡raction experiments on stressed and tex-

tured polycrystals, either by observing changes in

d-spacings while the applied stress is varied, or

investigating, at constant stress, variations of d-

spacings with orientation of lattice planes to the

stress axis [20]. The latter method is applicable to

diamond anvil cell experiments.

We present a new approach to analyze the ob-

servations from the radial di¡raction experiments.

We begin by brie£y reviewing key concepts of

elasticity and preferred orientation and then de-

scribe the theoretical elements necessary to com-

bine the elasticity and preferred orientation in the

analysis of the radial di¡raction results. We dem-

onstrate the applicability of the method by gener-

ating synthetic `experimental' data from assumed

elastic moduli and experimental conditions, and

then retrieving the moduli from those data. Fi-

nally, we apply this methodology to data from a

previous experiment and discuss how the analysis

could improve understanding the elasticity of O-Fe

at high pressure.

2. Elasticity and preferred orientation

2.1. Elasticity

The single-crystal elastic properties of a materi-

al can be characterized in terms of compliances

Sijkl or sti¡nesses Cijkl which, in linear elasticity

theory, relate stress and strain in the sample using

the relation [21] :

c ij � CijklO kl; O ij � Sijklc kl �1�

They are components of twice symmetric fourth

rank tensors 0S and 0C with properties :

0S � �0C�31; Sijkl � Sjikl � Sklij; i; j; k; l � 1; 2; 3

�2�

In the case of hexagonal crystals, such as O-iron,

the crystal symmetry reduces the set of 21 inde-

pendent moduli to ¢ve (0C1111,
0C1122,

0C1133,
0C3333,

0C2323). The remaining moduli, which are

not identical to zero follow from Eq. 2 and the

relations:

0C2222 �
0C1111;

0C2233 �
0C1133;

0C1313 �
0C2323;

and 0C1212 � �0C11113
0C1122�=2 �2a�

The 0C quantities can be used to evaluate proper-

ties such as bulk modulus, shear modulus and

sound velocities in a single crystal. Because of

Fig. 1. Experimental setup for the diamond anvil cell radial

di¡raction experiments. The powdered sample is con¢ned

under non-hydrostatic stress between the two diamond an-

vils. c33d is the axial stress imposed by the diamonds and

c11g the radial stress imposed by the gasket. The cell is ro-

tated about an axis R to vary irT in y= (B,T).
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the anisotropic nature of the elastic moduli ten-

sors, the seismic velocities will exhibit anisotropy.

2.2. Preferred orientation

Although individual crystals might exhibit elas-

tic anisotropy, macroscopic polycrystalline aggre-

gates are elastically isotropic if their crystallites

are randomly oriented. But materials with pre-

ferred orientation (or `texture') display aniso-

tropic properties [22]. In order to include the ef-

fects of preferred orientation on the physical

properties of a macroscopic polycrystalline sam-

ple, such as the propagation of seismic velocities,

one has to introduce the orientation distribution

function (ODF) f(g) de¢ned as follows. Let KA be

the macroscopic polycrystalline sample coordinate

system and KB a right-handed Cartesian coordi-

nate system placed in the specimen (crystal coor-

dinate system) ¢xed to the crystal lattice of a crys-

tallite of the sample. The transformation to bring

the KA coordinate system onto KB can be un-

equivocally given by three numbers (noted g)

that represent a set of three well-de¢ned rotations

(g describes the orientation of the crystal relative

to KA). One choice for g is the set of Euler angles

K, L, Q [23] with:

g � g�K ; L ; Q �rfK ; L ; Q g; dg � dK sinL dL dQ ;

g q G : 0 9 K ; Q 9 360�; 0 9 L 9 180� �3�

The ODF f(g) describes the probability density to

expect crystallites that have the orientation g

within dg ; thus:

f �g�v0;

Z

G

f �g�dIg � 1; where dIg �
1

8Z2
dg �4�

The degree of anisotropy in a polycrystalline sam-

ple is represented by the texture sharpness F2

F2 �

Z

G

�f �g��2dIg �5�

For a material with random texture, F2 =1, for a

textured material, F2 s 1.

2.3. Methods for estimating single-crystal

elastic moduli under pressure

Single-crystal elastic moduli can be determined

experimentally using acoustic methods or Bril-

louin scattering [24] but these techniques so far

are applicable only over a limited pressure range,

or can be used reliably only for transparent (or

semi-transparent) samples. Raman spectroscopy

along with phenomenological modeling provides

direct information on the C2323 elastic modulus

of hexagonal crystals [25]. This was applied to O-
Fe up to a pressure of 150 GPa [15] but this

method can not be used to extract other elastic

moduli directly.

New experimental techniques have been devel-

oped to extract elasticity information from results

of X-ray and neutron di¡raction on polycrystals

under non-hydrostatic stress conditions [17,20,26^

32]. Fig. 1 shows the experimental setup used in

the case of the ultrahigh-pressure experiment with

a diamond anvil cell. The very ¢ne-powdered

sample (grain size estimated to be V1 Wm) is

con¢ned in a diamond anvil cell without any pres-

sure medium to enhance the e¡ect of non-hydro-

static stress. The diamonds induce a loading stress

component c33 that is larger than the radial stress

component c11 =c22 induced by the Be gasket. A

¢nely collimated X-ray beam of cross section in

the order of 10 Wm allows accurate measurements

on the sample. Di¡raction is measured through

the gasket and the cell is rotated to study the

in£uence of the stress condition on the di¡raction

patterns. The original theory used in the analysis

of these experiments to extract the elastic moduli

assumed a random orientation of the crystallites

in the sample [13,14] and this limits the analysis.

The present study develops a theory that can be

used to obtain the high-pressure single-crystal

elastic properties of hexagonal O-Fe from radial

di¡raction experiments on textured polycrystalline

aggregates.
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3. Theory of stress and strain in the

radial di¡raction experiment

3.1. Strain

The stress conditions applied to the sample can

be expressed by the following tensor:

c �

c 110

0c 11

00

2

6

4

3

7

5
�

c hydro0

0c hydro

00

2

6

4

3

7

5
�

3t=30

03t=3

00

2

6

4

3

7

5

�6�

where chydro is the mean normal stress (equivalent

hydrostatic pressure) and t=c333c11 the uniaxial

stress component. The deviatoric stress compo-

nents are:

c
0
33 � 2t=3; c 0

11 � c
0
22 � 3t=3 �7�

The equivalent hydrostatic pressure chydro deter-

mines the reference values of the hexagonal crys-

tal structure parameters a0, c0/a0 that are esti-

mated using a previously measured equation of

state for O-iron [33]. Using parameters a0 and

c0/a0 (noted `0P(chydro)') the interplanar spacings

under the equivalent hydrostatic pressure chydro

are:

d0�
0P; hkl� �

a0
������������������������������������������������������

4

3
�h2 � hk � k2� �

l2

�c0=a0�2

s �8�

The equivalent hydrostatic pressure also deter-

mines the set of elastic moduli 0S(chydro) that we

are determining.

In the experiment, the di¡raction direction de-

¢nes a `laboratory coordinate system' KL with

the axis ZL parallel to the scattering vector N

(bisector between the incoming beam and the dif-

fracted X-ray beam collected by the detector) and

XL inside the plane containing the incident and

di¡racted beam and pointing towards the side of

the detector (Fig. 2). The sample coordinate sys-

tem KA is de¢ned by the stress environment on

the sample with ZA parallel to the diamonds axis.

The crystal coordinate system KB is de¢ned for

each crystallite according to the crystal structure.

In KB of a crystallite under consideration the

direction of the normal to a di¡racting (hkl)

plane is given by hi. The scattering vector de-

scribed in KA is called y. The (hkl) planes ob-

served in the spectrometer are a subset of the

(hkl) planes of all crystallites de¢ned by the con-

dition (yNhi). The observed interplanar spacings d

depend on the quasi-hydrostatic equivalent pres-

sure cell parameters 0P(chydro), the elastic moduli
0S(chydro), the ODF f, the uniaxial stress t, the

crystallographic plane (hkl), and the direction of

measurement y. They can be expressed as fol-

lows:

d�hkl; y� � d�0P; 0S; f ; t; hkl; y�rd0�
0P; hkl�

1�
d�0P; 0S; f ; t; hkl; y�3d0�

0P; hkl�

d0�0P; jkl�

� �

�

d0�
0P; hkl��1� O

0�0P; 0S; f ; t; hi; y�� �9�

Fig. 2. Coordinate systems used in the analysis. The sample coordinate system KA is de¢ned by the stress environment on the

sample. ZA is parallel to the diamonds axis. For the laboratory coordinate system KL, ZL is parallel to the bisector between the

incoming and di¡racted X-ray beam and XL is in the plane containing the incoming and di¡racted beam, pointing towards the

side of the detector. The crystallite coordinate system KB is de¢ned according to the crystallographic structure.
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The averaging symbol (overline) denotes that the

di¡raction peak from a polycrystalline sample is

formed by contributions of all crystallites in re-

£ection position (yNhi), i.e. with the orientations

gp of the two paths g�p , g
3

p through the G-space:

g�p � f�hi; ~Bg
31fy; 0g; g3p � f3hi; ~Bg

31fy; 0g;

09~B9360� �10�

The number of these crystallites is obviously re-

lated to the texture of the sample, entering the

average through f(gp).

In KL, the strain symbol OP in Eq. 9 can be

interpreted as the 33 component of a strain ten-

sor, i.e. :

d�0P; 0S; f ; t; hkl; y� �

d0�
0P; hkl�Z1� O

0L
33�

0P; 0S; f ; t; hi; y�u �11�

3.2. Relation to elastic moduli

We apply now Hooke's law in the laboratory

coordinate system KL. The strain may be ex-

pressed in terms of stress cP
L and compliances

SL, thus:

O
0L
33 � SL

33ij�
0P; 0S; f ; hi; y�c

0L
ij �12�

The compliance components SL
33ij given in KL are

then converted into the mixed laboratory sample

coordinate system (KL,KA)-related stress factors

SLA
33kl , using the rotation matrix {y,0} (KLCKA),

that determines the main y-dependence of the ex-

perimental d :

SLA
33kl � SL

33mnfy; 0gmkfy; 0gnl �13�

Using the stress factors, OPL33 is directly propor-

tional to the deviatoric stresses (Eq. 7) given in

KA by:

O
0L
33 � SLA

3333�
0P; 0S; f ; hi; y�c

0
33�

SLA
3311�

0P; 0S; f ; hi; y�c
0
11�

SLA
3322�

0P; 0S; f ; hi; y�c
0
22 �

�2 SLA
33333SLA

33113SLA
3322�t=3 �14�

The `di¡ractive compliances' SL(0P, 0S, f ; hi, y)

also depend on the direction of di¡raction y

through their dependence of f(g) (cf. Eq. 10),

but in case of a randomly textured material, this

dependence disappears due to f(g)r1.

Next we have to relate the single-crystal elastic

moduli, 0S, expressed in the coordinate systems

K
j
B of the individual crystallite j, to the e¡ective

`di¡ractive compliances' SL(0P, 0S, f ; hi, y). This

depends on the micro-mechanical model used to

bring the average over the di¡racting grains gp
(with individual microscopic strains and stresses

in the solid polycrystalline sample) into the fac-

torized form (Eq. 14) with the macroscopic load-

ing stress components.

3.3. Preferred orientation

A number of micro-mechanical models have

been used in the past. The Voigt [34] and Reuss

[35] approximations assume continuity of strain

and stress, respectively, across grains in the sam-

ple. In terms of the ODF, these approximations

can be represented as simple arithmetic means

with f(g) or f(gp) weights, respectively. Other ap-

proaches use linear combinations of values deter-

mined in the Reuss and Voigt approximations as

in the Voigt^Reuss^Hill average or in Hill-like

models [36]. More sophisticated self-consistent

variants, involving grain interactions on the mi-

croscopic level, have been shown to be physically

more appropriate. Explicit SL expressions for all

these models in the case of random texture have

been published [17,26,28,29,37].

In the case of a hexagonal crystal with random

texture, diamond anvil experiments provide only

three independent combinations of the ¢ve com-

ponents of the elastic moduli tensor 0S. Therefore,

the use of two additional bulk properties, such as

bulk and shear moduli, is necessary to deduce the

full set of elastic moduli [13]. For textured sam-

ples, the 0S-dependencies of SL are more compli-

cated. Analytical expressions containing only a

small number of transparent ODF-related quanti-

ties are given in [38] for the Reuss approximation
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and in [39] for the `bulk-path-geo approximation'

(BPGeo). The latter approximation e¡ectively

considers aspects of grain interaction from macro-

scopic to microscopic levels. The results of this

approximation that uses elements of a simple geo-

metric average are very close to those from more

sophisticated self-consistent calculations. Because

of the non-linear character of both models, new

combinations of 0S components arise.

For a relatively sharp texture with a distribu-

tion only around one orientation (`texture compo-

nent'), a single crystal with the right orientation

can approximate the sample. This greatly im-

proves the reliability of the results and simpli¢es

the analysis, because in this case the results of all

physically correct micro-mechanical polycrystal

models must agree; i.e. the di¡erence between re-

sults using simple Reuss, or more sophisticated

approximations, must be relatively small.

3.4. Speci¢c aspects of high-pressure experiments

In the case of diamond anvil cell experiments,

several di¤culties arise. Uncertainties in the cell

parameters 0P(chydro) directly in£uence the quasi-

hydrostatic interplanar spacings d0, introducing

errors in Eq. 8 and 9. In order to avoid this sit-

uation, we evaluate a mean value:

d�0P; 0S; f ; t; hkl� � d�0P; 0S; f ; t; hkl; y�Y

�15�

calculated for a su¤ciently large number of mea-

suring points y. Then introducing the quantity

Drd/d the critical d0 cancels out, and by Eq. 11

we have:

D�0P; 0S; f ; t; hkl; y� � d=d �

1� O 0L33�
0P; 0S; f ; t; hi; y�

1� O 0L
33�

0P; 0S; f ; t; hi; y�Y
�16�

A second problem related to the diamond anvil

cell experiments is the uncertainty in the uniaxial

stress component t. But due to the special form of

Eq. 14 and the 0S-dependence of the SLA compo-

nents (homogeneous function of degree one) we

can introduce the dimensionless Z quantities:

0Zijkl �
0Sijklt=3; SLA

33ij Wt=3 �

ZLA
33ij�

0P; 0Z; f ; hi; y� � SLA
33ij�

0P; 0Z; f ; hi; y�

�17�

Combining Eqs. 16 and 14 we obtain:

D�0P; 0S; f ; t; hkl; y� � D�0P; 0Z; f ; hkl; y� �

1� 2ZLA
33333ZLA

33113ZLA
3322

1� 2ZLA
33333ZLA

33113ZLA
3322

Y
�18�

i.e. uncertainties in the uniaxial stress t will not

in£uence the ¢tting procedures to determine the
0Z from the experimental D values, but only enter

in the ¢nal step, when calculating the components

of the tensor elastic moduli 0S from 0Z.

4. Analysis of experimental data

4.1. Previous results for elasticity

The high-pressure determination of elastic mod-

uli for crystals of hexagonal symmetry using dia-

mond anvil cells and X-ray di¡raction is in an

early stage of development. The conventional dia-

mond anvil cell con¢guration was modi¢ed to ob-

serve di¡raction from lattice planes oriented at

di¡erent angles relative to the diamond axis, ZA,

in the sample-related coordinate system [13,14,18].

Polychromatic synchrotron X-rays are incident on

the sample at 84³ to the diamond anvil axis and

di¡raction patterns are collected with an energy-

dispersive detector in a symmetrical position

(2a=12³). During an experiment, the cell is ro-

tated around an axis perpendicular to the dia-

mond anvil cell axis to bring di¡erent lattice

planes into di¡raction condition (Fig. 1).

For the present analysis, we will use results on

O-Fe at a pressure of 54 GPa [13]. Data for eight

(hkl) and the T region 0^90³ (y= (B,T)) were col-

lected, and the dependence in y of the interplanar

spacings expected from Eq. 9 was observed (Fig.
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3). If one assumes that the stress conditions are

homogeneous on all crystallographic planes in the

sample, the observed d-spacings are expected to

vary linearly with sin2T. This results from Eq.

13 in the case of y-independence of the SL
33mn com-

ponents and the special stress structure of Eq. 6

(axial compression). A ¢rst analysis was per-

formed assuming a random texture and applying

the Reuss (K=1 in Singh formalism) and Hill

(K=0.5 in Singh formalism) micro-mechanical

models [17]. The elastic moduli 0C(K=1) and
0C(K=0.5) deduced from these experiment are

presented in Table 1.

4.2. Previous results for preferred orientation

The intensity of di¡raction measured for a (hkl)

re£ection line is proportional to the correspond-

ing `pole ¢gure' values Phi(y) that describe the

probability for the crystallites to be in re£ection

orientation. Using texture analytical methods, the

ODF f(g) can be determined from the pole ¢gures.

The quality of the ODF obtained can be eval-

uated by comparing the experimental pole ¢gure

with the pole ¢gure recalculated from f(g). No

azimuthal variations (B) of y= (B,T) have been

considered and a cylindrical sample symmetry of

texture was assumed, corresponding to the stress

conditions in the diamond cell experiments. Fig. 4

shows experimental texture pro¢les from parallel

to perpendicular to the diamond cell axis for eight

re£ections of the data set, and Fig. 5a displays the

texture in one of the identical K-sections of the

ODF that corresponds to an inverse pole ¢gure

of the compression direction relative to crystal

directions h in the case of cylindrical sample sym-

metry [19]. A sharp single (0001) ¢ber texture with

texture sharpness F2 =2.5 is observed.

For hexagonal crystal symmetry the elastic

properties are isotropic in the XB/YB plane.

Therefore our sample e¡ectively represents a sin-

Fig. 3. Dependence of the observed interplanar spacing d for

O-Fe on sin2T for three selected di¡raction lines at 54 GPa

[16].

Table 1

Elastic moduli (in GPa) of O-Fe at 54 GPa used in the analysis (Voigt abbreviation in parentheses)

Singh (K=1) Singh (K=0.5) Soderlind ¢rst-principles Reuss+ODF BPGeo+ODF

C1111 (c11) 552 639 638 450 429

C3333 (c33) 562 648 606 611 886

C2323 (c44) 395 422 178 267 324

C1122 (c12) 335 300 190 368 349

C1133 (c13) 301 254 218 86 201

C2323/C1212 3.6 2.5 0.8 1.0 1.4

Experimental values were estimated from radial di¡raction experiments [16] using a random texture model and the Reuss (K=1)

and Hill (K=0.5) approximations. First-principles model is based on [13]. The last columns have been recalculated from the ex-

perimental data [16] using a non-random texture and Reuss and BPGeo micro-mechanical models.
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gle crystal with the c-axis aligned in the maximum

stress direction. Thus the 0S (or 0C) parameter

sets that would be calculated using the same ex-

perimental data as [13], but including texture ef-

fects, are likely to be di¡erent from the results in

Table 1, which assumed a random orientation of

the crystallites in the sample.

4.3. Theoretical test case

The analysis based on a hypothesis of random

texture could only provide three combinations of

the elastic moduli [13]. Therefore, assumptions

had to be made about two bulk properties of

the material (cf. Section 3.3). Ideally, we would

like to determine all of the unknown components

of 0S using the data obtained from the di¡raction

experiments, without additional information such

as approximated bulk properties. Eq. 18 cannot

be solved for the 0Z analytically, but can be ana-

lyzed by numerical model calculations. We pro-

ceed by assuming a set of elastic moduli 0S*

and model the d data that would be observed in

a radial di¡raction experiment [13]. We then use

these theoretically modeled d data to re-extract

the elastic moduli 0S* that were included in the

model. We only show results for the (101) lattice

plane but the analysis was done on all eight lattice

planes of the experimental set. For the numerical

test case we did not use the experimental texture

(Fig. 5a), but rather a theoretical texture modeled

after the experimental texture, for higher accura-

cy. This model ODF is stronger than the exper-

imental texture and consists of a (0001) ¢ber with

a halfwidth of 30³ and isotropic background 0.1

m.r.d. (Fig. 5b), providing a texture strength of

F2 =8.4.

Fig. 6 shows the modeled D(0P, 0S*, f, t ; hkl, y)

for the (101) plane as a function of sin2T, where T

is the polar angle of y (i in [20]). The D was

calculated with standard accuracy, using the

¢rst-principles sti¡ness coe¤cients [10] in Table

1 (0Cab initio), and the two micro-mechanical mod-

els Reuss and BPGeo with the following parame-

ters (chydro =52 GPa, t=15 GPa, c0/a0 =1.6). The

random texture case results in straight lines,

whereas the textured case produces slightly curved

lines.

Deviations from a straight line are emphasized

in Fig. 7 where the derivative of D(0P, 0S*, f, t ;

hkl, y) versus sin2T for the (101) plane is shown as

Fig. 5. Inverse pole ¢gures of the compression direction for

O-Fe. (a) Experimental inverse pole ¢gure at 54 GPa calcu-

lated from the pole density pro¢les in Fig. 4 [22], maximum

pole density is 6.4 m.r.d., (b) idealized texture expressed by a

single ¢ber component which is used for the test calculations

in this paper, maximum pole density is 18.3 m.r.d. Equal

area projections. Contour scale is indicated.

Fig. 4. Texture of O-Fe at P=54 GPa expressed as pro¢les

of pole densities for eight di¡raction peaks from parallel to

perpendicular to the diamond cell axis. Pole densities are ex-

pressed in multiples of a random distribution (m.r.d.) [22].
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a function of sin2T. The di¡erent curves are rela-

tively close to each other because of the almost

isotropic structure of the microscopic 0Cab initio set

of elastic moduli. Nevertheless, the set of elastic

moduli used in the model could be recalculated in

this textured case with an accuracy of at least two

decimals. It is appropriate to emphasize that for

the present model the D values had an accuracy

of at least ¢ve decimals, and the micro-mechanical

models used to produce the `experimental' D val-

ues and to re-extract the unknown 0S were iden-

tical. The example shows the accuracy in experi-

mental D values required to obtain reliable results

on single-crystal elasticity.

4.4. Application to experimental data

In Fig. 8 we plot the experimental D(0P, 0S, f,

t ; hkl, y) as a function of sin2T for (101) from the

experiment at 54 GPa, with an estimated t of 4.5

GPa [16]. The other curves are for the BPGeo

model, the ODF in Fig. 3, and three sets of elastic

moduli. The ¢rst-principles results [10] are shown;

K=1 refers to values obtained with the Reuss

approximation and K=0.5 to those obtained

with the Hill approximation [13]. None of the

modeled D(0P, 0S, f, t ; hkl, y) can reproduce

the non-linear behavior of the experimental data

with su¤cient accuracy. Table 1 also presents two

hypothetical sets of elastic moduli of O-Fe at 54

GPa deduced from the experimental d values and

using the texture in Figs. 4 and 5 under the Reuss

and BPGeo approximations, without additional

assumptions about bulk properties of the sample.

The D(0P, 0S, f, t ; hkl, y) curves recalculated us-

ing these moduli and the appropriate micro-me-

chanical models are plotted in Fig. 9 as a function

of sin2T for (101). The results from both models

Fig. 8. Experimental D values for (101) and calculated values

using the ¢rst three 0C parameter sets of Table 1, the BPGeo

micro-mechanical model and the ODF from Fig. 3.

Fig. 7. Variation of DD/D(sin2T) with sin2T for D values of

the (101) re£ection line calculated using the ¢rst-principles

set of elastic moduli from Table 1. Results are plotted for

two micro-mechanical models (Reuss and BPGeo) supposing

random texture or a model ODF, containing a (001) ¢ber

component.

Fig. 6. Variation of the D values of the (101) re£ection line

calculated using the ¢rst-principles set of elastic moduli from

Table 1 as a function of sin2T. Results are plotted for two

micro-mechanical models (Reuss and BPGeo) supposing ran-

dom texture or the model ODF from Fig. 5b, containing a

(001) ¢ber component.
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(BPGeo and Reuss) are very close because of the

strong preferred orientation in the sample. The

recalculated d values using a random texture

model and the elastic moduli for the Reuss ap-

proximation from Singh et al. [13] are also indi-

cated. They appear as a linear function of sin2T,

as expected for a random texture model.

The analysis of the curves for the other (hkl)

re£ections provided similar results. In all cases,

curves resulting from calculations that included

the texture and used the Reuss or BPGeo micro-

mechanical models appear to be more appropri-

ate. Unfortunately, the scatter in the currently

available experimental d values does not permit

us to obtain a unique set of elastic moduli. Hence,

the signi¢cance of features obtained with the lat-

ter two models, such as the large value of C1111/

C3333 and negative C1122, needs to be explored

with further measurements.

5. Conclusions

We introduced a new theoretical approach for

the analysis of high-pressure radial di¡raction

measurements on hexagonal materials. In this

study, we demonstrated how the sample texture

could be introduced in the estimation of the elas-

tic moduli. Several micro-mechanical models for

the grain interactions in the sample and texture

hypothesis were analyzed. We ¢nd that the mod-

els using the Reuss or BPGeo approximation,

along with the observed texture properties, were

most appropriate. Unfortunately, the accuracy of

the experimental results is not su¤cient to extract

the elastic moduli of O-Fe; in fact a large range of

elastic moduli is compatible with the data. The

analysis suggests that the accuracy of the mea-

surements needs to be improved by an order of

magnitude to obtain accurate determination of

the moduli. Both a highly anisotropic elasticity

[13,14] as well as a weakly anisotropic elasticity

(estimated from ¢rst-principles [9,10]) is compat-

ible with the experimental data within the margin

of error. Despite this current ambiguity, we can

estimate with the hypothetical moduli calculated

here the compressional wave anisotropy of the

material. Fig. 10 shows preliminary seismic veloc-

Fig. 10. Compressive and shear velocities for a single crystal

of O-Fe and the ¢ve 0C parameter sets of Table 1. Vmax of

each set is normalized to 1000. From the top: 0Cfirstÿprinciples,
0C(K=1) Reuss/random, 0C(K=0.5) Hill/random,
0CBPGeo=ODF,

0CReuss=ODF. T is the angle to the [0001]-axis.

Fig. 9. Experimental D values (101) and recalculated values

for the BPGeo/ODF, Reuss/ODF, and Reuss/random (K=1)
0C parameter sets of Table 1 derived by ¢ts using the corre-

sponding micro-mechanical models, the ODF of Fig. 3 or as-

suming a random texture.
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ity anisotropies in O-Fe calculated with the sets of

elastic moduli from Table 1. All, except the ¢rst-

principles calculations, have an anisotropy greater

than 10%.

The conditions required to obtain precise infor-

mation on the elastic moduli of the sample from

such an experiment are: (i) improved accuracy in

the measurement of the d-spacings, (ii) precise

texture characterization, (iii) accurate estimation

of the uniaxial stress component in the sample.

The characterization of the texture for the case

of O-iron in these experiments is fairly accurate

[19], and it shows a very strong preferred orienta-

tion, with the c-axis parallel to the compression

axis. Therefore the question of texture character-

ization does not limit the quality of the elastic

moduli determination. The accuracy of the d-

spacing measurements could be improved by in-

creasing the number of data points in the analysis

and better characterization of the position of the

sample while rotating the diamond anvil cell,

thereby reducing the errors in the measurements.

Repeating the experiments several times under the

same conditions will directly show the degree of

uncertainty of the experimental d-spacings and

reveal problems that may be related to grain sta-

tistics. Preliminary experiments, carried out re-

cently with monochromatic radiation, show im-

proved accuracy and precision relative to the

previous work [40]. The application of any model

to describe the variation of d (h,y) for a polycrys-

talline sample implicitly assumes a large number

of grains in re£ection position. Critical minimum

numbers can be deduced from numerical models,

as described in Section 4.3, but using sets of single

grains with individual orientations representing a

certain texture type, rather than a continuous

ODF. The question of the uniaxial stress compo-

nent characterization remains open. Three solu-

tions can be proposed: (i) the use of a calibration

standard [14], (ii) an independent estimation of

one of the elastic moduli such as C2323 in the

case of O-Fe [15] to scale the results, (iii) ¢nite-

element modeling of the stress conditions in the

experiment [41].
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Tomë, A convection model to explain the anisotropy of

the inner core, J. Geophys. Res. 105 (2000) 5663^5667.

[8] L. Stixrude, R.E. Cohen, D.J. Singh, Iron at high pres-

sure: Linearized-augmented-plane-wave computations in

the generalized-gradient approximation, Phys. Rev. B 50

(1994) 6442^6445.

[9] L. Stixrude, R.E. Cohen, High-pressure elasticity of iron

and anisotropy of Earth's inner core, Science 267 (1995)

1972^1975.

[10] P. Soderlind, J.A. Moriarti, J.M. Wills, First principles

theory of iron up to Earth-core pressure: Structural, vi-

brational, and elastic properties, Phys. Rev. B 53 (1996)

14063^14072.

[11] G. Steinle-Neumann, L. Stixrude, R.E. Cohen, First-prin-

ciples elastic constants for the hcp transition metals Fe,

Co, and Re at high pressure, Phys. Rev. B 60 (1999) 791^

799.

S. Matthies et al. / Earth and Planetary Science Letters 194 (2001) 201^212 211



188 Articles

[12] A. Laio, S. Bernard, G.L. Chiarotti, S. Scandolo, E. To-

satti, Physics of iron at Earth's core conditions, Science

287 (2000) 1027^1030.

[13] A.K. Singh, H.K. Mao, J. Shu, R.J. Hemley, Estimation

of single crystal elastic moduli from polycrystalline X-ray

di¡raction at high pressure: Application to FeO and iron,

Phys. Rev. Lett. 80 (1998) 2157^2160.

[14] H.K. Mao, J. Shu, G. Shen, R.J. Hemley, B. Li, A.K.

Singh, Elasticity and rheology of iron above 220 GPa

and the nature of the Earth's inner core, Nature 396

(1998) 741^743; correction, Nature 399 (1999) 280.

[15] S. Merkel, A.F. Goncharov, H.K. Mao, P. Gillet, R.J.

Hemley, Raman spectroscopy of iron to 152 gigapascals:

implications for Earth's inner core, Science 288 (2000)

1626^1629.

[16] G. Steinle-Neumann, L. Stixrude, R.E. Cohen, O. Gu«lse-

ren, Elasticity of iron at the temperature of the Earth's

inner core, Nature 413 (2001) 57^60.

[17] A.K. Singh, C. Balasingh, H.K. Mao, R.J. Hemley, J.

Shu, Analysis of lattice strains measured under nonhydro-

static pressure, J. Appl. Phys. 83 (1998) 7567^7575.

[18] R.J. Hemley, H.K. Mao, G. Shen, J. Badro, P. Gillet, M.

Han£and, D. Ha«usermann, X-ray imaging of stress and

strain of diamond, iron, and tungsten at megabar pres-

sures, Science 276 (1997) 1242^1245.

[19] H.R. Wenk, S. Matthies, R.J. Hemley, H.K. Mao, J. Shu,

Deformation mechanisms of iron at inner core pressures,

Nature 405 (2000) 1044^1047.

[20] S. Matthies, H.-G. Priesmeyer, Di¡raction determination

of thermo-elastic single crystal constants using polycrys-

talline samples, Proc. Int. Conf. Textures of Materials

(ICOTOM 12), NRC Research Press, Ottawa, 1999, pp.

439^444.

[21] J.F. Nye, Physical Properties of Crystals: Their Represen-

tation by Tensors and Matrices, Clarendon Press, Oxford,

1957.
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Abstract Physical properties including the equation of
state, elasticity, and shear strength of pyrite have been
measured by a series of X-ray diffraction in diamond-
anvil cells at pressures up to 50 GPa. A Birch–Murna-
ghan equation of state fit to the quasihydrostatic
pressure–volume data obtained from laboratory X-ray
source/film techniques yields a quasihydrostatic bulk
modulus K0T ¼ 133:5 ð�5:2ÞGPa and bulk modulus
first pressure derivative K

0
0T ¼ 5:73 ð�0:58Þ. The appar-

ent equation of state is found to be strongly dependent
on the stress conditions in the sample. The stress
dependency of the high-pressure properties is examined
with anisotropic elasticity theory from subsequent
measurements of energy-dispersive radial diffraction
experiments in the diamond-anvil cell. The calculated
values of K0T depend largely upon the angle w between
the diffracting plane normal and the maximum stress
axis. The uniaxial stress component in the sample,
t ¼ r3 � r1, varies with pressure as t ¼ �3:11þ 0:43P
between 10 and 30 GPa. The pressure derivatives of the
elastic moduli dC11=dP ¼ 5:76 ð�0:15Þ, dC12=dP ¼ 1:41
ð�0:11Þ and dC44=dP ¼ 1:92 ð�0:06Þ are obtained from
the diffraction data assuming previously reported zero-
pressure ultrasonic data (C11 ¼ 382GPa, C12 ¼ 31GPa,
and C44 ¼ 109GPa).

Keywords High pressure � Elasticity � Pyrite �
Shear strength � Radial diffraction

Introduction

Pyrite crystallizes in the cubic symmetry [space group
T
6
h
ðPa3Þ] and appears to have a wide stability field. X-ray

diffraction experiments, performed up to pressures of
40 GPa, show no evidence of phase transition (Bridgman
1949; Drickamer et al. 1966; Chattopadhyay and Sch-
nering 1985; Jephcoat 1985; Fujii et al. 1986). Moreover,
shock compression data demonstrate that pyrite does not
undergo any phase transition up to a pressure of at least
320 GPa (Ahrens and Jeanloz 1987). However, the bulk
moduli deduced from these experiments show large dif-
ferences and the results do not agree. Moreover, equation
of state (EOS) measurements under nonhydrostatic
conditions at high pressure and ambient temperature
using X-ray diffraction and the diamond-anvil cell up to
pressures of 40 GPa yielded some unusual results: the
EOS was found to be very dependent on the experimental
stress conditions, with a bulk modulus varying from 130
to 250 GPa with different pressure-transmitting media
used in the experiments (Jephcoat 1985). Such variations
between the different measurements in the diamond-anvil
cell can be explained by the presence of anisotropic stress
conditions that differ between experiments. This has been
one of the major sources of errors and inconsistencies in
the determination of high-pressure properties of materi-
als with diamond-anvil cell experiments. Thus, there is
a need to investigate both the high-pressure properties of
materials and the stress conditions under which the
experimental measurements are performed.

The purpose of this study was to examine the high-
pressure properties of pyrite and the conditions under
which they are measured in detail using new experi-
mental and theoretical techniques. In particular, we used
methods developed to analyze quantitatively lattice
strains under nonhydrostatic stress conditions in the
diamond-anvil cell (Singh 1993b; Singh et al. 1998a, b).
The powdered sample is confined in a diamond cell
without a pressure medium to enhance the effects of
nonhydrostaticity, and diffraction patterns are measured
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through the gasket with several orientations of the X-ray
beam. Analyzing the effects of orientation on the mea-
sured interplanar d spacings can yield information on
shear strength, quasihydrostatic compression curves,
elastic moduli, as well as elastic anisotropy. This tech-
nique has been applied to iron (Mao et al. 1998; Singh
et al. 1998b), gold and rhenium (Duffy et al. 1999a), and
molybdenum (Duffy et al. 1999b).

The first section of this paper summarizes previously
unpublished X-ray diffraction results on the EOS of
pyrite (Jephcoat 1985). Two experiments were performed
without a pressure medium, thus under nonhydrostatic
stress conditions, and a third experiment hydrostatically
with neon as a pressure medium. The EOS were found to
be very dependent on the degree of nonhydrostatic stress
in the sample. We then describe the theory behind the
radial diffraction experiments and how it can be used to
deduce physical properties of the sample. Finally, we
present results of the radial diffraction experiments and
analysis for obtaining hydrostatic compression curve,
elasticity, shear strength, and elastic anisotropy of pyrite.

Conventional diffraction experiments

Description of the experiments

Three sets of EOS experiments were performed in a di-
amond-anvil cell using a sealed MoKa (k ¼ 71:073 pm)
source at the Geophysical Laboratory. The collimated
X-ray beam was directed through the diamond anvils,
and diffraction patterns were collected with a film
camera in Debye–Scherrer geometry (Fig. 1). An
extended silver standard was used to calibrate the film to
sample distance (Jephcoat et al. 1987). Two runs (NH1
and NH2) were performed nonhydrostatically up to
pressures of about 25 and 30 GPa, respectively. A hy-
drostatic run (NE1) was also performed with solid neon
as a pressure medium up to 40 GPa. For all experiments,
large single crystals of pure, natural pyrite (Elba, Italy)
were ground to a powder in a suspension of ethanol.

For the first experiment (NH1), diamonds with a 550-
lm diameter culet were chosen and a 160-lm diameter

hole drilled in a T301 steel gasket was used as a sample
chamber. The hole was filled with the pyrite powder and
covered with a layer of ruby chips before assembling the
cell. An asymmetric pressure gradient developed across
the diamond face, as opposed to the maximum expected
at the culet center. The X-ray photographs showed
spotty diffraction rings, suggesting that the sample grain
size was too large, and the experiment was stopped at
25 GPa.

For run NE1, the same diamonds were used. The
sample was ground for a longer period than in the pre-
vious experiment and pressed into a platelet between the
piston diamond and a glass microscope slide. A disk was
cut from this platelet to a diameter slightly smaller than
the hole. Finally, ground ruby was distributed
throughout the sample, and pressed lightly into it. Pure
neon was then loaded at 0.2 GPa (Jephcoat et al. 1987).
Pressures were measured at several points across the
sample for averaging at each increment in pressure.

As a result of the large discrepancy between the first
two runs (see results in Fig. 2), a second nonhydrostatic
compression experiment (NH2) was carried out to check
the accuracy of the first (NH1). Larger-culet diamonds
(950 lm diameter) were used and a 200-lm hole was
drilled in the gasket. The same powdered sample was
reground and loaded into the gasket and repeatedly
pressed until fully compacted and ground ruby powder
was deposited on the surface. Up to nine reflections from
the following set of indices were identified manually on
the X-ray film: (1 1 1), (2 0 0), (2 1 0), (2 1 1), (2 2 0),
(3 1 1), (2 2 2), (2 3 0), and (3 2 1). A zero-pressure
lattice constant of 5.417(5) was used.

Results

Compression data for experiments NE1, NH1, and NH2
are presented in Tables 1, 2, and 3, respectively. Com-

Fig. 1 Experimental setup for conventional diffraction experiments
NE1, NH1, and NH2. A collimated X-ray beam MoKa

(k ¼ 71:073 pm) passes along the diamond cell load axis and exposes
the film held in a camera at fixed radius

Fig. 2 Compression curves of pyrite: NE1 (open circles) with neon as
pressure medium, NH1 (closed circles), and NH2 (closed squares) with
no pressure medium. Solid lines are third-order Birch–Murnaghan fits
to the data and dotted lines are extrapolated compression curves from
zero-pressure ultrasonic measurements of elastic moduli. (Simmons
and Birch 1963)

2
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pression curves derived from these experiments are
shown in Fig. 2. The results from compression with
neon medium are in reasonably close agreement with
expectation on the basis of zero-pressure elastic constant
measurements (Simmons and Birch 1963).

Pyrite appears significantly less compressible in the
two nonhydrostatic experiments (NH1 and NH2). Al-
though the effect of nonhydrostatic stress in NH1 was
reproduced in NH2, its magnitude was not. Possible
explanations for the difference in magnitude are (1) that
the larger diamond culet surface of run NH2 reduced the
pressure gradients and the degree of nonhydrostaticity;
and (2) that the sample grain size was smaller for run
NH2 (<10 lm). Other factors that distinguished run
NH1 and NH2 were a lower concentration of ruby in the
surface layer, and a larger sample thickness.

For nonhydrostatic experiment NH2, data were col-
lected by cycling the cell up and down in pressure several
times (Table 3). There appear to be no systematic effects
attributable to increasing or decreasing pressure cycles
within the scatter of the data.

Discussion

Earlier ultrasonic measurements of zero-pressure elastic
moduli by (Simmons and Birch 1963) provide values of
K0S ranging from 142.7 to 147.9 GPa, depending on the
sample used. Analysis of shock-compression data be-
tween 0 and 320 GPa yields K0S ¼ 162 ð�9Þ GPa and
K

0
0S ¼ 4:7 ð�0:3Þ (Ahrens and Jeanloz 1987).
The adiabatic and isothermal bulk moduli can be

related using

KS ¼ KT ð1þ acT Þ ¼ KT 1þ
a
2
KSVT

CP

� �

; ð1Þ

where a is the volume thermal expansivity, c the
thermodynamic Grüneisen parameter, CP the constant
pressure heat capacity, V the unit cell volume, and T

the absolute temperature. With a ¼ 2:6	 10�5 K�1,
V ¼ 159:04 ÅA

3
(Ahrens 1995),CP ¼ 62:17 J �mol�1 �K�1

(Robie et al. 1979), and T ¼ 300 K, we calculate
KT =KS 
 0:988. Thus KS and KT at ambient temperature
differ by about 1%, which is within experimental error.
Reported measurements of K0T for pyrite using X-ray
diffraction include 149.3 and 147.1 GPa (Bridgman 1949)
with data up to 0.3 GPa, K0T ¼ 148 GPa, and K

0
0T ¼ 5:5

by Drickamer et al. (1966) with data up to 30 GPa,
K0T ¼ 157 GPa by Fujii et al. (1986) with data up to
4.2 GPa, K0T ¼ 215 GPa and K

0
0T ¼ 5:5 by Chattopad-

hyay and Schnering (1985) with data up to 34 GPa.
A third-order Birch–Murnaghan EOS was fitted to

the data for each experiment with K
0
0T free and

K
0
0T ¼ 4:0 (Table 4). Assuming K

0
0T ¼ 4:0, the bulk

modulus obtained from the neon medium experiment
(NE1), K0T ¼ 143 ð�4Þ GPa, is compatible with the
zero-pressure ultrasonic measurements of elastic moduli
that lead to K0S ¼ 145 ð�3Þ GPa (Simmons and Birch
1963). Shock-compression data assuming K

0
0S ¼ 4:7

ð�0:3Þ estimate K0S ¼ 162 ð�9Þ, which is approxi-
mately 20% larger and well outside the limits of esti-

Table 1 Compression data for FeS2 at 293 K with a neon pressure
medium (experiment NE1)

P (GPa) a (Å) V (cm3 mol)1) V/V0

6.30 (±0.01) 5.344 (±0.001) 22.979 (±0.019) 0.960 (±0.001)
10.65 (±0.06) 5.294 (±0.002) 22.332 (±0.022) 0.933 (±0.001)
15.84 (±0.15) 5.257 (±0.001) 21.866 (±0.012) 0.914 (±0.001)
20.91 (±0.27) 5.222 (±0.001) 21.433 (±0.017) 0.896 (±0.001)
26.57 (±0.24) 5.173 (±0.002) 20.837 (±0.027) 0.871 (±0.001)
32.12 (±0.34) 5.146 (±0.002) 20.520 (±0.018) 0.858 (±0.001)
36.99 (±0.42) 5.119 (±0.003) 20.199 (±0.037) 0.844 (±0.002)
41.44 (±0.42) 5.094 (±0.005) 19.894 (±0.062) 0.831 (±0.003)

Table 2 Nonhydrostatic compression data for FeS2 at 293 K
(experiment NH1)

P (GPa) a (Å) V (cm3 mol)1) V/V0

5.89 (±1.2) 5.372 (±0.004) 23.333 (±0.054) 0.975 (±0.002)
9.01 (±1.2) 5.360 (±0.001) 23.188 (±0.014) 0.969 (±0.001)
14.46 (±1.6) 5.306 (±0.005) 22.492 (±0.060) 0.940 (±0.003)
19.54 (±1.7) 5.284 (±0.002) 22.216 (±0.030) 0.928 (±0.001)
25.20 (±2.4) 5.243 (±0.003) 21.695 (±0.034) 0.907 (±0.002)

Table 3 Nonhydrostatic compression data for FeS2 at 293 K
(experiment NH2)

P (GPa) a (Å) V (cm3 mol)1) V/V0

3.68 (±0.18) 5.376 (±0.001) 23.394 (±0.012) 0.978 (±0.001)
10.10 (±0.28) 5.3171 (±0.004) 22.632 (±0.005) 0.946 (±0.001)
14.83 (±0.21) 5.273 (±0.002) 22.072 (±0.024) 0.922 (±0.001)
18.55 (±0.50) 5.250 (±0.002) 21.786 (±0.019) 0.910 (±0.001)
22.80 (±0.89) 5.223 (±0.002) 21.455 (±0.020) 0.897 (±0.001)
28.55 (±1.00) 5.187 (±0.001) 21.013 (±0.015) 0.878 (±0.001)
32.29 (±1.00) 5.166 (±0.002) 20.752 (±0.019) 0.867 (±0.001)
25.81 (±1.07) 5.205 (±0.001) 21.233 (±0.018) 0.887 (±0.001)
15.48 (±0.87) 5.269 (±0.002) 22.023 (±0.019) 0.920 (±0.001)
12.12 (±0.81) 5.2957 (±0.004) 22.359 (±0.005) 0.934 (±0.001)
8.94 (±0.67) 5.317 (±0.001) 22.624 (±0.010) 0.945 (±0.001)
6.06 (±0.16) 5.348 (±0.001) 23.028 (±0.016) 0.962 (±0.001)
2.02 (±0.17) 5.388 (±0.001) 23.549 (±0.014) 0.984 (±0.001)
5.84 (±0.70) 5.360 (±0.002) 23.183 (±0.025) 0.969 (±0.001)
12.29 (±0.14) 5.295 (±0.001) 23.344 (±0.015) 0.934 (±0.001)
10.44 (±0.30) 5.307 (±0.001) 22.506 (±0.015) 0.941 (±0.001)
17.61 (±0.60) 5.255 (±0.001) 21.842 (±0.009) 0.913 (±0.001)
29.59 (±0.69) 5.182 (±0.002) 20.946 (±0.020) 0.875 (±0.001)

Table 4 Birch–Murnaghan EOS parameters for FeS2 at 293 K for
experiment with neon as a pressure medium NE1, and nonhydro-
static compressions NH1 and NH2. For each experiment V0 was
fixed to its zero-pressure value and parameters of the third-order
Birch–Murnaghan EOS were adjusted with K

0
0 free and K

0
0 ¼ 4:0

Dataset K0T (GPa) K
0
0T

NE1 133.5 (±5.2) 5.73 (±0.58)
NE1 142.8 (±0.2) 4.00
NH1 255.0 (±27.0) 0.5 (±2.7)
NH1 224.0 (±13.1) 4.00
NH2 140.8 (±3.2) 7.02 (±7.4)
NH2 157.3 (±1.0) 4.00
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mated errors. Thermal correction to the Hugoniot data
is less than 20% and does not explain this discrepancy.
It could be explained by a small volume increase across
a shock-induced transition that could not be induced
by pressure alone or by the occurrence of partial fusion
during the shock experiment (Ahrens and Jeanloz
1987). In any case, the tradeoffs between K 0

0 and K0 for
different EOS formalisms do not warrant a detailed
comparison.

Large differences in the equation-of-state parameters
arise when varying the nonhydrostatic stress in experi-
ments NH1 and NH2 and the other experiments obtain
results within the wide range of those obtained here
(Table 4). It is, therefore, apparent that effects of experi-
mental conditions and nonhydrostatic stress on the
compression curve are extremely large in pyrite. Further
investigation of the underlying causes of these variations
requires knowledge of the elastic properties and the shear
strength of the material as well as their pressure depen-
dence. The elastic moduli of pyrite have been studied ex-
perimentally at zero pressure (Simmons and Birch 1963),
but no study has been conducted to higher pressures. We
used newly developed, high-pressure radial diffraction
measurements to understand the nature of elasticity and
shear strength in pyrite under these conditions.

Theory of radial diffraction

The theory of lattice strains under nonhydrostatic
pressure conditions in the diamond-anvil cell has been
described elsewhere (Singh 1993 b; Singh et al. 1998a, b).
We present a short summary of the main features. The
sample is submitted to uniaxial stress conditions in the
diamond cell; the geometry for radial diffraction exper-
iments is shown in Fig. 3. The stress tensor in the sample
can be expressed as

r ¼

r1 0 0

0 r1 0

0 0 r3

2

6

4

3

7

5

¼

rP 0 0

0 rP 0

0 0 rP

2

6

4

3

7

5
þ

�t=3 0 0

0 �t=3 0

0 0 2t=3

2

6

4

3

7

5
; ð2Þ

where r1 and r3 are the radial and axial stress compo-
nents, respectively. rP is the normal mean stress or
equivalent hydrostatic pressure. The uniaxial stress
component t ¼ ðr3 � r1Þ is the deviatoric stress com-
ponent.

The d spacing for a given set of lattice planes mea-
sured by X-ray diffraction is a function of the angle w
between the principal stress axis of the diamond cell and
the diffracting plane normal (see Fig. 4) and can be
expressed as:

dmðhklÞ ¼ dP ðhklÞ 1þ ð1� 3 cos2 wÞQðhklÞ
	 


; ð3Þ

where dmðhklÞ is the measured d spacing and dP ðhklÞ the
d spacing under the hydrostatic pressure rP . QðhklÞ is
given by

QðhklÞ ¼
t

3

a

2GRðhklÞ
þ
1� a

2GV

� �

: ð4Þ

GRðhklÞ and GV ðhklÞ are the shear moduli of the aggre-
gate under the Reuss (iso-stress) and Voigt (iso-strain)
approximations, respectively, and are not orientation-
dependent. The factor a, which lies between 0 and 1,
determines the relative weight of iso-stress (Reuss) and
iso-strain (Voigt) conditions. It specifies the degree of
stress and strain continuity across grains in the sample.

For a cubic system, we have

ð2GV Þ
�1 ¼

5

2

ðS11 � S12ÞS44
3ðS11 � S12Þ þ S44½ �

ð5Þ

and

ð2GRÞ
�1 ¼ S11 � S12 � 3SCðhklÞ ; ð6Þ

where

S ¼ S11 � S12 � S44=2 ð7Þ

and

Fig. 3 Experimental setup for radial diffraction. The powdered
sample is confined under nonhydrostatic stress between the two
diamond anvils without any pressure medium. r3d is the axial stress
imposed by the diamonds and r1d the radial stress imposed by the
gasket. A layer of pressure calibrant (gold in this case) is added on the
top of the sample. The cell is rotated about the axis R between w ¼ 0


and w ¼ 90
 with 15
 intervals
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CðhklÞ ¼
h2k2 þ k2l2 þ l2h2

h2 þ k2 þ l2ð Þ2
: ð8Þ

The Sij are the single-crystal elastic compliances; S is a
measure of elastic anisotropy.

According to Eq. (3), dmðhklÞ should vary linearly
with ð1� 3 cos2 wÞ. The intercept (w ¼ 54:7
) yields
dP ðhklÞ, the d spacing due to the hydrostatic component
of the stress, and the slope the product dP ðhklÞQðhklÞ.

Equations (4–6) imply a linear relationship between
QðhklÞ and 3CðhklÞ with intercept m0 and slope m1 given
by

m0 ¼
t

3
aðS11 � S12Þ þ ð1� aÞ

5

2

ðS11 � S12ÞS44
3ðS11 � S12Þ þ S44½ �

� �

ð9Þ

m1 ¼ �
at

3
S11 � S12 � S44=2½ � : ð10Þ

The bulk modulus K is defined by

KT ¼ �V
op

oV

� �

T

¼
1

3 S11 þ 2S12½ �
: ð11Þ

Estimating the nonhydrostatic stress in the sample t

using the relation (Singh 1993a; Singh et al. 1998a)

t ¼ 6GhQðhklÞi ; ð12Þ

we have enough information to deduce the three elastic
compliances S11, S12, and S44 of a cubic material that can
be inverted to the three independent elastic stiffnesses
C11, C12, and C44.

Radial diffraction experiment

Experimental technique

Sample preparation was similar to previous experiments
NE1 and NH2. The sample consisted of a fine-grained
pyrite powder with a thin layer of gold powder on one
face contained in a 50-lm diameter hole drilled in a
beryllium gasket. The absence of pressure transmitting
medium enhances the effects of nonhydrostaticity.
Diamonds with a 300-lm diameter culet were used.

The experiment was conducted using energy-disper-
sive synchrotron X-ray diffraction at the NSLS Syn-
chrotron National Source, beam line X-17C, and data
were collected using a germanium solid-state detector set
at a fixed angle with respect to the incident beam.
Compression was performed using a diamond-anvil cell
mounted on a rotating stage. The angle w between the
diffraction plane normal and the diamond-anvil cell
stress axis varied between 0
 and 90
 with 15
 intervals
(Fig. 3). We performed measurements for six pressure
points at 5.6, 13.2, 20.5, 29.0, 36.5, and 47.8 GPa.
Hydrostatic pressures were determined from the
deduced lattice parameter at w ¼ 54:7
 and the EOS of
gold (Heinz and Jeanloz 1984).

The analysis on gold was based on the (1 1 1), (2 0 0),
and (2 2 0) diffraction lines. For pyrite, we used the

positions of the reflections (1 1 1), (2 0 0), (2 2 0), (2 1 1),
(2 3 0), and (2 2 2). Diffraction lines were fitted to Voig-
tian peaks with varying height and width. As in the pre-
vious experiments, a diffraction line was rejected if there
was unusually large error as a result of low intensity or
overlap problems between gold, beryllium, or pyrite lines.

Radial diffraction equation of state

Figure 5 shows a typical set of diffraction patterns. A
shift of the diffraction lines toward lower energies with
increasing w angle can be observed. For w ¼ 90
, the
diffracting planes are aligned with the minimum stress
axis, resulting in maximum d spacings. At w ¼ 0
, the
diffracting planes are orthogonal to the maximum stress
axis, resulting in minimum d spacings (Figs. 4 and 6).

The variations of the peak positions with the w angle
for pyrite are shown in Fig. 6 for the (1 1 1) and (2 0 0)

Fig. 5 X-ray diffraction patterns as a function of w angle for
P ¼ 20:5 GPa. Diffraction lines from pyrite, gold, and beryllium are
labeled. The shift of the peak positions with the w angle can be
observed; for example, pyrite (1 1 1)

Fig. 4 For a given w angle between the diffracting plane normal~nn and
the maximum stress axis S, we measure a d spacing dmðhklÞ function
of the Miller indices h, k, and l, but also the angle w because of the
nonhydrostatic compression. When w ¼ 0
, the diffracting plane is
orthogonal with the maximum stress axis S, thus dmðhklÞ is minimum.
When w ¼ 90
, the diffracting plane is aligned with the maximum
stress axis S, thus dmðhklÞ is maximum

5



194 Articles

reflections for different pressures. As predicted from
Eq. (3), a linear dependence is observed between dmðhklÞ
and ð1� 3 cos2 wÞ. The lattice parameters under equi-
valent hydrostatic pressures can be deduced from the
d spacings at the ‘‘magic angle’’ (w ¼ 54:7
Þ. The pyrite
unit-cell volumes deduced from these measurements are
presented in Table 5 and Fig. 7.

Compression curves are presented in Fig. 7, calcu-
lated for w ¼ 0
, w ¼ 54:7
, and w ¼ 90
. For each
pressure, we observe very large variation of the unit-cell
volume with the w angle (Table 5). This is in agreement
with the results from experiments NE1, NH1, and NH2,
which showed that EOS measurement was very depen-
dent on the stress conditions in the sample. Third-order,
Birch–Murnaghan EOS fit parameters for the data in
Fig. 7 are presented in Table 6. The difference between
the bulk moduli calculated at w ¼ 0
 and w ¼ 90
 is
about 45%, showing the very large effect of the nonhy-
drostatic stress on the EOS of pyrite. Assuming that
K 0
0T ¼ 4:0, K0T ranges from 121 GPa for w ¼ 0
 to

193 GPa for w ¼ 90
. These values are consistent with
results from experiments NH2 (Table 4). Results from
experiment NH1 are quite different, but could be
explained by the scatter in the data and effects due to the
larger grain size. Our deduced hydrostatic curve
(w ¼ 54:7
) is in good agreement with previous hydro-
static measurements from experiment NE1. Assuming
K 0
0T ¼ 4:0, we obtain K0T ¼ 156 GPa, compared to

K0T ¼ 143 GPa for NE1. It is therefore possible to
measure a hydrostatic EOS under these very non-
hydrostatic conditions by choosing the right orientation
of the diffraction vector.

Yield strength of pyrite

From the least-squares lines in Fig. 6, using Eq. (3) we
can calculate QðhklÞ for each observed reflection and
pressure. For each pressure QðhklÞ should vary linearly

Fig. 6 Dependence of the d spacing onw for selected pyrite diffraction
lines and different pressures. Solid lines are least-squares fits to the
data. Dashed lines indicate the angle w where the measured d spacing
corresponds to the d spacing under equivalent hydrostatic pressure

Table 5 Unit-cell volume of pyrite as a function of pressure de-
duced from the radial diffraction experiment at 293 K. We indicate
results from measurements at different w angle. The volume under
equivalent hydrostatic stress is calculated for w = 54.7�

P (GPa) V/V0 at w = 0� V/V0 at w = 90� V/V0 at w = 54.7�

5.6 0.9659 (±0.007) 0.9676 (±0.013) 0.9676 (±0.003)
13.2 0.9184 (±0.046) 0.9384 (±0.016) 0.9303 (±0.005)
20.5 0.8734 (±0.037) 0.9169 (±0.045) 0.8984 (±0.002)
29.0 0.8265 (±0.063) 0.8908 (±0.038) 0.8684 (±0.007)
36.5 0.8064 (±0.035) 0.8657 (±0.019) 0.8441 (±0.031)
47.8 0.7891 (±0.039) 0.8420 (±0.025) 0.8166 (±0.005)

Table 6 Birch–Murnagham EOS parameters for FeS2 at 293 K for
the radial diffraction experiment. Results are given for different w
angles, including w ¼ 54:7
, where the volume measured is the
volume under an equivalent hydrostatic stress. For each case V0
was fixed to its zero-pressure value and parameters of the third-
order Birch–Murnaghan EOS were adjusted with K 0

0 free and
K 0
0 ¼ 4:0

w K0T (GPa) K 0
0T

0� 116.7 (±1.1) 4.30 (±0.08)
0� 120.8 (±0.2) 4.00
54.7� 160.8 (±5.2) 3.50 (±0.48)
54.7� 155.9 (±1.6) 4.00
90� 186.6 (±1.4) 4.43 (±0.09)
90� 193.4 (±0.3) 4.00

Fig. 7 EOS of pyrite measured at w ¼ 0
, w ¼ 54:7
 and w ¼ 90
.
Pressure is calibrated according to the hydrostatic EOS of gold (Heinz
and Jeanloz 1984). Dashed lines are Birch–Murnaghan fits to the data.
Solid line corresponds to the previous hydrostatic EOS measured in a
neon medium from experiment NE1. Large differences appear
between the EOS at different w angles, resulting from large non-
hydrostatic stress in pyrite
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with CðhklÞ (Eqs. 4–8) (Singh 1993b). Figure 8 shows an
example of the patterns we observed for three different
pressures, 5.6, 13.2, and 20.5 GPa. The experimental
data confirm the linear relationship between QðhklÞ and
CðhklÞ predicted by theory.

The uniaxial stress component t was calculated using
Eq. (12) and least-squares fits shown in Fig. 8 from the
relation

t ¼ 6GhQðhklÞi ¼ 6G m0 þ
3m1

5

� �

; ð13Þ

where m0 and m1 are the intercept and slope from the
least-squares fits. The shear modulus of pyrite and
its variation with pressure were estimated using
G0 ¼ 126 GPa (Simmons and Birch 1963) and assuming
a constant K=G ratio as has been done previously (Singh
et al. 1998a, b). This approximation is valid over mod-
erate compression (and at temperatures well below
melting) for a variety of materials where the pressure
dependence of K and G have been measured separately.
Nevertheless, the approximation is likely to be the
largest source of error in the determination of the high-
pressure elastic moduli. K was evaluated along the
compression curve from the EOS. Alternatively, an
extrapolation of the shear modulus G based on finite
strain theory may be used (Davies and Dziewonski
1975). However, this requires knowledge of pressure
derivatives of the shear modulus, which have not been
measured for pyrite. The calculated variation of t as a
function of P is presented in Fig. 9.

At P ¼ 5:6 GPa, the nonhydrostatic stress t is very
close to zero. We cannot ensure that the stress conditions
are really purely uniaxial, as considered in the theory,
thus, the theory to deduce the elastic moduli will not be
usable because of inappropriate experimental condi-
tions. For higher loads, the observed uniaxial stress
component t is larger than previous measurements on
gold, molybdenum, and rhenium (Duffy et al. 1999a, b).
A linear fit through the data in Fig. 9 between 10 and
30 GPa (where the variation of t is linear with pressure)

leads to the relation t ¼ �3:11þ 0:43P , where P is
the pressure in GPa, compared to t ¼ 0:06þ 0:015P for
gold (Duffy et al. 1999b), t ¼ 0:46þ 0:13P for molyb-
denum (Duffy et al. 1999b), and t ¼ 2:5þ 0:09P for
rhenium (Duffy et al. 1999a). At P > 30 GPa, we
observe a saturation. This can be explained by the elastic
deformations of the diamond anvils that start at this
pressure for this geometry (300-lm tip diameter), as
investigated by X-ray diffraction and finite-element
modeling (Hemley et al. 1997;Merkel et al. 1999, 2000b).

The maximum uniaxial stress t supported by a
material is determined by its yield strength; that is
t � ry , where ry is the material yield strength. The
uniaxial stress t varies with sample environment, and
there is equality only if the sample deforms plastically
under pressure. Therefore, we conclude that for pyrite

ry � �3:11þ 0:43P ð14Þ

between 10 and 30 GPa, where P and ry are in GPa.
This value for the uniaxial stress in pyrite is larger than
observations on gold, rhenium, molybdenum (Duffy
et al. 1999a), iron, FeO (Singh et al. 1998b), and tung-
sten (Hemley et al. 1997).

Elasticity

Using Eqs. (9–11) we can calculate the single-crystal
elastic moduli of the sample. Results for the iso-stress
hypothesis (a ¼ 1) and for a ¼ 0:5 are presented in
Tables 7 and 8, respectively. The elastic stiffnesses
calculated for a ¼ 0:5 do not match the zero-pressure
ultrasonic measurements C11 ¼ 381:8 GPa, C12 ¼ 31:0
GPa and C44 ¼ 109:4 GPa (Simmons and Birch 1963).
On the other hand, the results for a ¼ 1 (the iso-stress
hypothesis, Table 7) seem to be in good agreement:
Fig. 10 shows the elastic stiffnesses calculated for a ¼ 1
and the zero-pressure ultrasonic data. We performed a
linear fit through the X-ray data to evaluate the first
pressure derivative of the Cijs. We find

Fig. 8 QðhklÞ vs. 3CðhklÞ for pyrite at P ¼ 5:6, 13.2, and 20.5 GPa.
The solid lines are least-squares fits to the data. Errors on QðhklÞ are
estimated with the scatter of the dðhklÞ vs. w relation. Error bars

represent 2rðQÞ

Fig. 9 Uniaxial stress component t ¼ r3 � r1 in the sample vs.
pressure. Solid line is a cubic spline through the data. The saturation
above 30 GPa can be explained by the bending of the diamond anvils
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dC11

dP
¼ 5:76 ð�0:15Þ ð15Þ

dC12

dP
¼ 1:41 ð�0:11Þ ð16Þ

dC44

dP
¼ 1:92 ð�0:06Þ : ð17Þ

Anisotropy and influence of the a parameter

The elastic anisotropy of a cubic crystal can be charac-
terized by the Zener ratio A, which is the ratio of the
shear moduli in the (1 0 0) and (1 1 0) planes in the
[1 0 0] direction:

A ¼
2C44

C11 � C12

¼
2S11 � S12

S44
: ð18Þ

Assuming a ¼ 1 in Eq. (9), we have

A ¼
1

1þ m1=m0

: ð19Þ

Using the results from our measurements, we find A

varying between 0.58 and 0.73 between P ¼ 13 GPa and
P ¼ 48 GPa with �AA ¼ 0:66 as average value. This is of the
same order as the value at P ¼ 0, A0 ¼ 0:624. These re-
sults differ strongly from the results on gold from Duffy
et al. (1999a), where the apparent Awas observed to drop
from 2.9 at P ¼ 0 to 1.8 at higher pressures when a ¼ 1.

Finally, we can study inmore detail the influence of the
a parameter, which specifies the degree of stress and strain
continuity within the sample (Eq. 4), on the elastic
moduli. To match the zero-pressure ultrasonic measure-
ments of the elasticmoduli, we had to assume a ¼ 1:0 (iso-
stress hypothesis). The influence of a on the elastic moduli
we calculate is presented in Fig. 11 for P ¼ 20:5 GPa. All
elastic moduli vary quite drastically when a is varied from
0 to 1:C11 is found to decrease with increasing a, whileC12

and C44 increase. Again, this variation is opposite to the
behavior observed in gold (Duffy et al. 1999a).

Discussion and conclusions

We find the apparent compression curve of pyrite to be
very dependent upon the conditions under which the
experiment is performed, i.e., shock compression, con-
ventional X-ray diffraction using the diamond-anvil cell
and different pressure-transmitting media, or radial
X-ray diffraction studies. Application of the technique
of radial diffraction made possible an analysis of the
nature of these discrepancies. The EOS measured at
extreme w angles 0
 and 90
 provide values for the bulk
modulus [K0T ð0


Þ ¼ 121 GPa and K0T ð90

Þ ¼ 193 GPa,

assuming K
0
0T ¼ 4:0] between which extremes most

previously published experimental results lie.
The hydrostatic EOS measured in the conventional

diffraction (along the load axis) experiment (NE1) and

Table 7 Elastic moduli of pyrite at different pressures calculated
for a ¼ 1 (iso-stress hypothesis)

P
(GPa)

rðPÞ C11

(GPa)
rðC11Þ C12

(GPa)
rðC12Þ C44

(GPa)
rðC44Þ

13.2 0.2 492 158 45 79 130 36
20.5 1.0 519 77 59 38 147 21
29.0 0.4 544 36 78 18 168 12
36.5 0.4 586 22 86 11 182 7
47.8 0.2 678 46 79 23 193 13

Table 8 Elastic moduli of pyrite at different pressures calculated
for a ¼ 0:5

P

(GPa)
rðPÞ C11

(GPa)
rðC11Þ C12

(GPa)
rðC12Þ C44

(GPa)
rðC44Þ

13.2 0.2 588 474 )3 237 102 36
20.5 1.0 602 218 18 109 120 23
29.0 0.4 608 92 47 46 145 15
36.5 0.4 652 56 53 28 158 10
47.8 0.2 785 131 26 65 159 14

Fig. 10 Elastic moduli of pyrite and their variations with pressure
calculated with a ¼ 1:0 (iso-stress condition). Circles, squares, and
diamonds are C11, C12, and C44, respectively. Solid symbols are zero-
pressure ultrasonic measurements (Simmons and Birch 1963), and
open symbols are deduced from the present experiment. Lines are least-
squares fits of the first pressure derivatives of the elastic moduli to the
data

Fig. 11 Elastic moduli of pyrite at P ¼ 20:5 GPa and their variations
when calculated with different a parameter
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that deduced from the radial diffraction experiment at
the magic angle are within error. In the experiment with
pyrite and ruby confined in solid neon, which is known
to be a good hydrostatic medium, the stress condition in
the sample chamber can be considered as homogeneous
and the pressure deduced from the ruby shift equal to
the pressure in the sample. In the radial diffraction
experiment, we used the pressure in the gold layer as
reference, but there could be differences between the
pressure in the gold layer and the sample for two rea-
sons: (1) nonhydrostatic stress is different in gold and
pyrite, and (2) the Reuss (iso-stress) conditions between
different materials are not completely verified in these
kinds of experiments (Duffy et al. 1999b). Thus, small
deviations are expected between the deduced pressure
and the actual pressure present in the sample. In general,
hydrostatic compression is less prone to error; therefore,
we conclude that the third-order Birch–Murnaghan EOS
parameters for pyrite are K0T ¼ 133:5 ð�5:2Þ GPa and
K 0
0T ¼ 5:73 ð�0:58Þ.
Further analysis on the results of the radial diffrac-

tion experiments indicates the presence of very large
uniaxial stress in the sample, implying a very large shear
strength for pyrite under high pressure. Thus, differences
between EOS measured under different stress conditions
are expected since the dependence of the compression
curve on nonhydrostatic stress increases with increasing
sample shear strength. This can be related to the cases
where the compression curve was found to vary between
different experiments, making it quite difficult to deduce
the bulk modulus and its first pressure derivative. This
was observed, for instance, in MgCO3 by (Fiquet and
Reynard 1999).

Finally, we have constrained the elastic moduli of
pyrite up to 50 GPa and find them to depend linearly on
pressure. This study confirms the accuracy of the radial
diffraction method to study elastic moduli and strength
of material of cubic symmetry under very high pressure.
Extension to lower symmetry materials requires further
theoretical developments (Merkel et al. 2000a; Wenk
et al. 2000).
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[1] Room temperature investigations of the single-crystal elastic moduli and anisotropy of
the � phase of iron are performed up to 30.3 GPa using the radial X-ray diffraction
technique. The accuracy of the calculated elastic moduli has improved compared to
previous measurements using similar techniques because of an increase in accuracy of the
measurement, confinement of the sample to limit the effect of plasticity, and better
calibration of the stress conditions. The aggregate shear modulus that we obtain is in good
agreement with a variety of other experimental deductions but differs from first-principles
calculations. The effects of the calibration of stress and micromechanical model on the
deduction of elastic moduli and elastic anisotropy are discussed in detail. The anisotropy
we obtain has the same order of magnitude as first-principles calculations but the direction
is reversed, with a weaker amplitude that previous measurements.

Citation: Merkel, S., J. Shu, P. Gillet, H.-K. Mao, and R. J. Hemley (2005), X-ray diffraction study of the single-crystal elastic

moduli of �-Fe up to 30 GPa, J. Geophys. Res., 110, B05201, doi:10.1029/2004JB003197.

1. Introduction

[2] Understanding the effect of pressure on the propa-
gation of elastic waves in solid materials is of fundamental
interest for constraining the properties of the deep interior
of the planets. To that extent, the elastic properties of
iron and their pressure dependence are particularly impor-
tant as it is the main constituent of the Earth inner core.
Although the crystal structure of iron at these depths is
still debated, it is accepted that the � phase has a wide
stability field and serves as a starting point for modeling
the inner core [Hemley and Mao, 2001]. However, con-
straining the elastic properties of this phase remains
a challenging task, both experimentally and using first-
principles calculations.
[3] The compression curve of �-Fe has been measured

experimentally up to core pressures, using both static and
dynamic methods, and is particularly well constrained
[Brown and McQueen, 1986; Jephcoat et al., 1986; Mao
et al., 1990; Yoo et al., 1993; Nguyen and Holmes, 1998,
2004; Ma et al., 2004]. From these data, an estimation of
both the variation of density and bulk modulus with
pressure can be obtained. On the other hand, first-principles
calculations of the equation of state of �-Fe are difficult,
especially at low pressure [Stixrude et al., 1994; Steinle-
Neumann et al., 1999]. The discrepancy between experi-

mental data and the results from first-principles calculations
is larger than what is typically obtained for other transition
metals. Inclusion of magnetic effects is thought to improve
the agreement with experiments but the density remains
overestimated, and there are fundamental aspects of the
physics of �-Fe affecting first-principles calculations that
are not well understood [Jarlborg, 2002; Bose et al., 2003;
Thakor et al., 2003; Gannarelli et al., 2003; Steinle-
Neumann et al., 2004].
[4] The aggregate compressional wave velocity VP of

�-Fe has been obtained up to 110 GPa using inelastic X-ray
scattering [Fiquet et al., 2001; Antonangeli et al., 2004].
This represented the first direct measurement of acoustic
sound velocity up to core pressure under static conditions.
Other determination of aggregate elastic moduli include
measurement of the shear modulus of �-Fe at 16 GPa using
ultrasonic interferometry [Mao et al., 1998], deduction of
both the aggregate compressional and shear wave velocities
using high-pressure and high-temperature X-ray diffraction
and Rietveld refinement [Dubrovinsky et al., 2001], as well
as measurements of phonon density of states [Lübbers et al.,
2000; Mao et al., 2001].
[5] Measurements of single-crystal elastic moduli of �-Fe

are scarce. Constraints on elastic moduli by inverting X-ray
diffraction data on polycrystals under nonhydrostatic stress
have been reported twice [Singh et al., 1998b; Mao et al.,
1998]. However, the calibration of stresses in theses sample
was problematic and the effect of lattice preferred orienta-
tion was difficult to constrain [Matthies et al., 2001a].
Several sets of first-principles calculations have also been
performed [Stixrude and Cohen, 1995; Söderlind et al.,
1996; Cohen et al., 1997; Steinle-Neumann et al., 1999;
Laio et al., 2000; Vočadlo et al., 2003]. Finally, the C44

elastic modulus of �-Fe and its pressure dependence were
deduced from Raman measurements using a phenomeno-
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logical model [Merkel et al., 2000]. As shown by Merkel et

al. [2000], there is actually no consensus on the elastic
properties of iron under pressure and significant work
remains to be done.
[6] In recent years, the procedure for determining the

single-crystal elastic moduli from X-ray diffraction at high
pressure has improved considerably. On the experimental
side, the measurements can now be performed using mono-
chromatic beams and large area detectors, allowing precise
measurements of the variation of d spacings with orientation
as well as texture analysis [Merkel et al., 2002, 2003, 2004].
In addition, the theory for the inversion of elastic moduli
was clarified by including effects of lattice preferred orien-
tation in the analysis [Matthies et al., 2001a, 2001b], and
the C44 single-crystal elastic modulus of �-Fe was con-
strained up to core pressure [Merkel et al., 2000]. In this
paper, we readdress the issue of the single-crystal elasticity
of hcp-iron measured from X-ray diffraction using those
new constrains and new experimental data.

2. Methods

2.1. Experimental Technique

[7] We perform a uniaxial deformation of a polycrystal-
line iron sample embedded in MgO powder with the
diamond anvil cell. The stress state in the sample is
analyzed using X-ray diffraction with the incident beam
orthogonal to the compression axis (Figure 1). Experimental
details along with the analysis of the strain state, polycrys-
talline texture, and deformation mechanisms of the MgO
surrounding the Fe sample as well as analysis of the texture
of the �-Fe sample in this same experiment have been given
elsewhere [Merkel et al., 2002, 2004].

[8] In order to measure angle dispersive diffraction in a
radial geometry, the confining gasket was made of a
mixture of amorphous boron and epoxy with a ratio of
2/3 in weight. Iron samples with grain size smaller than
1 mm were used to ensure a large number of crystallites
and orientations in the analysis. The samples were pressed
into platelets between two large diamonds (1 mm tip
diameter). A layer of MgO was deposited at the bottom
of the gasket hole. A small platelet of pure polycrystalline
iron was then added. Finally, another platelet of MgO was
added above the Fe platelet and pressed using the dia-
mond anvils.
[9] Diffraction experiments were conducted using angle

dispersive synchrotron X-ray diffraction techniques at the
ID-13 beam line of the GSECARS sector at the Advanced
Photon Source. A monochromatic beam of wavelength
0.4246Å was used. Diffraction patterns were recorded with
2000 � 2700 pixels image plates. The raw X-ray diffraction
images were corrected for nonorthogonality by comparing
to a CeO2 standard pattern taken prior to the experiment.
The sample to image plate distance calibrated using the
CeO2 standard was 290.7 mm. Variations of absorption of
the X-ray by the gasket as a function of the azimuthal angle
were not accounted for, but they are known to be of
relatively small amplitude compared to the diffraction
intensities of the sample (e.g., Figure 2).
[10] In the second experiment of Merkel et al. [2002],

MgO and Fe were compressed at 300 K up to 30.3 GPa. At
this pressure we performed several laser heating cycles.
During the last heating at this pressure (about 28 GPa, up to
1300 K), part of the �-Fe sample converted into the g phase
(fcc). This phase is quenchable to ambient temperature and
has diffraction peaks that partially overlap those of �-Fe.

Figure 1. Schematic of the experiment. The polycrystalline sample is confined under nonhydrostatic
stress conditions between the two diamond anvils. The s1 is the axial stress imposed by the diamonds,
and s3 is the radial stress imposed by the gasket. A monochromatic X-ray beam is sent through the gasket
with the direction of the incoming beam orthogonal to the diamond axis and the data collected on an
imaging plate orthogonal to the incoming beam. The position of the diffraction lines and intensity of
diffraction are analyzed as a function of the azimuthal angle d from which we calculate the angle c
between the normal to the diffracting plane hi and the compression direction.
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Therefore we did not take the analysis any further and the
data presented here will only extend up to 30.3 GPa and
under ambient temperature. Pressures were estimated using
the hydrostatic equation of state of the pressure medium,
MgO [Speziale et al., 2001], and iron itself [Jephcoat et al.,
1986], after correcting the data for the effect of nonhydro-
static stress [e.g., Merkel et al., 2002]. Pressures determined
from the hcp-Fe or MgO samples differed by less than
0.5 GPa for all pressures (Tables 1 and 2). Figure 2 presents
examples of diffraction patterns at 30.3 GPa that were used
for this analysis.
[11] As the orientation of the diamond anvil cell was not

completely fixed, the origin for azimuth angles on the
imaging plate was adjusted by locating the orientation at
which the d spacings are minimum. There were slight
deviations (up to a few degrees) between the minimum
found for different lattice planes. However, some distortions
of the same amplitude could also be observed for the
calibration sample. Therefore those deviations were ignored

and we chose an average value as reference for azimuth
angles.

2.2. General Equations

[12] Because of the symmetry of the experiment
(Figure 1), the stress conditions in the sample can be
described as

s ¼

s3 0 0
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0 0 s1
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; ð1Þ

where s3 and s1 are the radial and axial stress components,
respectively; P is the normal mean stress or equivalent
hydrostatic pressure, and t = (s1 � s3) is the maximum
principal stress, which we will call the uniaxial stress
throughout this paper.
[13] The d spacings measured by X-ray diffraction de-

pend on the Miller indices of the lattice plane, hkl, the stress
applied to the sample, P and t, the elastic tensor of the
material under the pressure P, [Cij], the orientation distribu-
tion function (ODF) of the sample, f, and the direction of
observation, y,

dm ¼ dm hkl;P; t; Cij

� �

; f ; y
	 


; ð2Þ

where the overbar indicates an average over all grains
contributing to the diffraction at the orientation y. In order to
analyze the effect of nonhydrostatic stress on the measured
d spacings, it is useful to separate the contribution of the
hydrostatic pressure P that does not depend on the direction
of observation using

dm hkl;P; t; Cij

� �

; f ; y
	 


¼ d0 hkl;Pð Þ

� 1þ
dm hkl;P; t; Cij

� �

; f ; y
	 


� d0 hkl;Pð Þ

d0 hkl;Pð Þ

" #

ð3Þ

dm hkl;P; t; Cij

� �

; f ; y
	 


¼ d0 hkl;Pð Þ 1þ � hkl;P; t; Cij

� �

; f ; y
	 
� �

;

ð4Þ

where d0(hkl, P) is the d spacing of the plane under the
equivalent hydrostatic pressure P. It can be easily related to
the cell parameters a and c of the sample at pressure P.

Figure 2. Patterns extracted from the diffraction image at
30.3 GPa for azimuth angles d varying from �110� to 110�.
The 2q interval was restricted to 11–14� in order to
emphasize the variations of d spacings and intensities of
diffraction with orientation. Diffraction peaks from the
pressure medium, MgO, and the iron sample are labeled.

Table 1. Elastic Moduli and Uniaxial Stress Calculated in This Study for the Reuss Bound (a = 1.0)a

P-MgO P-Fe t C11 C12 C13 C33 C44 C66

17.4 ± 0.5 17.7 ± 0.5 3.03 ± 0.46 480 ± 64 85 ± 90 182 ± 35 373 ± 66 130 ± 50 197 ± 76
18.3 ± 0.5 18.5 ± 0.5 3.03 ± 0.46 419 ± 26 152 ± 19 189 ± 12 371 ± 23 131 ± 23 133 ± 22
20.2 ± 0.5 20.3 ± 0.5 3.03 ± 0.45 423 ± 24 166 ± 16 197 ± 11 381 ± 21 134 ± 22 128 ± 20
23.0 ± 0.5 22.7 ± 0.5 2.93 ± 0.42 423 ± 22 198 ± 14 192 ± 15 415 ± 28 138 ± 23 112 ± 17
23.9 ± 0.5 24.1 ± 0.5 2.91 ± 0.42 423 ± 22 211 ± 26 200 ± 27 420 ± 51 140 ± 35 106 ± 19
27.0 ± 0.5 27.2 ± 0.5 3.03 ± 0.42 444 ± 22 212 ± 12 213 ± 12 429 ± 22 145 ± 21 116 ± 16
29.8 ± 0.5 30.3 ± 0.5 3.39 ± 0.45 456 ± 21 220 ± 29 230 ± 25 432 ± 46 150 ± 40 118 ± 21

28.8 ± 0.5 2.73 ± 0.37 441 ± 20 234 ± 24 217 ± 26 442 ± 49 148 ± 37 103 ± 17
aThese calculations were calibrated using the compressibility measurements of Jephcoat et al. [1986] and C44 deduced from Raman spectroscopy

[Merkel et al., 2000]. Pressures, stresses, and elastic moduli are expressed in GPa.
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[14] Because of the simple geometry of the experiment,
the orientation dependence y of the measurement can be
reduced to a single parameter, the angle c between the
diffracting plane normal and the load axis (Figure 1). It can
be calculated from the azimuth angle on the imaging plate
using the relation

cosc ¼ cos q cos d; ð5Þ

where q is the diffraction angle.
[15] Several theoretical approaches have been developed

in order to address the relation between those measurements
and the single crystal elastic moduli of the sample and they
can be divided in two categories, those which neglect the
effect of lattice preferred orientation, and those which
include it.

2.3. Analysis With No Effects of Preferred Orientation

[16] The resolution of the lattice strains equations for a
polycrystal under uniaxial stress and no effect of texture has
been developed independently by several groups [e.g.,
Bollenrath et al., 1967; Singh et al., 1998a; Bittorf et al.,
1998; Gnäupel-Herold et al., 1998; Howard and Kisi, 1999,
and references therein]. In this paper, we will refer to
the specific application to high-pressure experiments, as
described by Singh et al. [1998a].
[17] If we assume that the crystallites in the sample

are randomly oriented, the equations of linear elasticity
provide

� hkl;P; t; Cij

� �

;c
	 


¼ 1� 3 cos2 c
	 


Q hkl;P; t; Cij

� �	 


; ð6Þ

where Q(hkl, P, t, [Cij]) is given by

Q hkl;P; t; Sij
� �	 


¼
t

3

a

2 GR hkl; Sij
� �	 
þ

1� a

2 GV Sij
� �	 


" #

; ð7Þ

where [Sij] is the elastic compliances tensor, and GR(hkl)
and GV are appropriate moduli of the aggregate under the
Reuss (isostress) and Voigt (isostrain) approximations,
respectively, and do not depend on the direction of
observation. The factor a, which lies between 0 and 1,
determines the relative weight of isostress (Reuss) and
isostrain (Voigt) conditions. It specifies the degree of stress
and strain continuity across grains in the sample.

[18] For a hexagonal crystal, we have

1

GR hklð Þ
¼ 2S11 � S12 � S13ð Þ

þ �5S11 þ S12 þ 5S13 � S33 þ 3S44ð Þl23 hkl;Pð Þ

þ 3S11 � 6S13 þ 3S33 � 3S44ð Þl43 hkl;Pð Þ; ð8Þ

1

2GV

¼
15

C11 þ C12 þ 2C33 � 4C13 þ 12C44 þ 12C66

; ð9Þ

where

l23 hkl;Pð Þ ¼
3a2l2

4c2 h2 þ hk þ k2ð Þ þ 3a2l2
; ð10Þ

where a and c are the cell parameters at pressure P.
Therefore, for the hexagonal symmetry, we expect a
quadratic relation between Q(hkl, P, t, [Sij]) and l3

2(hkl, P)
that can provide three independent coefficients m0, m1 and
m2 function of the uniaxial stress t, the parameter a and the
representative single-crystal elastic moduli [Cij]. Two
additional constrains are provided by the compressibilities
in directions a and c,

ca ¼ a S11 þ S12 þ S13ð Þ þ 1� að Þ
1

3KV

ð11Þ

cc ¼ a S33 þ 2S13ð Þ þ 1� að Þ
1

3KV

ð12Þ

that can be deduced from equation of state measurements
using

2ca þ cc ¼
1

K
; ca � cc ¼

@ ln c=að Þ

@P


 �

: ð13Þ

Therefore we have a system of five independent equations

m0 ¼
at

6
2S11 � S12 � S13ð Þ þ

1� a

a

1

2GV

� �

;

m1 ¼
at

6
�5S11 þ S12 þ 5S13 � S33 þ 3S44ð Þ;

m2 ¼
at

6
3S11 � 6S13 þ 3S33 � 3S44ð Þ;

ca ¼ a S11 þ S12 þ S13ð Þ þ 1� að Þ
1

3KV

;

cc ¼ a S33 þ 2S13ð Þ þ 1� að Þ
1

3KV

ð14Þ

Table 2. Elastic Moduli and Uniaxial Stress Calculated in this Study for the Hill Average (a = 0.5)a

P-MgO P-Fe t C11 C12 C13 C33 C44 C66

17.4 ± 0.5 17.7 ± 0.5 3.60 ± 0.55 584 ± 178 �24 ± 224 190 ± 47 351 ± 83 130 ± 90 304 ± 201
18.3 ± 0.5 18.5 ± 0.5 2.90 ± 0.44 415 ± 29 144 ± 29 203 ± 11 339 ± 20 131 ± 28 136 ± 28
20.2 ± 0.5 20.3 ± 0.5 2.82 ± 0.41 410 ± 24 165 ± 22 213 ± 10 346 ± 17 134 ± 25 122 ± 22
23.0 ± 0.5 22.7 ± 0.5 2.60 ± 0.38 397 ± 19 214 ± 19 205 ± 16 384 ± 28 138 ± 26 91 ± 17
23.9 ± 0.5 24.1 ± 0.5 2.50 ± 0.35 391 ± 18 231 ± 39 215 ± 31 385 ± 54 140 ± 44 80 ± 25
27.0 ± 0.5 27.2 ± 0.5 2.64 ± 0.36 414 ± 17 228 ± 13 230 ± 10 391 ± 18 145 ± 22 93 ± 14
29.8 ± 0.5 30.3 ± 0.5 2.88 ± 0.38 421 ± 24 238 ± 44 250 ± 24 389 ± 41 150 ± 57 91 ± 33

28.8 ± 0.5 2.28 ± 0.31 403 ± 16 257 ± 34 234 ± 28 402 ± 49 148 ± 47 73 ± 21
aThese calculations were calibrated using the compressibility measurements of Jephcoat et al. [1986] and C44 deduced from Raman spectroscopy

[Merkel et al., 2000]. Pressures, stresses, and elastic moduli are expressed in GPa.
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that can be used to solve the inverse problem and deduce the
effective single-crystal elastic moduli of the polycrystal
from the X-ray diffraction data.

2.4. Analysis With Effects of Preferred Orientation

[19] The resolution of the lattice strains equations for a
polycrystal under uniaxial stress that considers the effects of
texture have been described previously [Matthies et al.,
2001a, 2001b]. However, the complexity of this numerical
approach has considerably limited its application.
[20] In order to consider the effect of lattice preferred

orientation on the radial diffraction measurements, one has
to introduce the ODF, f(g), that describes the probability
density to expect crystallites that have an orientation g
within dg. The observed lattice strains can be described as

� hkl;P; t; Cij

� �

; f ;c
	 


¼ S hkl;P; t; Cij

� �

; f ;c
	 


� s hkl;P; t; Cij

� �

; f ;c
	 


; ð15Þ

where S and s are effective macroscopic elastic moduli and
stresses. The effective macroscopic quantities �, S and s and
their microscopic equivalent can be related by the equation

� ¼ � gð Þ ¼

Z

G

� gð Þf gð Þ�dg ¼ S gð Þs gð Þ ¼ Ss: ð16Þ

The quantities measured experimentally are the macro-
scopic strain � and stress s. Therefore the deduction of the
effective macroscopic elastic moduli S is direct. However,
in this study, we are interested in deducing of the single-
crystal elastic moduli of the material, that is the microscopic
elastic properties S.
[21] The extraction of the single-crystal elastic moduli

from equation (16) depends on the micromechanical model
assumed for the grain interactions and no analytical relation
is in general available. This inverse problem is nonlinear,
and a theory used to perform the numerical inversions
described in detail by Matthies et al. [2001b]. These authors
demonstrated that with high-quality diffraction data, well-
calibrated stress conditions, and no plastic deformation,
elastic moduli with reasonable agreement with measure-
ments from other techniques can be extracted.

3. Results

3.1. Experimental Data

[22] Figure 3 presents the variations of the d spacings
measured for the (101) and (110) planes of �-Fe with the
angle c for pressures between 17.7 and 30.3 GPa. The
quality of the measurements has improved compared to
previous work on this material [e.g., Matthies et al., 2001a,
Figure 3]: The number of measured orientations is far
greater, and we can confirm that the d spacing vary almost
linearly with (1–3cos2c) for c ranging between �110 and
110�, as predicted by the lattice strain theory without effect
of preferred orientation (equation (6)). However, the oscil-
lations between different orientations remain large, thus
undermining the possibility of using the theory including
effects of lattice preferred orientation.

3.2. Effect of Texture on the Deduced Elastic Moduli

[23] As described previously, the sample in this experi-
ment did exhibit some degree of lattice preferred orientation

[Merkel et al., 2004]. At this point, several factors need to
be emphasized. First, the effect of lattice preferred orienta-
tion on the variation of d spacings with orientation is
relatively small, on the order of 0.1%. This is actually lower
than the dispersion in the experimental data presented here.
Second, in the analysis of Matthies et al. [2001a], the model
ODF that was used showed a maximum of 18.3 m.r.d.
(multiples of a random distribution). The ODF fitted to the
data corresponding to this sample showed a maximum of
3.51 m.r.d., so the effect of preferred orientation will be
even smaller. Therefore the application of the nonlinear
regressions procedures that include the effect of preferred
orientation on these data is difficult. We applied these
techniques but were not successful in obtaining conver-
gence of the numerical algorithms. The influence of lattice
preferred orientation on the calculated single-crystal elastic
moduli is important but cannot be quantitatively assessed
with the present accuracy of data acquisition. Moreover, the
imaging plate system used in the measurement of these data
did show some signs of distortion that does not influence
results that neglect the effect of lattice preferred orientation
but would certainly influence the results of the methods that
do include it. Therefore all the analysis presented here will
not consider the effect of lattice preferred orientation and

Figure 3. Dependence of the d spacings on (1–3 cos2c)
for the (101) and (110) planes of �-Fe and different
pressures. Circles are experimental data and solid lines
linear regressions to the data.
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will be done using the theory described by Singh et al.
[1998a].

3.3. Deduction of Elastic Moduli:
Parametric Approach

[24] Figure 4 presents the parameters Q(hkl) obtained by
fitting equation (6) to the experimental data at 17.7, 24.1,
and 30.3 GPa. According to the lattice strains theory of
polycrystals under uniaxial stress without effect of preferred

orientation, we should observe a quadratic relation between
Q(hkl) and l3

2 (equations (7)–(10)). The results obtained for
the (112) and (201) lattice planes showed a large systematic
deviation from the rest of the data. However, those planes
have a low d spacing and their diffraction lines where on the
edge of the imaging plate we used. In that region, it could be
seen from the calibration that there were some geometrical
distortions that could not be corrected. Thus they were
removed from the analysis. For the other planes the qua-
dratic relation expected from the theory is observed to the
first order. With increasing pressure, the shape of the
parabola evolves considerably but it remains oriented in
the same direction.
[25] In order to solve the equations from the lattice strain

theory, one needs to constrain the compressibilities in
direction a and c, ca and cc, respectively. We used the
equation of state measured under hydrostatic conditions in
our pressure range [Jephcoat et al., 1986] with K0 = 166.6 ±
27.9 GPa, K0

0 = 4.98 ± 0.98 and c/a = 1.606(2) �

0.00012(3)P. Inverting the lattice strains equations for
single-crystal elastic moduli also requires the calibration
of two other parameters: the uniaxial stress, t = s1 � s3, and
the parameter a that specify the degree of stress and strain
continuity within the sample.
[26] Figure 5 presents a parametric study of the elastic

moduli calculated at 30.3 GPa for t between 0 and 10 GPa,
a = 1.0 (Reuss average) and a = 0.5 (Hill average). The
error bars are quite large especially for C12 and C33. This is
inherent to the technique. All elastic moduli show a linear
dependence in t. However, it should be noted that the effect
of t is more pronounced for the shear elastic moduli such as
C44 and C66. Therefore they would be primarily affected by
an error in the calibration of t. Finally, except for C33, the
results for the Reuss or the Hill averages do not differ
significantly.
[27] In order to provide an estimate of the effects of t and

a on the elastic anisotropy deduced from the analysis,

Figure 4. Amplitude of elastic strain Q(hkl) versus l3
2(hkl)

for �-Fe at 17.7, 24.1, and 30.3 GPa. Lines are second-order
polynomial fits to the data. Lattice strain theory without
effects of lattice preferred orientation predicts a quadratic
relation between Q(hkl) and l3

2(hkl). Values of Q obtained
for (201) and (112) systematically deviate from the rest of
the data and are not included in the analysis (see text).

Figure 5. Parametric study on the results from the lattice strains equations for �-Fe at 30.3 GPa with the
uniaxial stress t varying between 0 and 10 GPa and for a = 1.0 (Reuss bound, thick solid lines) and a =
0.5 (Hill average, thick dashed lines). The thin solid and dashed lines are the error bars.
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Figure 6 presents the influence of t and a on the anisotropy
parameters DVP, DVS1, and DVS2 defined as

Di ¼
Mi nx½ 


Mi 100½ 

; ð17Þ

where M = rV2 is a propagation modulus and nx the
extremal direction of propagation other than [100]. The
index P relates to the compression wave, S1 to the shear
wave polarized perpendicularly to the basal plane, and S2 to
the shear wave polarized parallel to the basal plane. DVS1,
and DVS2 are good representations of the amplitude of the
anisotropy for S1 and S2 waves. On the other hand, DVP

should be taken with caution as it only measures the
differences between waves traveling along the a and c axis.
P waves could also have extrema in an intermediary
direction. We find that for our measurements, DVP is almost
independent of t and a. DVS1 does not depend on t and only
weakly on a. DVS2 is more problematic, error bars are large
and the cases with a = 1.0 and a = 0.5 are very different.
[28] The last step is to calibrate the value of the uniaxial

stress. The use of a shear elastic modulus such as C44 or C66

= 1
2
(C11–C12) is preferable, as they vary considerably with t.

In a typical nonhydrostatic diamond anvil cell experiment,
errors in the calibration of stress using an external standard
can be at best reduced to about 1 GPa. As shown in Figure 5,
a 1 GPa error in the calibration of t will have dramatic
effects on the estimation of elastic moduli, especially for
low shear strength materials such as iron. This should
therefore be treated with caution.

3.4. Constraints From Raman Spectroscopy

[29] Raman spectroscopy can be used to deduce one of
the elastic moduli of iron, C44. In a previous study, Merkel
et al. [2000] measured the Raman spectrum of iron up to
150 GPa and used it to calculate C44. A second-order linear
regression on those results gives

C44 ¼ 100:11þ 1:7198P � 0:0025104P2
; ð18Þ

where C44 and P are in GPa. The accuracy of the model
depends on the assumption of a sine function for the
dispersion curve of the appropriate acoustic phonon branch.
It has been shown for a large number of metals for which
both measurements are available that the error is on the
order of ±15% [Olijnyk et al., 2001]. Therefore, in the rest
of this work, we will assume an error of ±20 GPa in C44 for
the calibration of t. This error on C44 converts to an error of
0.3 to 0.5 GPa for t (Tables 1 and 2), and it was included in
the rest of the analysis.
[30] Figure 7 shows the evolution of the uniaxial stress in

�-Fe with pressure deduced for a = 1.0 and a = 0.5. For all
pressures, t remains between 2.5 and 3.5 GPa, in agreement
with previous estimations [Singh et al., 1998b]. Between 18
and 25 GPa, we observe a decrease of uniaxial stress,
measured both in the sample and MgO, the pressure
medium [Merkel et al., 2002]. This is attributed to a

Figure 6. Parametric study of the results from the lattice strains equations for the anisotropy parameters
of �-Fe 30.3 GPa with the uniaxial stress t varying between 0 and 10 GPa and for a = 1.0 (Reuss bound,
thick solid lines) and a = 0.5 (Hill average, thick dashed lines). The thin solid and dashed lines are the
error bars.

Figure 7. Uniaxial stress t in �-Fe estimated using C44

from Raman spectroscopy for the Reuss bound (a = 1.0)
and the Hill average (a = 0.5). For comparison, results
obtained for the pressure medium, MgO, are also shown.
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rearrangement of the samples after the change of sample
volume due to the transition from a- to �-Fe.
[31] Figure 8 and Tables 1 and 2 present the sets of elastic

moduli we obtain for a = 1.0 and a = 0.5 for all pressures in
this study. At 17.7 GPa, just after the phase transition to the
� phase, the results show variability. This is probably related
to the fact that the phase transition was not fully completed,
although no evidence of a phase could be observed in the
diffraction image. After the phase transition, we observe a
very smooth evolution of the elastic moduli with pressure
that support the self-consistency of the measurements.

4. Discussion

4.1. Elastic Moduli

[32] The reliability of the measurements of elastic moduli
using radial X-ray diffraction has been subject to discussion
in the literature. It has been shown in ambient pressure

studies that elastic moduli obtained by X-ray diffraction for
hexagonal metals can be in reasonable agreement with other
techniques for polycrystals that do not suffer plastic defor-
mation [Matthies et al., 2001b]. For materials with cubic
symmetry, there is also an overall good agreement between
the results of X-ray diffraction and Brillouin scattering
under pressure [Merkel et al., 2002]. If the sample under-
goes plastic deformation, new difficulties arise as micro-
strains induced by the deformation cannot be neglected.
These result in inhomogeneities with hkl-dependent stress
and strains that are not taken care of properly in the lattice
strain analysis [Daymond et al., 1999; Weidner et al., 2004].
The iron samples in our experiments were confined within
an MgO pressure medium. The texture measured for both
samples indicate that the pressure medium MgO displayed a
much higher level of lattice preferred orientation [Merkel et
al., 2002, 2004] and therefore absorbed a large portion of
the plastic deformation. Therefore we infer that the plastic
deformation applied to the iron sample was reasonably
small (e.g., in comparison with previous experiments).
However, we do not have any direct mean by which to
investigate this hypothesis, and these approximations are
likely to be the largest source of error in this analysis.
[33] A comparison with previous measurements on �-Fe

is not trivial. The pressures that have been studied range
from 15 to 400 GPa and results can differ by a factor of two
to three. Table 3 presents the elastic moduli obtained in this
study, previous radial diffraction experiments [Singh et al.,
1998b; Mao et al., 1998], as well as ab initio calculations
[Stixrude and Cohen, 1995; Söderlind et al., 1996; Cohen et
al., 1997; Steinle-Neumann et al., 1999; Vočadlo et al.,
2003] in a similar pressure range. As emphasized in Table 3,
the determination of the elastic moduli of iron under
pressure is a delicate matter. Deviations between studies
go up to 150% for C44.
[34] There is a fairly good agreement on the order of

magnitude of C12 and C13 for all techniques. For the C11 and
C33 elastic moduli, values calculated using first-principles
techniques tend to be significantly larger than those deduced
from the lattice strain measurements at the same pressure.
First-principles calculations are known to overestimate the
incompressibility of iron for pressures below 50 GPa
[Stixrude et al., 1994; Söderlind et al., 1996; Steinle-
Neumann et al., 1999]. It has been proposed that the
disagreement is related to the magnetic properties of iron
in the � phase in the lower-pressure region of its stability
field [Steinle-Neumann et al., 2004]. C11 and C33 are the
most relevant elastic moduli for the determination of
incompressibility. Therefore the disagreement between the
results from experimental studies and first-principles calcu-
lations for these elastic moduli are not surprising. First-
principles calculations and the radial diffraction experiments
agree on C12 and C13, and the elastic moduli from the radial
diffraction include the experimental compressibilities.
Therefore we infer that the first-principles calculations
overestimate C11 and C33.
[35] The case of C44 remains difficult. In the previous

radial diffraction studies, the uniaxial stress was calibrated
using external standards or assumptions about the shear
modulus of iron under pressure. As demonstrated in Figure 5,
this can have dramatic effects on the estimation of C44. The
C44 deduced from Raman spectroscopy was found to be in

Figure 8. Elastic moduli obtained for the Reuss bound
(a = 1.0) and the Hill average (a = 0.5) calibrating the
uniaxial stress using C44 deduced from Raman spectroscopy.
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relatively good agreement with ultrasonic measurements
for a series of other hcpmetals [Olijnyk et al., 2001]; therefore
we are quite confident in the quality of our results.

4.2. Aggregate Properties

[36] Figure 9 presents the average shear modulus
obtained from the present study as well as results of
ultrasonic and previous radial diffraction measurements
[Mao et al., 1998], results of sound wave velocities deduced
from X-ray inelastic scattering [Fiquet et al., 2001] com-
bined with the hydrostatic equation of state of iron
[Jephcoat et al., 1986], X-ray inelastic scattering measure-
ments of the phonon densities of state [Mao et al., 2001],
results of Rietveld refinements based on high P-T X-ray
diffraction measurements [Dubrovinsky et al., 2001], and
first-principles calculations [Söderlind et al., 1996; Cohen
et al., 1997; Steinle-Neumann et al., 1999].
[37] Above 18 GPa and for the Reuss approximation (a =

1.0), the results from this study agree with the estimations
fromMao et al. [1998, 2001] and Dubrovinsky et al. [2001].
They also follow the trend defined by the ultrasonic
measurement at 16 GPa [Mao et al., 1998]. Determinations
based on sound wave velocities deduced from X-ray inelas-
tic scattering [Fiquet et al., 2001] and the hydrostatic
equation of state of iron [Jephcoat et al., 1986] fall slightly
above the rest of the experimental data. This disagreement
may originate from an incompatibility of the equation of
state and velocities deduced from inelastic X-ray scattering
(i.e., nonhydrostatic conditions of the later study). It could
also arise from texturing effects in sample used in the
inelastic X-ray scattering experiments that were not consid-
ered. All experimental results provide a much lower value
of the shear modulus than first-principles calculations
[Söderlind et al., 1996; Cohen et al., 1997; Steinle-
Neumann et al., 1999]. This can be related to the overes-
timation of the C11 and C33 elastic moduli discussed above.

4.3. Anisotropy

[38] Figure 10 presents the acoustic velocities of the
compression wave (VP), the shear wave polarized perpen-
dicular to the basal plane (VS1) and shear wave polarized in
the basal plane (VS2) as a function of the angle of the

propagation direction with respect to the c axis, q, deduced
from these measurements at 30.3 GPa using the Reuss and
Hill averages, as well as previous measurements using
lattice strains techniques [Singh et al., 1998b; Mao et al.,
1998] and first-principles calculations [Stixrude and Cohen,
1995; Söderlind et al., 1996; Cohen et al., 1997; Steinle-
Neumann et al., 1999; Vočadlo et al., 2003]. In order to
provide numerical comparisons, one has to consider the

Figure 9. Aggregate shear modulus of �-Fe versus P:
results from this study, previous radial diffraction experi-
ments [Mao et al., 1998], ultrasonic measurement [Mao et
al., 1998], deduced from density of state measurements
[Mao et al., 2001], deduced from inelastic X-ray scattering
[Fiquet et al., 2001], high-pressure/high-temperature Riet-
veld refinement [Dubrovinsky et al., 2001], and calculated
by first-principles techniques [Söderlind et al., 1996; Cohen
et al., 1997; Steinle-Neumann et al., 1999].

Table 3. Comparison Between Elastic Moduli and Seismic Wave Anisotropies Obtained in This Study for the Reuss (a = 1.0) and Hill

(a = 0.5) Averages and Previous Experiments and Calculations in the Same Pressure Rangea

V P C11 C12 C13 C33 C44 C66 dVP(0�) dVP(45�) dVS1(45�) dVS2(0�)

This study
a = 1.0 19.6 30 456(21) 220(29) 230(25) 432(46) 150(40) 118(21) 0.97(6) 1.03(5) 0.84(13) 1.13(17)
a = 0.5 19.6 30 421(24) 238(44) 250(24) 389(41) 150(57) 91(33) 0.96(6) 1.06(7) 0.72(16) 1.28(30)

Singh et al. [1998b]
a = 1.0 18.4 52 639(55) 300(55) 254(41) 648(83) 422(23) 169 1.01(8) 1.17(6) 0.68(6) 1.58(19)
a = 0.5 18.4 52 552(65) 335(60) 301(45) 562(80) 395(30) 108 1.01(9) 1.22(8) 0.57(8) 1.91(40)

Mao et al. [1998] 19.0 39 500 275 284 491 235 212 0.99 1.12 0.67 1.44
Stixrude and Cohen [1995] 18.38 39 747 301 297 802 215 223 1.04 1.00 1.05 0.98
Söderlind et al. [1996] 17.22 40 908 272 353 862 250 318 0.97 0.98 1.03 0.89
Cohen et al. [1997] 50 800 320 320 845 220 240 1.03 0.99 1.07 0.96
Steinle-Neumann et al. [1999]

LDA 17.76 50 860 280 260 950 235 290 1.05 0.99 1.17 0.90
GGA 17.76 50 930 320 295 1010 260 305 1.04 0.98 1.14 0.92

Vočadlo et al. [2003] 18.34 672 189 264 796 210 242 1.09 1.03 1.05 0.93
Vočadlo et al. [2003] 17.34 815 252 341 926 247 282 1.07 1.02 1.03 0.94

aRadial diffraction measurements [Singh et al., 1998b; Mao et al., 1998] and first-principle [Stixrude and Cohen, 1995; Söderlind et al., 1996; Cohen et
al., 1997; Steinle-Neumann et al., 1999; Vočadlo et al., 2003] were used. Elastic moduli and pressures are expressed in GPa, unit cell volumes are expressed
in Å3; numbers in parentheses indicate uncertainties on the last digit.
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dispersion of VP, VS1 and VS2 with q. We introduce the
parameter

dVi qð Þ ¼
Vi qð Þ

Vi 90�ð Þ
: ð19Þ

The parameter dVS1(45�) is a good representation of the
amplitude of the anisotropy of the S1 wave. Similarly,
dVS2(0�) can be used to discuss anisotropy of S2 waves. For
the P waves however, the situation is more complex as
extrema may occur for intermediate directions of propaga-
tion. According to the special dispersion of P waves
velocities in Figure 10, we decided to represent the P wave
anisotropy with the two parameters dVP(0�) and dVP(45�).
Numerical results are provided in Table 3 for this
experiment at 30.3 GPa, together with previous radial
diffraction experiments [Singh et al., 1998b; Mao et al.,
1998], and first-principles calculations [Stixrude and
Cohen, 1995; Söderlind et al., 1996; Cohen et al., 1997;
Steinle-Neumann et al., 1999; Vočadlo et al., 2003].
[39] The amplitude of the anisotropy obtained in this

study under the Reuss bound is of the same order of
magnitude than that of recent first-principles calculations
[Steinle-Neumann et al., 1999], e.g., 3–5% for dVP(0�), 1–
3% for dVP(45�), 15% for dVS1(45�) and 8–15% for
dVS2(0�). However, our uncertainties remain large and the

results for the Reuss bound and Hill average differ signif-
icantly for dVS1(45�) and dVS2(0�).
[40] It should be noticed that all but one first-principles

calculations predict dVP(45�) < 1, while all radial diffraction
experiments indicate dVP(45�) > 1. Similarly, all first princi-
ples show dVS1(45�) > 1, while experimental results favor
dVS1(45�) < 1. Again, dVS2(0�) < 1 from first-principles
calculations, while dVS2(0�) > 1 in the experimental results.
Appart from dVP(0�), for which both experimental and
theoretical calculations results vary, results from first-
principles calculations and lattice strain experiments system-
atically provide opposite signs of anisotropy. For instance,
radial diffraction experiments indicate a direction of fast
polarization at q = 0� for VS2, while first-principles calcu-
lations predict it at q = 90�. For VP, our results indicate
that the fastest direction of propagation is located at q � 48�
and we find dVP(48�) = 1.03(5) for the Reuss bound and
dVP(48�) = 1.07(5) for the Hill average (an anisotropy of 3 to
7%). This is in complete agreement with recent results from
inelastic X-ray scattering of textured samples that indicate
that P waves in �-Fe propagate faster by 4 to 5% at about 50�
from the c axis than at 90� [Antonangeli et al., 2004].

4.4. Implications for the Inner Core

[41] In considering the implications of these measure-
ments for understanding the anisotropy of the inner core, we
must emphasize that the range of pressures and temperatures

Figure 10. Seismic velocities of �-Fe determined in this study at 30.3 GPa under the Reuss and Hill
averages, other radial diffraction experiments [Singh et al., 1998b; Mao et al., 1998] and calculated using
first-principles techniques [Stixrude and Cohen, 1995; Söderlind et al., 1996; Cohen et al., 1997; Steinle-
Neumann et al., 1999; Vočadlo et al., 2003]. The P and S waves velocities are shown as a function of the
angle of the direction of propagation with respect to the c axis. Errors are indicated, when available.

B05201 MERKEL ET AL.: ELASTICITY OF HCP-FE

10 of 12

B05201



Le problème des constantes élastiques 209

assessed in these experiments are far from those of the
center of the Earth. However, we note that experimental
results do differ from first-principles calculations: indeed, a
fundamental understanding of iron under pressure may not
yet be in hand and recent extensions of the theory need to be
tested [Steinle-Neumann et al., 2004]. Therefore the earlier
results on elasticity and elastic anisotropy of iron under high
pressure and high temperature should be treated with
caution. In particular, a reversal of the anisotropy in
compressed iron as a function of temperature is predicted
[Steinle-Neumann et al., 2001]. However, the calculated
temperature dependence of the c/a ratio associated with this
reversal is much larger that observed experimentally [Ma et
al., 2004] or predicted in other calculations [Gannarelli et
al., 2003].
[42] Our results indicate that the anisotropy of �-Fe is

lower than measured in previous radial diffraction experi-
ments [Singh et al., 1998b; Mao et al., 1998]. Compared
with first-principles calculations[Stixrude and Cohen, 1995;
Söderlind et al., 1996; Cohen et al., 1997; Steinle-Neumann
et al., 1999; Vočadlo et al., 2003], the locations of the
directions of fast and slow polarization are systematically
reversed. On the other hand, we find a good agreement with
results from inelastic X-ray scattering of textured samples
[Antonangeli et al., 2004] with an anisotropy of 3 to 7% for
P waves. This result is important for our understanding
of the properties of the inner core as this measured anisot-
ropy is comparable to that observed in the Earth (3–4%)
[Woodhouse et al., 1986; Tromp, 1993; Song, 1997].

5. Conclusions

[43] The elastic moduli of �-Fe were determined up to
30.3 GPa using new angle dispersive radial X-ray diffrac-
tion measurements, as well as a calibration based on
measurements of the hydrostatic equation of state and input
from Raman spectroscopy. The resolution of the data was
not sufficient to allow the inclusion of the effects of lattice
preferred orientation. This approximation, as well as the
neglect of the effects of plastic deformation on the stress and
strain applied to each lattice planes are likely to introduce
some errors in the inversion of elastic moduli. However, in
the absence of additional measurements and theory, they
cannot be evaluated. However, the iron sample in this
experiment was confined in a pressure medium in order to
limit plastic deformation and the level of texture was small.
We obtain consistent values of elastic moduli up to
30.3 GPa. The average shear modulus G computed from
this data is in very good agreement with a multitude of other
experimental estimations. On the other hand, first-principles
calculations are shown to overestimate by 100 to 200% the
incompressibilities and shear modulus of iron over the same
pressure range. This may arise from the neglect of the
magnetic structure of iron under these conditions. The
velocity anisotropy we obtain has the same order of magni-
tude than first principles calculations but the direction of fast
and slow polarization are systematically reversed. The
influence of assumptions used in the deduction of the Cij,
such as the micromechanical model, needs to be assessed in
future works. Our results indicate that a proper calibration of
the shear modulus of �-Fe and its pressure dependence is
now attained in the 15–50 GPa pressure range. The anisot-

ropy parameters we calculate for P waves are in agreement
with recent results from inelastic X-ray scattering of textured
samples and are comparable to the anisotropy observed in
the Earth. Further experiments are needed to investigate
conditions closer to those of the center of the planet.
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The longitudinal acoustic phonon dispersion of polycrystalline cobalt was determined by inelastic x-ray

scattering up to 99 GPa, throughout the entire stability field of the hcp phase. The obtained aggregate com-

pressional and shear sound velocities are compared with recent single crystal results, impulsive stimulated light

scattering and ambient pressure ultrasonic measurements, as well as first principle calculations. We observe a

linear evolution of the sound velocities with density up to 75 GPa. In this pressure range, the aggregate elastic

properties of the polycrystalline sample are reproduced within 3% by a Voigt-Reuss-Hill average of the single

crystal Cij. Above 75 GPa both aggregate velocities show a softening. Our comparative analysis of single-

crystalline and polycrystalline results points towards a magnetic origin of the anomaly.

DOI: 10.1103/PhysRevB.72.134303 PACS number�s�: 63.20.�e, 62.50.�p, 62.20.Dc, 61.10.Eq

I. INTRODUCTION

The high-pressure properties of hexagonal-closed-packed
�hcp� metals have recently attracted a lot of interest. These
elements are indeed important model systems to test first
principle calculations1 and present intriguing properties such
as, for example, the eventual existence of an electronic topo-
logical transition in zinc2 and osmium,3 or the interplay be-
tween magnetism and structure in the case of the bcc-to-hcp
transition in iron.4 A further important case is related to the
elasticity of hcp iron, the main constituent of the Earth’s
core.5,6 While nowadays the elastic anisotropy of the Earth’s
inner core is well established,7,8 the origin of this anisotropy
is still poorly understood, and the elasticity of hcp iron is still
debated.1,9–11

Cobalt is a 3d transition metal with mechanical and ther-
mal properties close to iron. Most importantly, athermal ab

initio calculations1 show that hcp Fe and hcp Co display a
very similar pressure evolution of the elastic moduli and an
analog elastic anisotropy. These theoretical results were re-
cently validated by the direct measurements of the single-
crystal elastic moduli of cobalt up to 39 GPa.12 Moreover,
Co presents a not-understood anomalous elastic behavior ap-
proaching the hcp-to-fcc structural transition,13 possibly
linked with high-pressure effects on the magnetic
moment.1,14 Magnetoelastic effects can than be investigated,
complementing and extending the results obtained on single
crystal12 with results on polycrystalline sample, which can be
more easily obtained at higher pressures, up to the structural
transition.

At ambient conditions, cobalt is known to be ferromag-
netic, existing in either the stable hcp phase or the metastable
fcc phase. At high temperature, Co undergoes a phase tran-
sition around 695 K from the hcp to the fcc structure, and
subsequently, via an isostructural transition, to a paramag-
netic phase with a Curie temperature of 1400 K.15 The tem-
perature driven hcp-fcc transition exhibits no significant soft-

ening of most of the phonon branches, but only a decrease of
about 27% in the C44 hexagonal shear constant16 linked to
the shear strain associated with the displacive martensitic
transition.17 Furthermore, no change in the magnetic moment
occurs during the structural transition.15,18

At ambient temperature the hcp phase is stable up to
100 GPa, and then transforms martensitically to the fcc
phase in the 105–150 GPa pressure range.19 Density and
compressibility considerations on one hand,19 and first-
principle calculations15,19 on the other, suggest a nonmag-
netic fcc phase, but there is to date no direct experimental
evidence. Recent impulsive stimulated light scattering
�ISLS� and Raman measurements13 observed an anomalous
density dependence of the aggregate elastic constants and of
the E2g mode Grüneisen parameter, at about 60 GPa, well
below the phase transition. Magnetoelastic coupling and a
collapse of the magnetic moment were suggested as possible
causes for this behavior and ab initio calculations1,14 support
this scenario. However, further experimental work is needed
to confirm these observations and, above all, to address the
possible mechanisms responsible for the high-pressure elas-
tic anomalies.

Here we present the experimental determination of the
longitudinal acoustic phonon dispersion in polycrystalline
cobalt up to 99 GPa obtained using inelastic x-ray scattering
�IXS�. We derived the aggregate compressional and shear
sound velocities and analyzed our data in comparison with
properly averaged single-crystal results, previously obtained
by IXS.12 This type of comparative study of aggregate and
single-crystalline elasticity is essential in providing quantita-
tive estimates for the various proposed mechanisms of the
observed elastic anomaly, including texturing effects of poly-
crystalline hcp cobalt.

The paper is organized as follows: in Sec. II the IXS
experiment is briefly described, while Sec. III is devoted to
the presentation and discussion of the results. The polycrys-
talline results are compared to the single crystal averages and
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the possible causes responsible for the high-pressure elastic

anomalies are considered. Our main conclusions are summa-

rized in Sec. IV.

II. EXPERIMENTAL DETAILS

We performed measurements on the IXS beamline II

�ID28� at the European Synchrotron Radiation Facility in

Grenoble, France. The instrument was operated in the

Si�8,8,8� configuration, with an incident photon energy of

15.817 keV and a total instrumental energy resolution of

5.5 meV full width at half maximum �FWHM�. The trans-

verse dimensions of the focused x-ray beam of 25

�60 �m2 �horizontal�vertical, FWHM� were further re-

duced by slits at the highest pressures. The momentum trans-

fer Q=2ki sin��s /2�, where ki is the incident photon wave

vector and �s is the scattering angle, was selected by rotating

the spectrometer around a vertical axis passing through the

scattering sample in the horizontal plane. The momentum

resolution was set by slits in front of the analyzers to

0.25 nm−1. Energy scans were performed by varying the

monochromator temperature while the analyzer temperature

was kept fixed. Conversion from the temperature scale to

the energy scale was accomplished by the following rela-

tion: �E /E=���T, where �=2.58�10−6 K−1 is the linear

thermal expansion coefficient of silicon at room

temperature.20 The validity of this conversion was checked

by comparing the experimentally determined energies of the

longitudinal acoustic and optical phonons of diamond with

well-established inelastic neutron and Raman scattering

results.21,22 Further experimental details can be found

elsewhere.23

99.99% purity cobalt powder was loaded in a rhenium

gasket and pressurized in a diamond anvil cell without pres-

sure transmitting medium. The investigated pressure range

�0–99 GPa� was covered in three runs, using different cells.

The scattering geometry was the standard one, with the x-ray

beam along the main compression axis of the cell through

the diamonds, and the momentum transfer approximatively

perpendicular to it.

III. RESULTS AND DISCUSSION

A. IXS spectra and phonon dispersions

Representative examples of the collected IXS spectra are

reported in Fig. 1. The spectra are characterized by an elastic

contribution, centered at zero energy, and inelastic contribu-

tions from cobalt and diamond. Because of their higher

sound velocity, the transverse acoustic �TA� and longitudinal

acoustic �LA� phonons of diamond are located at higher en-

ergies with respect to cobalt. The longitudinal acoustic pho-

non of cobalt is therefore unambiguously identified as the

peak between the elastic line and the diamond phonons. In

order to have a robust determination of the zero energy po-

sition, in each scan the full elastic line has been recorded.

The energy position E�Q� of the phonons were extracted by

fitting a set of Lorentzian functions convolved with the ex-

perimental resolution function to the IXS spectra, utilizing a

standard �2 minimization routine.

Five to ten E�Q� values were used to describe the LA

phonon dispersions, which are reported, along with their best

sine fit, in Fig. 2. For all pressures, the dispersion is very

well described by a sine function, except for the highest pres-

sure point �99 GPa�, which is very close to the structural

phase transition.

Within the framework of the Born–von Karman lattice-

dynamics theory, and limiting us to the first term in the ex-

pansion �nearest neighbor interaction�, the solution of the

dynamical matrix can be written as24

E�meV� = 4.192

� 10−4VL�m/s�Qmax�nm−1�sin�	

2

Q�nm−1�

Qmax�nm−1�
� ,

�1�

where VL is the compressional �longitudinal� sound velocity

and Qmax is half the distance to the nearest reciprocal lattice

point in the direction of Q. Values for VL were consequently

derived from the sine fit to the experimental dispersions,

with Qmax left as a free parameter, while the shear �trans-

FIG. 1. Representative IXS spectra of polycrystalline hcp cobalt

at 40 GPa �left panel� and 89 GPa �right panel� at the indicated

momentum transfers Q. The experimental data are shown together

with the best fit results �thick solid line� and the corresponding

individual components �thin dotted line�. For clarity only the inelas-

tic peaks are shown. The arrows indicate the LA phonon of hcp Co,

while the dashed marks point at the position of the LA and TA

phonon of diamond, which are visible in the spectra at 4 and

6.21 nm−1 for P=40 GPa, and in the spectra at 6.21 nm−1 and

8.31 nm−1 for P=89 GPa. At 89 GPa the spectrum at 4 nm−1 is

dominated by the very intense diamond phonons and the weak LA

phonon of Co is not resolved.
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verse� sound velocity VT was obtained according to the rela-

tion

VT
2 =

3

4
�VL

2 −
K



� , �2�

where 
 is the density and K is the bulk modulus.

In parallel to the IXS spectra, the �100�, �002�, and �101�
cobalt reflections were recorded. A strong reduction of the

�002� reflection was observed with increasing pressure, lead-

ing to its complete disappearance above 55 GPa. This behav-

ior is expected for the utilized diffraction geometry, because

of the development of preferential alignment. Indeed, radial

x-ray diffraction measurements have shown that the c axis of

the crystallites has the tendency to align along the compres-

sion axis of the cell.25 These diffraction measurements al-

lowed us the direct determination of the density with an ac-

curacy of better than 1%, and to cross-check both the values

of Qmax as well as the pressure, determined by the ruby fluo-

rescence and according to both the hydrostatic19 and the non-

hydrostatic hcp-Co equation of state.25

B. Aggregate sound velocities

The derived compressional sound velocity is plotted as a

function of density in the upper panel of Fig. 3, together with

results from ISLS �Ref. 13� and ultrasonic �US� measure-

ments �Voigt-Reuss-Hill average26 of single-crystal elastic

moduli27�, as well as from calculations.1,14 The compres-

sional sound velocity scales linearly with density, as ex-

pected within the quasi-harmonic approximation, up to

11.28 g/cm3↔75 GPa �solid line in Fig. 3�. Above this

value, approaching the martensitic hcp-to-fcc transition, a

deviation from the linear behavior for VL�
� can be observed.

This softening is also predicted in the same density region by

the calculations, although theoretical values are systemati-

cally higher than the IXS ones. ISLS results show qualita-

tively the same trend as well, but the derived sound veloci-

ties are systematically lower than the IXS values, and lower
than the ultrasonic results by �5%, when back-extrapolated
to ambient pressure.

The IXS measurements of VL have been combined with
the nonhydrostatic hcp-cobalt equation of state,25 in order to
derive the density evolution of the shear velocity �the same
values are also obtained using the hydrostatic equation of
state19�. The obtained VT values are reported in the lower
panel of Fig. 3 together with the results from calculations,1,14

from ISLS �Ref. 13� and from US measurements �Voigt-
Reuss-Hill average26 of single-crystal results27�. Due simply
to the error propagation, the uncertainties in the IXS VT are
larger than for VL. The linear evolution is, however, clearly
visible up to 11.28 g/cm3↔75 GPa, as well as the softening
�even more pronounced than for VL� above this value. Once
again the IXS results compare well with ambient pressure
ultrasonic data and lie in-between the calculations and the
ISLS measurements, which are respectively slightly too high
and too low. The ISLS extrapolation for VT to ambient pres-
sure is well below the US results ��13% �.

The VL and VT values, obtained by the different experi-
mental techniques and the calculations, are summarized in
Table I.

These observations indicate a regular evolution of the
sound velocities up to a pressure point �Pmax�, above which,

both the compressional and the shear aggregate sound ve-
locities exhibit a softening. The departure from the linear
behavior was suggested by Goncharov et al.13 to start at

lower pressure �Pmax�60 GPa↔�10.88 g/cm3�, in con-

trast to the present IXS measurements, which clearly place

Pmax above 75 GPa.

FIG. 2. LA phonon dispersion curves of polycrystalline hcp co-

balt at ambient temperature and at pressures P

=1.5,11,28,40,55,70,75,89,99 GPa �from bottom to top�. The

displayed error bars of the energy position result from the experi-

mental uncertainties, the statistical error of the fit, and the finite-Q

resolution of the spectrometer. The lines through the data points are

sine fits to the data.
FIG. 3. Aggregate compressional �upper panel� and shear �lower

panel� sound velocity of polycrystalline hcp cobalt as a function of

density �the density errors are smaller than the symbols�. The cor-

responding pressures are reported on the top axis. IXS results �full

squares� and linear fit, taking into account data up to 11.28 g/cm3

�75 GPa� �solid line�; ambient pressure ultrasonic results �see Ref.

27; open diamond�; ab initio calculations �see Ref. 14; open

circles�; ISLS measurements �see Ref. 13; solid triangles�. The lim-

its of the phase stability �Ref. 19� are indicated by dashed lines.
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C. Comparison with single crystal results

Aggregate elastic properties, such as the bulk modulus K

and the shear modulus G can be derived from the single-

crystal elastic tensor, when an appropriate averaging scheme

is employed. The Voigt average28 is based on the assumption

of a uniform strain field, and for hexagonal symmetry gives

KV =
1

9
�2C11 + C33� +

2

9
�2C13 + C12� , �3�

GV =
1

15
�2C11 + C33� −

1

15
�2C13 + C12� +

1

5
�2C44 + C66� .

�4�

The Reuss average29 is based instead on the assumption of a

uniform stress field, and for hexagonal symmetry gives

KR =
C33�C11 + C12� − 2C13

2

C11 + C12 + 2C33 − 4C13

, �5�

GR =
15

4A�C11 + C12� + 8AC13 +
6

C44

+
6

C66

+ 2AC33

, �6�

with

1

A
= C33�C11 + C12� − 2C13

2 . �7�

Both averaging procedures ignore grain interactions, and are

therefore quite crude approximations. They provide, how-

ever, rigorous bounds for the aggregate properties of a ran-

domly oriented, macroscopically isotropic aggregate of crys-

tals: it can be shown that the Voigt average is the lowest

upper bound, while the Reuss average is the highest lower

bound.26 For isotropic crystals the two coincide. An empiri-

cal estimation currently used is the arithmetic mean of the

two, the so-called Voigt-Reuss-Hill average. The aggregate

velocities can then be calculated from K, G, and the density


 according to

TABLE I. Aggregate compressional and shear sound velocities for different pressures �densities� measured by IXS, ultrasounds �Ref. 27�,

ISLS �Ref. 13�, and obtained from first principle calculations �Ref. 14�. For IXS experiments the density is directly measured and cross-

checked with the values determined from the cobalt hydrostatic �Ref. 19� and nonhydrostatic equation of state �Ref. 25�. For the ISLS

experiments the density is derived from the measured pressure according to the cobalt hydrostatic �Ref. 19� and nonhydrostatic equation of

state �Ref. 25�.

P

�GPa�




�g/cm3�

IXS US ISLS Calculations

VL

�m/s�

VT

�m/s�

VL

�m/s�

VT

�m/s�

VL

�m/s�

VT

�m/s�

VL

�m/s�

VT

�m/s�

8.807 6030 3250

0 8.836 5810 3080

1.5 8.899 5950±120 3040±120

4.3 9.018 5720±110 2770±140

11 9.292 6330±190 3280±180 6100±120 3100±150

14.3 9.417 6220±120 3170±160

9.435 6780 3710

26 9.838 6600±130 3400±170

28 9.908 6930±240 3650±340

10.160 7500 4030

36 10.165 6930±140 3620±180

40 10.294 7330±120 3920±170

55 10.740 7630±140 4000±200

11.006 8250 4360

70 11.150 7930±180 4110±260

75 11.279 8180±200 4370±280

76 11.305 7810±160 4010±200

11.484 8460 4250

89 11.627 8230±110 4170±160

99 11.867 8300±300 4080±460

105 12.005 8130±160 3990±200 8750 4180

112 12.162 8390±170 4210±210

12.576 9290 4490

13.204 10080 5070
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VL
2 =

1



�K +

4

3
G� �8�

VT
2 =

G



. �9�

In order to compare the IXS results obtained on powders

with the ones obtained on single crystal,12 the latter need to

be extrapolated up to 99 GPa. Five independent acoustic

phonon branches were used to determine the single-crystal

elastic moduli Cij to 39 GPa.12 For the extrapolation we used

two different approaches. In the first case we linearly ex-

trapolated the velocity vs density data for each mode31 and

then solved the Christoffel equations30 to derive the elastic

moduli. Alternatively, the estimated12 linear pressure evolu-

tions of the Cij is used. The results obtained by these two

procedures differ by about 3% at 99 GPa and even less at

lower pressures, except for C13, where the difference starts to

be significant already at 50 GPa, and is about 20% at

99 GPa. However, the two extrapolations yield results for the

aggregate bulk and shear moduli within 1% below 50 GPa

and within 2% at 99 GPa. In the following, we will consider

the arithmetic average of the values obtained by these two

procedures for the various Cij.

The bulk modulus, the shear modulus and the aggregate

compressional and shear sound velocities were computed ac-

cording to the Voigt, Reuss, and Voigt-Reuss-Hill average.

Voigt and Reuss determinations differ by only 1% at 99 GPa

and even less at lower pressures. Thus, the single-crystal

anisotropy is only very weakly reflected in the effective elas-

tic anisotropy of the aggregate, when a completely random

distribution of crystallites is considered.

The density evolution of the aggregate compressional32

sound velocity is illustrated in Fig. 4, where the IXS results

obtained on powders are reported together with the ambient

pressure ultrasonic determination27 and the Voigt-Reuss-Hill

average of the single-crystal elastic moduli.12 Despite a dif-

ferent slope, the two IXS data sets up to 75 GPa differ by

less than 3%, thus testifying that a simple, randomly oriented

distribution describes quite well the elastic properties of the

polycrystal under compression. Moreover, according to this

observation, a regular behavior of the various Cij with in-

creasing pressure is expected above the directly investigated

pressure range �0–39 GPa�,12 likely up to 75 GPa.

Above 75 GPa the discrepancy between the polycrystal-

line and the single-crystal averaged results starts to be sig-

nificant. The observed deviation from linearity in VL�
� and

VT�
� could be considered as a precursor effect of the mar-

tensitic hcp-to-fcc structural transition, which manifests itself

by an important softening of one or more elastic moduli.

Such transition in cobalt can be induced both by pressure and

temperature.19 For the temperature-induced hcp-to-fcc tran-

sition, a softening of C44 by about 27% in the close vicinity

of the transition was observed, while the other elastic moduli

remained unaffected.16 If the same amount of softening of

C44 is applied to the present pressure-induced case, for the

two highest pressure points �89 and 99 GPa�, we can recom-

pute the averaged VL, and the resulting values are lower by

about 1.5%, whereas the IXS experiments on the polycrys-

talline sample display a difference from the linear extrapola-

tion by about 3% and 4.5% �89 GPa and 99 GPa, respec-

tively�. Moreover, in the present case, the nonlinear density

dependence was observed well before the transition. These

considerations, together with the proposed simple estimation,

suggest that the observed anomaly in VL is not likely due to

the shear strain associated with the hcp-to-fcc transition, as

in the temperature-driven case.17

Ab initio calculations14 predict a departure from linearity

in the same density region as the experimental IXS observa-

tions �see Fig. 3�. The proposed mechanism is a reduction

of the magnetic moment, concomitant with an evident soft-

ening of C44 and C66. In order to compare these theoret-

ical findings with the IXS results, the theoretical Cij were

scaled to the experimentally determined ones �IXS single-

crystal results�. The thus-obtained Cij exhibit an important

softening of C44, a moderate hardening of C13, and a slight

softening of all the elastic moduli at pressure of about

85 GPa �
=11.48 g/cm3 ,57.5 bohrs3�. The aggregate VL,

once recalculated using the Voigt-Reuss-Hill average, then

shows a reduction of about 2.5%. The so-obtained anomaly

in the elastic moduli thus reproduces quite well our experi-

mentally determined trend �3% softening at 89 GPa�.
The good agreement between the extrapolated single crys-

tal aggregate averages and our polycrystalline measurements

suggest that the effects of texture in our samples are mini-

mal. However, as there exist experimental data on the tex-

tural evolution in polycrystalline Co, we quantitatively treat

these effects below. Recent radial x-ray diffraction measure-

ments �RXRD� on quasiuniaxially compressed polycrystal-

line cobalt reveal an alignment of the c axis of the crystallites

along the compression axis of the cell, with a cylindrical

FIG. 4. Aggregate compressional sound velocity VL of hcp co-

balt as a function of density �the corresponding pressure values are

indicated in the top axis�. Errors on density are smaller than the

symbols. Squares: IXS results obtained on powders; open dia-

monds: ambient pressure ultrasonic results �Ref. 27�; open hexa-

gons: Voigt-Reuss-Hill average of single crystal elastic moduli, ob-

tained by IXS �Ref. 12� and extrapolated to 99 GPa. The solid line

is an extrapolated linear fit to the powder data below 11.28 g/cm3

�75 GPa�.
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symmetry.25 Most of this texture is developed within the first

5 GPa and up to the highest investigated pressure of 42 GPa,

the increasing stress essentially modifies the degree of align-

ment, not the symmetry. At the highest investigated pressure

the maximum pole density is 3.17 multiples of a random

distribution. On the basis of these results we can recompute

the properly weighted orientationally averaged VL. The ag-

gregate VL values, corrected for these texture effects as well

as the scattering geometry �momentum transfer perpendicu-

lar to the compression axis of the cell� differ from the Voigt-

Reuss-Hill average �random distribution� by about 0.3% at

1.5 GPa and about 1% at 40 GPa, yielding slightly lower

sound speeds.

According to the observation that most of the texture was

already developed at 5 GPa, we can assume that the experi-

mentally determined texture at 42 GPa is only very weakly

dependent on pressure, and incorporate the effects of prefer-

ential orientation in the averaging process at 85 GPa, to-

gether with the theoretically estimated magnetoelastic ef-

fects. The resulting VL exhibits a reduced softening of about

1.8%, as a consequence of the different weights of the vari-

ous Cij’s. According to this estimation, the texture developed

by polycrystalline cobalt under nonhydrostatic compression,

tends to reduce the aggregate elastic anomalies induced by

the softening of the magnetic moment, and, since a further

very strong evolution of the texture at high pressure is un-

likely, cannot be considered the main cause responsible for

the observed high-pressure anomalies in VL and VT.

IV. CONCLUSIONS

We have measured the aggregate longitudinal phonon dis-

persion of hcp cobalt up to 99 GPa, over the entire stability

range of the hcp phase. The derived compressional and shear

sound velocities exhibit a linear evolution with density up to

11.28 g/cm3↔75 GPa. Above, a significant deviation from

linearity is observed on approaching the hcp-to-fcc phase

transition. Our IXS results were compared with the average

velocities derived from the single-crystal elastic tensor,12

with high-pressure ISLS �Ref. 13� and ambient pressure ul-

trasonic measurements,27 and with ab initio calculations.1,14

Our IXS data are in good agreement with the US results.

This is in contrast to the ISLS data, especially for VT, where

the difference between the ISLS and US results is about

13%.

We suggest that the single-crystal elastic moduli vary lin-

early with pressure to 75 GPa. In this pressure range, the

aggregate elastic properties of the polycrystalline sample are

reproduced within 3% by a Voigt-Reuss-Hill average of the

single crystal Cij,
12 indicating that a simple, macroscopically

isotropic, randomly oriented distribution, already provides a

quite good general description of cobalt powder. When the

effects of texture are considered, VL changes in the

0–40 GPa range, at the most by 1%, slightly improving the

agreement between the IXS powder and the properly aver-

aged single-crystal results.

Above 75 GPa the IXS measurements show a softening of

the aggregate velocities, in agreement with calculations. The

same trend is also reproduced by ISLS measurements, al-

though the departure from linearity was proposed to start at

lower pressure. The comparison of polycrystalline and

single-crystal IXS results with theoretical calculations allows

us to provide quantitative estimates for the various proposed

mechanism of this elastic anomaly. A precursor effect of the

martensitic hcp-to-fcc phase transition—as for the

temperature-driven transition to the fcc phase—seems un-

likely, since the corresponding reduction of C44 by 27% �Ref.

16� is not enough to explain the IXS results. Furthermore,

this softening occurs only in a narrow temperature range,

very close to the phase transition, while in the present high-

pressure experiment, the softening is already observed well

below the transition pressure. A magnetoelastic effect, asso-

ciated with a reduction of the magnetic moment, as sug-

gested by Goncharov et al.13 and supported by

calculations,1,14 appears to be the driving mechanism. The

deviation from linearity in VL�
� is indeed qualitatively re-

produced by our estimate on the basis of the extrapolation of

the experimental Cij. The remaining quantitative discrepancy

could be explained by thermal correction to the athermal

calculations.

A scenario analogous to the one recently proposed for the

bcc-to-hcp transition in iron,4 characterized by a magnetic

transition preceding the structural one, can be envisaged.

Thus, the origin of the instability of the hcp Co with increas-

ing pressure can be ascribed to the effect of pressure on the

magnetic moment. A direct experimental determination of

the pressure evolution of the magnetic moment is, however,

highly recommended to confirm this hypothesis.
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Abstract

The present paper readdresses the issue of stress and strain analysis for hcp-metals plastically deformed under high pressure in the

diamond anvil cell with an application to cobalt at 42GPa. The effective single crystal elastic moduli deduced from radial X-ray

diffraction under Reuss or geometric averages, including effects of lattice preferred orientations, and assuming a constant stress within

the sample, consistently differ from those measured with other technique with the largest deviations observed on C44. These results are

then interpreted as an (hkl)-dependent effective differential stress.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The interpretation of the X-ray or neutron diffraction

patterns measured from a polycrystal under stress has been

a long standing issue in high-pressure research and other

areas of material science. The presence of non-hydrostatic

stress in a polycrystalline sample introduces distortions of

the crystal lattices that can be observed using X-ray

diffraction. A first application of this phenomenon is the

residual stress analysis [1] in which the components of the

mean macroscopic stress in a sample are determined using

(a) known single crystal elastic moduli, (b) measured

d-spacings in several directions, (c) information on the

structure and texture of the sample, and (d) a micro-

mechanical model that combines the orientation-dependent

individual strains and stresses and the interacting grains of

the polycrystalline sample with the measured d-spacings. In

the inverse problem, single crystal elastic moduli are

inverted using the measured d-spacings, structure/texture

information, a micromechanical model, and known mean

macroscopic stresses applied to the sample [2,3].

Measurement of single crystal elastic moduli under high

pressure is a difficult task and the deduction of elastic

moduli from X-ray diffraction offers two advantages: (i) it

can be performed over the whole range of pressure

attainable with diamond anvil cells (DAC); (ii) it does

not require single-crystals, but polycrystals which are much

easier to synthesize. This motivated a number of studies

published in the last few years [4–10]. However, difficulties

were noted very early on as effects of lattice preferred

orientations (LPO) and plasticity were not treated properly

in lattice strains theories and this raised significant

controversy [11].

In this paper, we readdress the issue of stress and strain

analysis for hcp-metals deformed under high pressure in

the DAC. Understanding the behavior of hcp-metals

plastically deformed under high pressure is fundamental

not only for material science, but also deep Earth

geophysics as the high-pressure hcp phase of Fe (�-Fe) is

believed to be the main constituent of the Earth’s inner

core. It was also shown the single crystal elastic moduli of

�-Fe deduced from radial X-ray diffraction could vary

significantly [4,5,10,12].
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Here, we present results on another hcp-metal, hcp-Co,

which is located next to iron in the periodic table. The

mechanical properties of Fe and Co are close, and ab initio

calculations suggest that the behavior of hcp-Fe and hcp-

Co under pressure is similar. Moreover, the high-pressure

behavior of hcp-Co has been studied extensively [13–15]

and its single crystals elastic moduli have been calculated

under the GGA approximation [16], deduced from Raman

spectroscopy [17], and measured using inelastic X-ray

scattering (IXS) [18] up to high pressures. There is a very

good agreement between results from all of those

techniques. The elastic moduli of hcp-Co are, therefore,

very well constrained and this material is a perfect

candidate for testing high-pressure stress and strain

analysis in hcp-metals with X-ray diffraction.

The first section of this paper will summarize current

theories for the modelling of the diffraction of polycrystals

under stress. The second section of the paper will focus on the

stress and strain conditions in diamond anvil cell experiments,

with a simulation of experimental results predicted by lattice

strain theories. Finally, the third and final sections will be

devoted to the application to experimental data.

2. Diffraction of a polycrystal under stress

Theories relating measured d-spacings using X-ray

diffraction to stress, elastic moduli, and LPO have been

developed independently by several groups [1,3,12,19–21].

In order to solve these equations, several approximations

have to be made, such as the absence of LPO within the

sample, or assume that all subpopulations of grains are

submitted to the same macroscopic stress.

The solution of these equations is complex and will only

be summarized briefly. In this analysis, we will rely on the

currently most advanced approach that includes the effect

of LPO [21] but also that of Singh et al. [3] that assumes a

random distribution of the crystallites and is widely used in

high-pressure research.

2.1. Coordinate systems

In order to solve the lattice strains equations, several

coordinate systems need to be defined (Fig. 1). The

‘laboratory coordinate system’ KL is imposed by the

geometry of the experiment with ZL parallel to the

scattering vector y (bisector between the incoming and

diffracted X-ray beam collected by the detector) and XL

inside the plane containing the incident and diffracted

X-ray beam and pointing towards the side of the detector.

The sample coordinate system KS is defined by the

environment around the sample. The crystal coordinate

system KC is defined for each crystallite according to the

crystal structure.

Microscopic physical relations, such as Hooke’s law

relating the microscopic stresses, strains and single crystal

elastic moduli should be applied in each crystallite

coordinate system KC . On the other hand, macroscopic

properties such as polycrystalline texture or macroscopic

stress are expressed in the sample coordinate system KS.

Quantities related to diffraction, such as measured

d-spacings or diffraction intensities are to be studied in

the laboratory coordinate system KL.

In our high pressure experiments, the sample is

submitted to a uniaxial compression within a diamond

anvil cell (Fig. 2) and we perform X-ray diffraction with

the incoming beam orthogonal to the compression direc-

tion. This defines the sample coordinate system KS with ZS

parallel to the compression direction and YS parallel to the

incoming X-ray beam and pointing towards the detector.

In this coordinate system, directions can be represented

with the two Euler angles a and b.

Location of the laboratory coordinate system KL is not

unique and depends on the diffraction peak under

consideration as well the as azimuth angle on the imaging

plate (Fig. 2). Similarly, crystallite coordinate systems KC

should be chosen according to the crystallite under

consideration.

2.2. Texture and LPO

The texture in the sample can be represented by the

orientation distribution function (ODF). The ODF is

required to estimate anisotropic physical properties of

polycrystals such as elasticity or electrical conductivity [22].

It is a probability function for finding an orientation and it

is normalized such that the integral over the whole
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Fig. 1. Coordinate systems used in the analysis. The sample coordinate system KS is defined by the sample environment, with ZS parallel to the

deformation direction. The laboratory coordinate system KL is defined with ZL parallel to the bisector between the incoming and diffracted beam and XL

in the plane containing the incoming and diffracted beam, pointing towards the detector. The crystallite coordinate sample KC is defined according to the

crystallographic structure.
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orientation space is unity. An aggregate with a random

orientation distribution has a probability of one for all

orientations, or one multiple of a random distribution

(m.r.d.). If preferred orientation is present, some orienta-

tions have probabilities higher than one and others lower

than one.

For each orientation g, the ODF f ðgÞ describes the

probability density of finding crystallites that have the

orientation g within dg. We have

f ðgÞ40;

Z
G

f ðgÞ d̄g ¼ 1; where d̄g ¼
1

8p2
dg. (1)

The degree of anisotropy in the sample is expressed by the

texture sharpness F2 defined as

F2 ¼

Z
G

½f ðgÞ�2 d̄g. (2)

For a material with random texture, the texture sharpness

F2 is equal to 1, for a textured material F241.

The ODF can be calculated using the variation of

diffraction intensity with orientation using tomographic

algorithms such as WIMW [23], as implemented in the

BEARTEX package [24]. Because of the axial symmetry of

the deformation in the diamond anvil cell (Fig. 2), the ODF

is axisymmetric around the compression direction and it is

sufficient to study the variation of the diffraction intensities

with the pole distance, by, which corresponds to the angle

between the normal to the diffracting plane and the load

direction, in order to deduce the full ODF.

This technique has been successfully applied to measure

LPO and deduce active high-pressure deformation mechan-

isms in several materials, such as �-Fe [25,26], MgO [8],

olivine, ringwoodite, magnesiowüstite, and silicate perovs-

kite [27,28].

2.3. Elasticity of a polycrystal

The macroscopic elastic properties (C̄ or S̄) of a

polycrystalline sample connect the macroscopic stress s̄

and the macroscopic strain �̄ by Hooke’s law

�̄ ¼ S̄ s̄; s̄ ¼ C̄ �̄ (3)

and are expressed in the sample coordinate system KS. They

depend on a large number of parameters, such as the single

crystal elastic moduli C or S, LPO, or grain size distribution.

For samples with equidimensional grains and under a solely

elastic model, the bulk properties will be mainly determined

the texture and the single crystal elastic moduli. If we

suppose that all grains with orientation g are submitted to

the same conditions, and that the number of grains is

sufficient for the use of an ODF, the microscopic relations

�ðgÞ ¼ SðgÞsðgÞ; sðgÞ ¼ CðgÞ�ðgÞ, (4)

expressed in each crystallite coordinate system KC can be

connected to macroscopic quantities in the sample coordi-

nate system KS using

�̄ ¼ �ðgÞ
a
¼

Z
G

�ðgÞf ðgÞ d̄g ¼ SðgÞsðgÞ
a
¼ S̄ s̄, (5)

s̄ ¼ sðgÞ
a
¼

Z
G

sðgÞf ðgÞ d̄g ¼ CðgÞ�ðgÞ
a
¼ C̄�̄, (6)
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Fig. 2. Experimental setup. The sample is confined under non-hydrostatic stress conditions between the two diamond anvils. A monochromatic X-ray

beam is sent through the gasket with the direction of the incoming beam perpendicular to the diamond axis and the data collected on an imaging plate

orthogonal to the incoming beam. The position and intensity of the diffraction lines are then analyzed as a function of the azimuthal angle d. Directions in

the sample coordinate system KSðXS ;YS ;ZSÞ can be expressed as a function of the two Euler angles a and b where b and a related to a rotation around YS

and ZS , respectively. bs is the angle between the maximum stress axis and ZS , by, the angle between the scattering vector y and ZS , and c the angle

between the maximum stress axis and the scattering vector y. For a given diffraction peak, the normal to the diffraction plane hi is aligned with the

scattering vector y. Note that the azimuth angle d is measured in an anti-clockwise direction.

S. Merkel, T. Yagi / Journal of Physics and Chemistry of Solids 67 (2006) 2119–2131 2121



224 Articles

where the superscript a denotes an arithmetic mean over all

possible orientations.

In order to constrain the elastic properties of the

polycrystal, the contribution of microscopic elastic moduli

or compliances in Eqs. (5)–(6) should be separated from

that of the microscopic stresses and strains. To that aim,

approximations have to be made about the grain interac-

tion micromechanical model. In this paper, we will

concentrate on the classical approach of Voigt [29], Reuss

[30], Hill [31], and the more physically consistent geome-

trical mean [32].

Under the Voigt approximation, the strain field is

assumed constant within the whole polycrystal. This

implies that the elastic properties of the polycrystal can

be calculated directly from the average of the elastic moduli

C̄
Voigt

¼ CðgÞ
a
¼

Z

G

CðgÞf ðgÞ d̄g, (7)

S̄
Voigt

¼ ½C̄
Voigt

��1. (8)

Under the Reuss approximation, the stress field is

assumed constant within the whole polycrystal. This

implies that the elastic properties of the polycrystal can

be calculated directly from the average of the elastic

compliances

S̄
Reuss

¼ SðgÞ
a
¼

Z

G

SðgÞf ðgÞ d̄g, (9)

C̄
Reuss

¼ ½S̄
Reuss

��1. (10)

It is usually assumed that, in the elastic regime, physical

properties of polycrystals lie between the Voigt and the

Reuss averages as the stress and strain distributions are

expected to be somewhere between the uniform strain and

uniform stress hypothesis. It was also observed that the

arithmetic mean of the Voigt and Reuss approximation is

often close to experimental values, this define this Hill

approximation:

S̄
HillðSÞ

¼
S̄
Reuss

þ S̄
Voigt

2
, (11)

C̄
HillðSÞ

¼ ½S̄
HillðSÞ

��1, (12)

C̄
HillðCÞ

¼
C̄

Reuss
þ C̄

Voigt

2
, (13)

S̄
HillðCÞ

¼ ½C̄
HillðCÞ

��1. (14)

The Hill average, however, does not have any theoretical

justification.

The choice of the geometrical mean averaging procedure

is guided by the fact that the elastic moduli of the

polycrystal C̄ should be equal to the inverse of its elastic

compliances S̄
�1
. A method for determining the geometric

mean of the elastic moduli of a textured polycrystal relies

on the fact that a stable elastic solid must have an positive

strain elastic energy. This implies that the eigenvalues of

the elastic matrix must all be positive, and we can use

½C̄
Geo

��1 ¼ S̄
Geo

¼ expðln SðgÞ
a
Þ. (15)

Details on the calculation of the geometric mean for elastic

tensors are provided elsewhere [21].

2.4. Diffraction of a polycrystal under stress

The theory of diffraction of a polycrystal elastically

deformed under stress has been described before. We

present here a short summary of the main features but the

full solution of the problem can be found in the literature,

for textured polycrystals [12], or for a simplified approach

that neglects the effect of LPO [3].

The position of a diffraction peak is directly related to

the actual lattice spacing of the diffracting planes with the

relation

l ¼ 2d sin y, (16)

where l is the incident X-ray wavelength, d the lattice plane

spacing, and y the diffraction angle. For a polycrystal,

a diffraction peak is the sum of the contributions of

all crystallites in the correct reflection position, that is with

the scattering vector y parallel to hi, the normal to the

diffracting plane (Fig. 2). The corresponding individual

d-spacings depend on the actual stress environment of

the corresponding the grain. Therefore, the measured

d-spacing d̄mðyÞ is the ODF-weighted arithmetic mean

d̄mðyÞ ¼
1

4pPðyÞ

Z

Gy

dðgÞf ðgÞdg, (17)

where Gy denotes the subset of crystallites with proper

orientation and PðyÞ is the normalized number of crystal-

lites in reflection position.

At this point, it is useful to separate the contribution of

the hydrostatic pressure, s̄P, and the deviatoric stress s̄,

using

d ¼ d0ðs̄PÞ þ d0

d � d0

d0

� �

ðs̄P; s̄Þ ¼ d0ð1þ �Þ, (18)

as the contribution of s̄P can be easily estimated using a

known equation of state and simple crystallographic

relations. The measured d-spacings d̄ðs̄P; s̄;S; f ; hi; yÞ de-

pend on the hydrostatic pressure s̄P, the deviatoric stress s̄,

the single crystal elastic moduli S, the ODF f, the plane

under consideration hi, and the direction of observation y.

They are related to an ‘experimental’ strain

�̄ðs̄;S; f ; hi; yÞ ¼
d̄ðs̄P; s̄;S; f ; hi; yÞ � d0ðs̄P; hiÞ

d0ðs̄P; hiÞ
. (19)

In the laboratory coordinate system KL, the measured

strain is equal to the �33 component of the strain tensor,

and

�̄
L
33ðs̄;S; f ; hi; yÞ ¼

1

4pPðyÞ

Z

Gy

�
L
33ðs̄;S; hi; yÞf ðgÞdg ð20Þ

¼ SL
33klðS; f ; hi; yÞs̄

L
kl . ð21Þ
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In this equation, the laboratory elastic compliances SL
33kl

are arithmetic means that only consider the subset of grains

with a proper orientation. They can be calculated as in

Section 2.3 by restricting the region of integration. They

depend on the single crystal elastic moduli S, the ODF f,

the direction of observation y and the lattice planes hi.

Finally, the transformation of the stress tensor s̄Lkl to the

sample coordinate system, with the proper rotation

operator s̄L ¼ gL SðyÞs̄S, provides

�̄
L
33ðs̄;S; f ; hi; yÞ ¼ SL

33klðS; f ; hi; yÞg
L S
klmn ðyÞs̄

S
mn ð22Þ

¼ SLS
33mnðS; f ; hi; yÞs̄

S
mn, ð23Þ

where s̄Smn is the macroscopic deviatoric stress tensor,

expressed in the sample coordinate system KS.

Calculation of the mixed sample-laboratory coordinate

system macroscopic elastic moduli SLS
33mnðS; f ; hi; yÞ from

the single crystal elastic moduli S, the ODF f, lattice planes

considered hi and direction of orientation y is not

straightforward. In the general case, no analytical relation

can be extracted, and all calculations should be performed

numerically. This procedure has been described in details

elsewhere for the Reuss, Voigt, and geometric (BPGeo)

averages [21,33]. It should be noted that for the general

case of a textured polycrystal, the definition of the Hill

average is ambiguous and therefore cannot be used [21].

3. The stress in the diamond anvil cell

3.1. Geometry

Under large loads, and assuming that effects of pressure

gradients are small, samples in a diamond anvil cell are

under non-hydrostatic conditions: the stress imposed in the

axial direction ZS should be larger than the stress imposed

in the radial directions XS and YS. However, sample

loading can complicate this situation. For instance, if the

diamonds are not exactly parallel, or if a non-uniform layer

of pressure calibrant was loaded above the sample, the

stress geometry could differ from pure uniaxial stress. In

this study, we will assume that the stress remains largely

uniaxial but allow the axis of maximum stress to be slightly

shifted from ZS, with the maximum stress direction

represented by the two Euler angles as and bs (Fig. 2).

Therefore, we assume that the stress applied to the sample

S, expressed in KS, is of the form

S ¼ s̄SP þ s̄S, (24)

where s̄SP is the hydrostatic pressure and s̄S the deviatoric

stress with

s̄Sij ¼ gð0;bs; asÞikgð0;bs; asÞjl

� t
3

0 0

0 � t
3

0

0 0 2 t
3

2

6

4

3

7

5

kl

, (25)

where gð0;bs; asÞ is the proper rotation matrix and t the

differential stress component (often called uniaxial stress).

In KS, the scattering vector y is characterized with a set

of Euler angles ay and by. In previous high-pressure

studies, the angle by between the diffracting vector and the

diamond compression direction was also labelled w [8].

They are calculated from the diffraction angle y and the

azimuth angle on the detector d using the relations

cos by ¼ cos y cos d;

sin ay sin by ¼ � sin y;

cos ay sin by ¼ � sin d cos y:

8

>

<

>

:

. (26)

Fig. 3 presents an example of such a conversion for 2y ¼

10� and 2y ¼ 25�. It should be noted that the region of

byoy and by4p� y cannot be probed with such an

experimental setup. One should also note that the range of

values of the angle ay probed in such experimental

conditions is large, and this has important implications

for measurements under pseudo-uniaxial stress conditions.

Finally, following previous convention in high-pressure

research [4], we also introduce the angle c between the

diffracting plane normal and the maximum stress axis that

will be useful in the rest of the analysis.
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Fig. 3. Relation between the coordinates of the scattering vector y,

expressed in KS , as (a) and bs (b) and the azimuthal angle on the imaging

plate d for 2y ¼ 10�(solid lines) and 2y ¼ 25�(dashed lines).
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3.2. Pure uniaxial stress

The lattice strain equations can be greatly simplified if

the stress applied to the polycrystal is purely uniaxial. In

this case, the orientation dependence y of the measurement

reduces to a single parameter, by, the angle between the

diffraction vector and the compression direction. Similarly,

the deviatoric stress can also be reduced to a single

parameter, t ¼ s̄33 � s̄11. Lattice strains for by and p� by
are also equivalent, therefore, each diffraction ring will

provide up to four independent measurements of equiva-

lent lattice strains.

If the sample does not exhibit any sign of LPO, and

under the assumption that the measured d-spacing solely

result from elastic distortions, analytical expressions of the

SLS can be extracted for the Reuss–Voigt–Hill mechanical

model and one finds [3]

�̄ðt;S; hi;cÞ ¼ ð1� 3 cos2 cÞQðt;S; hiÞ (27)

where c � by is the angle between the maximum stress

axis and the diffraction vector y, and Qðt;S; hiÞ is given

by

Qðt;S; hiÞ ¼
t

3

a

2GRðS; hiÞ
þ

1� a

2GV ðSÞ

� �

, (28)

where GRðhi;SÞ and GV ðSÞ are proper moduli of the

aggregate under the Reuss (iso-stress) and Voigt (iso-

strain) approximations, respectively, do not depend on the

direction of observation, and can be calculated from single-

crystal elastic moduli. The factor a, which lies between 0

and 1 specifies the degree of stress and strain continuity

within the sample. From these equations, it appears that

under Reuss/Voigt/Hill-type micromechanical models, a

random texture, and a pure uniaxial stress, the measured d-

spacings or lattice strains depend linearly on ð1� 3 cos2 cÞ.

For a textured sample, the orientation dependence of the

measurement can still be reduced to the angle by � c with

equivalent lattice strains for by and p� by. However, in

this case we do not always expect a linear relation between

the measured d-spacings and ð1� 3 cos2 cÞ.

3.3. Quasi-uniaxial stress

If the stress is quasi-uniaxial with a random texture

within the sample, the orientation dependence of the lattice

strains reduces to a single parameter c, the angle between

the diffraction vector and the maximum stress axis.

Eq. (27) remains valid and observations for c and p� c

will remain equivalent.

If the stress is quasi-uniaxial with a non-random texture

within the sample however, observations for the angles c

and p� c will correspond to different subset of the

ODF. In general, the orientation dependence cannot be

reduced to the parameter c only and we do not expect a

linear relation between the measured d-spacings and

ð1� 3 cos2 cÞ.

3.4. Simulation of experimental results

In order to clarify these theoretical discussions, we

performed simulations of a radial diffraction experiment

with different scenarios. In these simulations, we consider a

polycrystalline cobalt sample under a pressure 34.5GPa

assuming the single crystal elastic moduli calculated under

the GGA approximation [16], different texture models, and

various stress conditions.

Following previous analysis [12], we built a model ODF

consisting of a (0 0 1) ‘fiber’ component with a half-width

of 30� and isotropic background of 0.1 m.r.d. This model

ODF is stronger and more symmetric than observed

experimentally for higher accuracy and to enhance the

texture effects. The differential stress in the polycrystalline

sample was kept to a constant value of t ¼ 4:5GPa, under

two assumptions for the stress geometry, (i) pure uniaxial

stress, (ii) quasi uniaxial stress with ðbs ¼ 20�; as ¼ 30�Þ,

that is a maximum stress axis 20� away from the

compression direction.

Fig. 4(a,c,e) present the lattice strain �̄ we calculate for

the (1 0 0), (0 0 2), and (1 0 1) planes as a function of the

angle by between the diffracting plane normal and the

diamond compression direction, calculated under four sets

of hypothesis: (i) R-Ran-U, Reuss micromechanical model,

random texture, and pure uniaxial stress; (ii) BP-Ran-U,

BPGeo micromechanical model, random texture, and

pure uniaxial stress; (iii) R-ODF-U, Reuss micromechani-

cal model, model ODF, and pure uniaxial stress; and

(iv) R-ODF-QU, Reuss micromechanical model, model

ODF, and quasi uniaxial stress.

Strains for the R-Ran-U and BP-Ran-U hypothesis are

proportional to ð1� 3 cos2 byÞ. Differences between the

Reuss and BPGeo approximations are significant for

(0 0 2), and of lower amplitude for (1 0 0) and (1 0 1).

Comparing strains for R-Ran-U and R-ODF-U, it appears

that the effect of LPO on lattice strains is significant

around by ¼ 90� for (1 0 0) and (1 0 1). Strains for (0 0 2) on

the other hand are unaffected by the adjunction of effects

LPO. Strain calculated for the case of a quasi-uniaxial

stress (R-ODF-QU approximation) are clearly shifted

from the others by an offset of the same order of

magnitude than bs.

In order to emphasize the differences between those four

hypothesis, Fig. 4(b,d,f) present the difference between the

calculated strains and those calculated for the R-Ran-U

hypothesis as a function of ð1� 3 cos2 cÞ, the angle

between the diffraction vector and the maximum stress

axis. Differences between the R-Ran-U and BP-Ran-U

strains are of increasing amplitude for (1 0 0), (1 0 1), and

(0 0 2), respectively, with a maximum difference of 0.1% for

(0 0 2) at c ¼ 0�. Strains for both the R-Ran-U and BP-

Ran-U hypothesis depend linearly on ð1� 3 cos2 cÞ and

therefore appear as a straight line in Fig. 4(b,d,f).

The adjunction of LPO effects with our model ODF

(R-ODF-U hypothesis) has no influence on the strains

calculated for (0 0 2). For (1 0 0), they deviate from the
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R-Ran-U model for c445� with a maximum difference of

0.1%. For (1 0 1), LPO effects are seen for all orientations,

and their amplitude reaches 0.05%. It should be noted,

however, that the symmetries imposed by the uniaxial

nature of the experiment,

dðcÞ ¼ dðp� cÞ ¼ dð�cÞ ¼ dðc� pÞ (29)

are still valid.

If the stress becomes quasi-uniaxial (R-ODF-QU hy-

pothesis), the shift between the maximum stress direction

and the compression direction (i.e. the ODF) breaks the

symmetries described in Eq. (29), with deviations of

the same order of magnitude than those calculated for

the R-ODF-U hypothesis.

3.5. Inversion of experimental results

The equation relating X-ray measurements of lattice

strains, stresses, and elastic moduli can be used in a number

of ways. For samples with known elastic properties, stress

conditions can be inverted. For the configurations de-

scribed in this paper, no additional constrain is necessary

and the stress in the sample (pressure, differential stress,

and maximum stress axis offset) can be deduced from a

limited number of observations.

The inverse problem is more complex. If the sample does

not exhibit LPO, the lattice strains equation provide three

independent relations that can be completed by two other

relations deduced from equation of state measurement for

inverting the five independent single crystal elastic moduli

[3]. However, stress in high pressure experiments can be

difficult to constrain: the hydrostatic component of the

stress (pressure) can be easily deduced by comparing

the measured unit cells with a known equation of state,

but the deduction of differential stress is no easy matter

and serious assumptions have to be made, such as

assuming a known shear modulus [4,5] or the value a

single elastic modulus such as C44 [10].
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Fig. 4. Simulated lattice strain for a cobalt sample at 35GPa for the planes (1 0 0) (a,b), (0 0 2) (c,d) and (1 0 1) (e,f). In all calculations, the elastic

properties deduced from GGA calculations [16] and a differential stress component of 4.5GPa were used. Calculations were performed under the R-Ran-

U (closed circles), BP-Ran-U (open diamonds), R-ODF-U (gray circles), and R-ODF-QU (white squares) hypothesis, where R and BP denote the Reuss

and BPGeo averages, respectively, Random and ODF a random and model ODF, respectively, and U and QU, a pure uniaxial stress and a quasi-uniaxial

stress tilted by ðas ¼ 30�; bs ¼ 20�Þ, respectively. Fig. a, c, and e show the simulated lattice strains as a function of the orientation of the diffraction vector

y, and Fig. b,d, and f the difference between the simulated strains and those simulated under the R-Ran-U hypothesis as a function of ð1� cos2 cÞ where c

is the angle between the maximum stress axis and the diffraction vector y.
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If the sample does show LPO, elastic moduli can be inverted

assuming that the stress is fully constrained [12]. If the stress is

not constrained, and for a general texture configuration, one

needs to add several contributions, such as the equation of

state for pressure calibration, the shear modulus for calibrating

differential stress, and the bulk modulus for additional

constrain. In any case, the use of known shear elastic modulus

is absolutely necessary for the inversion.

4. Experiment

4.1. Description of the experiment

Experiment was performed on the BL13A beamline of the

Photon Factory (Tsukuba, Japan). Two-dimensional dif-

fraction data were collected on a 3000� 3000 pixels Rigaku

image plate with online reader. Pixel sizes ð100� 100:1mm2Þ,

sample to detector distance (290.231mm), detector tilt, and

X-ray wavelength ð0:4258 ÅÞ were calibrated using an Ag

standard. Diffraction patterns took 5mn to record. In this

experiment, high pressure and sample deformation was

achieved using a diamond anvil cell equipped with diamonds

of 350mm culet diameter. In order to allow diffraction in a

direction orthogonal to the compression axis we used

gaskets made of a proper combination of amorphous boron,

Kapton sheet, and epoxy [34] with a sample chamber

diameter of 80mm. The collimated X-ray beam was focused

to a diameter of about 30mm. Sample was a pure

commercial powder of cobalt with a grain size of about

1–2mm and a ratio of hexagonal and cubic polymorph of

about 70% along with a layer of ruby powder for pressure

calibration. Pressures were increased by approximately

5GPa pressure steps up to 42GPa over 24h.

Data reduction was performed in a similar manner than

in previous studies [8]. After flat field correction, the 2-D

diffraction image was converted into series of 1-D

diffraction patterns (intensity vs. 2y) by binning the data

in 5� intervals of the azimuthal angle d (Fig. 2) between

d ¼ �2:5� and 357:5� with Fit2d [35]. Each 1-D pattern was

then fitted individually by an automated fitting-routine

using pseudo-voigt peak profiles and locally linear back-

ground in order to extract the peak position and intensity

for each reflection.

Fig. 5 shows the diffraction pattern we obtained at

42GPa. The background from the confining gasket is

particularly low and the sample diffraction peaks well

resolved. Variations of diffraction intensity with orienta-

tion (e.g. (1 0 0), (0 0 2)) are related to LPO and will be used

to calculate the sample’s ODF. Variations of the peak

position with orientation are related to stress, elasticity,

and plasticity.

4.2. Microscopic strains and LPO

Fig. 6 presents the variations of the measured d-spacings

with by for the (1 0 0), (0 0 2), and (1 0 1) planes of cobalt at

42GPa. These measurements are in agreement with

predictions of lattice strains theory for a polycrystal under

quasi-uniaxial stress. The stress is of quasi-uniaxial nature,

with a clear shift of the maximum stress direction from the

compression direction (by ¼ 0�) by approximately 7�.

Fig. 7(a) presents the variations of diffraction intensity

for (1 0 0), (0 0 2) and (1 0 1) as a function of the angle by at

42GPa. We observe a very sharp texture in the sample. The

(0 0 2) peak exhibits a maximum intensity at by ¼ 0� and

180�, indicating that the c-axes are preferentially aligned

with the compression direction. In these figures, no offset

can be observed. Variations of diffraction intensities are in

agreement with a symmetry around the compression

direction.

The ODF was calculated using the intensities of the

(1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), and (0 0 4)

diffraction peaks. Fig. 7(b) shows the representation of the

texture we obtain in terms of inverse pole figure of the

compression direction. We observe a pure (0 0 1) texture,

that shows similarities with previous measurements on

another hcp-metal, �-Fe [25,26]. In this case, the calculated

texture sharpness is 1.90 and the maximum pole density is

3.17 m.r.d.

5. Analysis

5.1. Inversion of elastic moduli

Assuming a Reuss, Voigt, or BPGeo micromechanical

model, the single crystal elastic moduli of the material can

be calculated from the measured d-spacings. However, as

discussed previously (Section 3.5) the solution of the

problem is incomplete and assumptions have to be made.
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Fig. 5. Diffraction pattern at 42GPa. Large intensity region at the center

of the image results from the diffraction of the Kapton supporting ring.

Diffraction from the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), and (0 0 4)

planes of the Co sample are labelled on the figure.
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In this analysis, we performed a global non-linear

inversion of the lattice strains equations including effect

of LPO in order to obtain (i) the cell parameters a and c

under equivalent hydrostatic pressure sP—deduced from

the cell parameters themselves using a previously measured

equation of state [13]—(ii) the deviatoric stress configura-

tion, differential stress component t and maximum stress

direction offset bs and as, (iii) the single crystal elastic

moduli C11, C33, C12, C13, C44, C66 ¼ ðC11 � C12Þ=2. In
order to obtain a unique solution, we also added three

additional constrains: (i) that the axial compressibilities wa
and wc calculated from the elastic moduli match those

deduced from equation of state measurements [13] within

5%; (ii) that the average shear modulus deduced from

the elastic moduli matches results from first principles

GGA calculations [16] within 5%. Error on all measured

d-spacings was assumed to be 10�4 Å.

Table 1 presents the lattice parameters, hydrostatic

pressures, stress offset angles, and differential stress

components deduced from the X-ray data under the Reuss

and BPGeo averages and using both a random ODF and

the experimental ODF. The lattice parameters, pressures,

and offset angles we obtain do not differ significantly
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Fig. 7. (a) Measured diffraction intensities and those recalculated from

the orientation distribution function (ODF) vs. by for the (1 0 0) (solid

circles), (0 0 2) (open squares), and (1 0 1) (gray diamonds) peaks at

42GPa. Symbols and lines are experimental and recalculated data,

respectively. Experimental intensities have been scaled to match those

deduced from the ODF, expressed in m.r.d. (multiples of a random
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this figure. (b) Inverse pole figure for hcp-Co in compression deduced from

the experimental data.
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between approximations. For all cases, we find of stress

offset angle as of 218–219� and bs of 8.6–9:0�, consistent
with the d-spacings in Fig. 6 which suggested a value of

about 7�. The differential stress component t we obtain

under the BPGeo average are higher than those fitted under

the Reuss average. Similarly, differential stresses deduced

including effects of LPO are higher than those deduced

assuming a random ODF.

Fig. 8 presents a comparisons between the measured

d-spacings and those recalculated from the non-linear

fitting procedure under the Reuss average including effects

of texture. The variation of the measured d-spacings with

orientation is particularly well reproduced. In particular, it

should be noted that the assumption of a quasi-uniaxial

stress is valid, i.e. the measured d-spacings for all

equivalent orientations in the (1–3 cos2 c) plots do agree,

and for all measured lattice planes. As predicted for a

polycrystalline sample with LPO, the measured d-spacings

do not always vary linearly with (1–3 cos2 c) and our

numerical modelling allows us to reproduce these devia-

tions to the first order.

Table 2 shows a comparison between the elastic moduli

deduced in this study under all approximations and those

calculated under the GGA approximation [16], deduced

from Raman spectroscopy [17], or measured using IXS

[18]. Single crystal elastic moduli evaluated under the Reuss

or BPGeo average with or without ODF differ signifi-

cantly. Moreover, they can be quite different from those

measured with other techniques. In most cases, the best

agreement is obtained under the Reuss average and

including effects of LPO. Results under this approximation

agree with other techniques within 20% for C11, C33, C12

and C13. However, the effective elastic moduli deduced

from X-ray diffraction differ significantly from other

techniques for shear elastic moduli: under the best

approximation, C66 deduced from radial X-ray diffraction

is approximately 40% too low, while C44 is 330% too

large.

Therefore, in the case of a hcp-metal undergoing

significant plastic deformation, the lattice strains measured

by X-ray diffraction cannot be used to constrain single

crystal elastic properties. The adjunction of LPO effect in

the analysis did indeed improve the agreement between the

effective elastic moduli deduced from X-ray diffraction and

those deduced from other techniques but did not allow us

to fully account for the effect of plastic deformation.

5.2. Inversion of stress

In fact, a polycrystalline sample submitted to plastic

deformation can develop local heterogeneities at grain

ARTICLE IN PRESS

Table 1

Lattice parameters, pressure, differential stress, and maximum stress axis

offset fitted assuming a constant stress within the sample at 42GPa

a ðÅÞ c=a P (GPa) t (GPa) asð
�Þ bsð

�Þ

Reuss-Random 2.3787(1) 1.6179(1) 42.7(0) 2.4(1) 219(2) 9.0(3)

Reuss-ODF 2.3796(1) 1.6174(1) 42.5(0) 3.0(2) 219(2) 8.8(3)

BPGeo-Random 2.3787(1) 1.6179(1) 42.7(0) 2.6(1) 218(2) 8.9(3)

BPGeo-ODF 2.3802(1) 1.6169(1) 42.3(0) 3.9(1) 219(2) 8.6(2)

2.040

2.050

2.060

1.910

1.920

1.930

1.810

1.820

1.400

1.405

1.180

1.190

d
-s

p
a

c
in

g
 (

a
n

g
s
tr

o
m

s
)

-2 -1 0 1

1 - 3 cos2
ψ

1.085

1.090

-2 -1 0 1

1 - 3 cos2
ψ

0.955

0.960
Measured

Global fit

Independent fit

(100) (002)

(101) (102)

(110) (103)

(004)

Fig. 8. Measured d-spacings vs. (1–3 cos2 c) at 42GPa and those

recalculated after fitting elastic moduli and stress in the sample. c is the

angle between the maximum stress axis and the diffraction vector y. For

the thin dashed line, we adjusted the single crystal elastic moduli assuming

a uniform stress within the sample, a Reuss micromechanical model, and

the experimental ODF. Thick solid lines are fitting of independent

differential stress thkl using single crystal elastic moduli from first

principles calculations [16]. Note that the measured d-spacings do not

always vary linearly with (1–3 cos2 c), as predicted by lattice strains

theories including effects of LPO.

Table 2

Single crystal elastic moduli fitted assuming a constant stress within the

sample at 42GPa

C11 C33 C12 C13 C44 C66

Reuss-Random 465(17) 480(18) 313(10) 269(6) 534(30) 76(15)

Reuss-ODF 468(17) 539(21) 292(10) 249(6) 456(24) 88(12)

BPGeo-Random 431(17) 463(16) 349(9) 276(5) 687(35) 41(18)

BPGeo-ODF 497(24) 490(17) 414(12) 231(8) 657(33) 41(17)

GGA [16] 622 689 322 216 168 150

IXS [18] 552 662 271 269 137 145

Raman [17] 160

Previous results obtained using GGA first principles calculations [16],

measured using IXS [18] or deduced from Raman spectroscopy [17]

extrapolated or interpolated to the same pressure are also indicated.
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boundaries or within the grain themselves that can be

incompatible with the concept of lattice strain theories. In

such cases, the assumption of a single uniform macroscopic

stress applied to all grains and lattice planes within the

sample can fail, and stresses deduced for various lattice

planes will vary [11,36–41].

In order to investigate this issue, we performed a second

set of non-linear inversions with the following hypothesis:

(i) we assumed all single crystal elastic moduli from GGA

calculations [16]; (ii) the maximum stress offset angles

deduced from the global fit are correct and applicable to all

planes. Using these hypothesis, we adjusted the d-spacings

under equivalent hydrostatic pressure d0ðhklÞ and effective

differential stress component thkl independently for each

lattice plane, with the cell parameters under equivalent

hydrostatic pressure a and c deduced from the fitted d0ðhklÞ

and the pressure calculated using a known equation of

state [13].

Results are presented in Table 3 and Fig. 9 under the

Reuss and BPGeo average including effects of LPO. The

equivalent hydrostatic pressure we obtain with those

hypothesis do not differ significantly from those obtained

in Table 1. On the other hand, the effective differential

stress values thkl differ significantly from those obtained

using the global inversions of elastic moduli: (1 0 0), (1 1 0),

(0 0 2), and (0 0 4) support a large effective differential

stress while the smallest values of effective differential

stress are obtained for (1 0 2) and (1 0 3).

Fig. 8 presents comparisons between the measured

d-spacings and those recalculated during the non-linear

fitting procedure under the Reuss average including effects of

texture. The variation of the measured d-spacings with

orientation are well reproduced, the assumption of a (hkl)-

dependent quasi-uniaxial stress is in agreement with the data.

Interestingly, as for the measurements of lattice strains,

the (hkl)-dependent stresses seem to be consistent when

plotted as a function of

cos2 r ¼
3a2l2

4c2ðh2 þ hk þ k2Þ þ 3a2l2
, (30)

where r is the angle between (0 0 2) and (hkl) (Fig. 9). This

can be misleading in the analysis of radial diffraction data.

Indeed, a similar relation is expected in the case of a purely

elastic model with no effect of LPO [3]. However, as

demonstrated earlier in the paper, the effective elastic

moduli reproducing measured lattice strains differ from

those measured in other techniques.

6. Discussion and conclusion

The effective single crystal elastic moduli deduced from

our radial diffraction experiments on hcp-Co at 42GPa do

not match the values calculated under the GGA approx-

imation [16], measured using IXS [18], or C44 deduced from

Raman spectroscopy [17]. While there are uncertainties on

the accuracy of those measurement and calculations, all

techniques agree within 20%. The adjunction of effects of

LPO in the determination of X-ray elastic moduli does

improve the agreement with other techniques. Similarly, we

find the Reuss approximation to be slightly better than

BPGeo for our purpose. Results we obtain are for C11, C33,

C12 and C13 are fair but our values of C44 and C66 do not

even have the proper order of magnitude. Moreover, the

deduction of elastic moduli from X-ray diffraction already

includes a calibration on the bulk and shear moduli of the

material. In other words, the numerical values obtained in

this study are effective elastic parameters and do not

ARTICLE IN PRESS

Table 3

Pressure, and effective differential stresses fitted assuming an (hkl)-dependent stress

Run P t (1 0 0) t (0 0 2) t (1 0 1) t (1 0 2) t (1 1 0) t (1 0 3) t (0 0 4)

Reuss-ODF 42.5(0) 5.08(3) 5.14(5) 2.99(3) 2.07(4) 4.85(6) 2.45(6) 4.21(14)

BPGeo-ODF 42.6(0) 5.28(3) 4.53(4) 3.20(4) 2.17(4) 5.04(6) 2.49(6) 3.71(13)

Pressures and stresses are expressed in GPa.
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Fig. 9. Effective differential stress deduced in the sample vs. cos2 r where

r is the angle between the (0 0 2) and (hkl). Solid and dashed lines were

deduced under the Reuss and BPGeo averages, respectively, assuming a

constant stress within the sample, that the shear modulus deduced from

X-ray diffraction agrees with GGA first principles calculations [16], and

including LPO-effects. Solid circles and gray square were deduced under

the Reuss and BPGeo averages, respectively, assuming a grain-indepen-

dent, (hkl)-dependent stress, elastic moduli from GGA first principles

calculations, and including effects of LPO.
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directly correspond to single crystal elastic moduli even

with the adjunction of effects of LPO.

Development of LPO and, therefore, activation of

plastic deformation was very efficient in those experiments,

as indicated by the high degree of texture in the sample

(Fig. 7). Therefore, these results indicate that the plastic

deformation of the sample induces a drastic shift in

effective elastic moduli determined by X-ray diffraction.

The effect is most pronounced for the shear elastic moduli

C44 and C66. This observation is in agreement with

measurements on other metals that the anisotropy had to

be enhanced in order to match the observed lattice strains

[38]. These conclusions raise questions on the possibility of

deducing single crystal elastic moduli of hcp-metals from

X-ray diffraction data. Indeed, earlier measurements on

hcp-Fe [4,5,10,12] provided different results, especially for

the C44 effective elastic modulus, which according to study

tends to increase considerably with plastic deformation.

The (hkl)-dependent stress we observe in Co can be

related to other ambient pressure experiments on hcp-

metals (i.e. beryllium and titanium) undergoing plastic

deformation that showed a similar behavior [37,39]. Lattice

planes can be grouped into three categories: (i) prismatic

planes (1 0 0) and (1 1 0); (ii) basal planes (0 0 2) and (0 0 4);

(iii) pyramidal planes (1 0 1), (1 0 2), (1 0 3). Prismatic

planes such as (1 0 0) or (1 1 0) are submitted to a large

effective stress. At the end of the deformation, they are

parallel to the compression direction and see a very high

effective stress. Basal planes such as (0 0 2) and (0 0 4), see

an intermediate stress. At the end of the deformation, they

are perpendicular to the compression direction. Pyramidal

planes such as (1 0 1), (1 0 2), and (1 0 3) are submitted to a

lower effective stress. In terms of lattice preferred orienta-

tions, those planes show broader maxima than basal or

prismatic planes.

An (hkl)-dependent measurement of stresses deduced

from lattice strains have already been documented and

modelled for fcc metals [36] and cubic oxides [11,40]. Those

models combine self-consistent polycrystal plasticity simu-

lations with lattice strains theory in order to account for

the effect of both elastic and plastic deformation and

estimate the true stress applied to the sample. Numerical

results depend on the geometry of the active slip systems

and the elastic anisotropy of the starting material. In those

models, certain (hkl) reflection show a behavior very

similar to that of a pure elastic deformation, while others

do not, displaying both larger and smaller effective stresses.

For the case of hcp-metals, however, and to our knowl-

edge, a satisfying modelling remains to be developed and

this question can only be approached qualitatively based

on our knowledge of the behavior of fcc metals. This

should be improved in the near future.
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Abstract

This paper explores the applicability of x-ray diffraction measurements of stress

to high pressure deformation experiments. We model measurements of elastic

lattice strains in various geometries for both axial and rotational deformation

apparatus. We then show that, for most cases, stresses can be inverted from the

diffraction data. A comparison between the results of our models and actual

experimental data also indicates that plastic deformation can have an influence

that is not addressed properly in the elastic models of lattice strains and should

therefore be treated with caution.

1. Introduction

The importance of rheological properties for understanding the dynamics and evolution of the

deep Earth is well recognized. However, while considerable progress has been achieved in

establishing phase diagrams and physical properties of minerals at high pressure and high

temperature, very little is known about the rheological properties of these phases under

relevant conditions. To address this issue, deformation experiments at high pressure and high

temperature are presently being developed [1–5]. In those experiments, a sample is deformed

under high pressure while stress and lattice preferred orientation (LPO) are monitored in situ

using x-ray diffraction.

While stress evaluation using diffraction has been used for decades in the material science

community [6–8], its application in high pressure research is recent and has not been fully

explored. In particular, models used for the interpretation of diffraction data in high pressure

deformation experiments [9] rely on the assumption that (i) the sample is submitted to a stress

that is predominantly axial, (ii) no LPO is present in the sample, (iii) plasticity does not affect

the measured lattice spacings. Under those conditions, stress can be evaluated in radial or axial

1 Present address: Laboratoire de Structure et Propriétés de l’Etat Solide (UMR CNRS 8008), Université des Sciences

et Technologies de Lille, 59655 Villeneuve d’Ascq, France.
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Figure 1. Coordinate systems used in the analysis. The sample coordinate system KS is defined by

the sample environment, with ZS parallel to the deformation direction. The laboratory coordinate

system KL is defined with ZL parallel to the bisector between the incoming and diffracted beams and

XL in the plane containing the incoming and diffracted beams, pointing towards the detector. The

crystallite coordinate system KC is defined according to the crystallographic structure. Microscopic

physical relations, such as Hooke’s law relating the microscopic stresses, strains and single-crystal

elastic moduli, should be applied in each crystallite coordinate system KC. Macroscopic properties

such as polycrystalline texture or macroscopic stress are expressed in the sample coordinate system

KS.

diffraction geometry, assuming that the single-crystal elastic moduli of the sample have been

estimated independently. However, these assumptions have raised controversies and results

obtained using this technique are not always accepted in the community [10].

In this paper, we address this issue by simulating lattice strain measurements in

high pressure deformation experiments using more advanced models that do not make the

assumption of pure axial stress and include effects of LPO [11]. Comparison between the

results of these models and experimental data can be used to assess the state of stress in the

experiment. Those models can also be used to test our ability to invert experimental data

from experiments in various geometry. Finally, the last section of the paper presents actual

experimental data in order to assess the compatibility between the elastic lattice strain models

and actual measurements.

2. Elastic theory of diffraction of a polycrystal under stress

Theories relating measured d-spacings using x-ray diffraction, elastic moduli, stress,

and lattice preferred orientations (LPO) have been developed independently by several

groups [6, 8, 11–19]. Most models used in high pressure research assume axial symmetry

of stress and neglect the effects of LPO [13–18]. However, models for more general stress

environments and which include the effects of LPO have already been developed and applied

to high pressure diffraction data [11, 20–22]. Therefore, we will only summarize the main

features of the theory. Details can be found in [11, 21].

First, the resolution of the problem is greatly simplified by introducing several coordinate

systems (figure 1): the crystallite coordinate system KC, the sample coordinate system KS, and

the laboratory coordinate system KL. The crystallite coordinate system KC is defined according

to the crystallographic structure. Microscopic physical relations, such as Hooke’s law relating

the microscopic stresses, strains and single-crystal elastic moduli, should be applied in each

crystallite coordinate system KC. The sample coordinate system KS is defined by the sample

environment, with ZS parallel to the deformation direction. Finally, the laboratory coordinate

system KL is defined with ZL parallel to the bisector between the incoming and diffracted

beams and XL in the plane containing the incoming and diffracted beams, pointing towards the

detector.



Travaux sur le cobalt 237

X-ray diffraction evaluation of stress in high pressure deformation experiments S951

Samples submitted to plastic deformation can develop LPO [23]. In a polycrystal, LPO

can be represented in terms of an orientation distribution function (ODF) that can be extracted

from high pressure diffraction data [1, 4, 24–26]. This is a probability function for finding an

orientation and is normalized such that the integral over the whole orientation space is unity.

For each orientation g, the ODF f (g) describes the probability density of finding a crystallite

that has the orientation g within dg.

Supposing that approximately the same conditions exist for all grains with the same

orientation g, with no incompatibilities at grain boundaries or within the grains themselves,

and that we consider an ensemble with a sufficiently large number of grains to be represented

statistically by an ODF, ODF-weighted averages can be performed to calculate the polycrystal’s

macroscopic properties from microscopic quantities. For instance, the macroscopic stress σ and

strain ǫ applied to the polycrystal are

ǫ = ǫ(g)
a

=

∫

G

ǫ(g) f (g) dg (1)

σ = σ(g)
a

=

∫

G

σ(g) f (g) dg, (2)

where the superscript a denotes an arithmetic mean over all possible orientations. Under

the iso-stress Reuss approximation, the elastic properties of the polycrystal can be calculated

directly from the average of the elastic compliances using

S
Reuss

= S(g)
a
∫

G

S(g) f (g) dg. (3)

Details of the calculation of polycrystal average elastic properties, including effects of LPO,

for the Voigt and geometric mean have also been derived [11].

In a diffraction experiment, the position of a peak is directly related to the actual d-spacing

of the diffracting plane by the relation

λ = 2 d sin θ, (4)

where λ is the x-ray wavelength, d is the lattice plane spacing, and θ is the diffraction angle. For

a polycrystal, a diffraction peak is the sum of the contribution of all crystallites in the correct

reflection position, that is, with the scattering vector y parallel to the normal to the diffracting

plane hi (figure 2). Therefore, the measured d-spacing dm(y) is the ODF-weighted arithmetic

mean:

dm(y) =
1

4π P(y)

∫

G y

d(g) f (g) dg, (5)

where G y denotes the subset of crystallites in the diffraction condition and P(y) is the

normalized number of crystallites in the reflection position.

It is useful to separate the contribution of the hydrostatic pressure, σ P , and the deviatoric

stress σ , using

d = d0(σ P ) + d0

(

d − d0

d0

)

(σ P , σ ) = d0 (1 + ǫ) (6)

as the contribution of σ P can be estimated easily using a known equation of state and simple

crystallographic relations. The measured d-spacings d depend on the hydrostatic pressure

σ P , the deviatoric stress σ , the single-crystal elastic moduli S, the ODF f , the plane under

consideration hi , and the direction of observation y. They are related to an ‘experimental’

strain

ǫ(σ , S, f, hi , y) =
d(σ P , σ , S, f, hi , y) − d0(σ P , hi )

d0(σ P , hi )
. (7)
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Figure 2. Experimental setup for opposed anvils experiments. The sample is confined between

two opposed anvils. In a radial diffraction geometry, a monochromatic x-ray beam is sent with

the direction of the incoming beam perpendicular to the anvil axis and the data is collected on an

area detector orthogonal to the incoming beam. The position and intensity of the diffraction lines

are analysed as a function of the azimuthal angle δ. Directions in the sample coordinate system

KS(XS, YS, ZS) can be expressed as a function of the two Euler angles α and β, where β and α

are related to a rotation around YS and ZS, respectively. For a given diffraction peak, the normal

to the diffracting plane hi is aligned with the scattering vector y. Note that the azimuth angle δ is

measured in an anti-clockwise direction.

In the laboratory coordinate system KL (figure 1), the measured strain is equal to the ǫ33

component of the strain tensor, and

ǫL
33(σ , S, f, hi , y) =

1

4π P(y)

∫
Gy

ǫL
33(σ , S, hi , y) f (g) dg. (8)

Applying Hooke’s law to the polycrystal in the laboratory coordinate system, we also have

ǫL
33(σ , S, f, hi , y) = SL

33kl(S, f, hi , y) σ L
kl , (9)

where the laboratory elastic compliances SL
33kl are arithmetic means that only consider the

subset of grains that actually contribute to the diffraction.

Finally, the transformation of the stress tensor σ L
kl to the sample coordinate system, with

the appropriate rotation operator σ L
= gL←S(y) σ S , provides

ǫL
33(σ , S, f, hi , y) = SL

33kl (S, f, hi , y)gL←S
klmn (y) σ S

mn (10)

= SL S
33mn(S, f, hi , y)σ S

mn, (11)

where σ S
mn is the macroscopic deviatoric stress tensor, expressed in the sample coordinate

system KS.

Calculation of the mixed sample–laboratory coordinate system’s macroscopic elastic

moduli SL S
33mn(S, f, hi , y) from the single-crystal elastic moduli S, the ODF f , lattice planes

considered hi and the direction of orientation y is not straightforward. In the general case,

no analytical relation can be extracted, and all calculations should be performed numerically.
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This procedure has been described in detail for the Reuss, Voigt, and geometric (BPGeo)

averages [11, 27]. It should be noted that, for the general case of a textured polycrystal, the

definition of the Hill average is ambiguous and therefore cannot be used [11]. On the other

hand, this procedure does not make any assumption for the geometry of stress and can be

applied to the most general cases.

If the assumptions behind the model presented here are verified (approximately the same

conditions exist for all grains with the same orientation g, with no incompatibilities at grain

boundaries or within the grains themselves, and with an ensemble with a sufficiently large

number of grains to be represented statistically by an ODF), and if the single-crystal elastic

moduli are known, these equation can be used to simulate the effect of stress on diffraction

measurement or to invert residual stresses from diffraction data, including the effects of LPO.

If the stress applied to the sample is known, they could also be used to invert effective single-

crystal elastic moduli.

3. Models of experimental data

3.1. Main features

In this section, we will model the effect of stress on x-ray diffraction measurements on a

polycrystal, with a particular application to the geometries used in high pressure deformation

experiments. The results presented here are purely numerical and no attempt will be made to

obtain mathematical proofs of inversions capabilities. They should be considered as a catalogue

of the effects of stress on measured diffraction patterns with an exploration of our ability to

invert stress from experimental data.

For these models, we assume that the sample is a polycrystal of pure hexagonal-close-

packed (hcp) Co. In an attempt to improve our understanding of the behaviour of materials

under pressure, Co has been studied extensively. Under ambient conditions, it exhibits either

the hcp or the metastable face-centred-cubic (fcc) crystal structure and transforms into the fcc

structure at 695 K; at high pressure, it transforms into the fcc structure in the range 105–

150 GPa [28]. Its elastic properties have been calculated [29], measured using inelastic x-ray

scattering (IXS) [30, 31], and deduced from Raman spectroscopy [32] up to high pressure. It

has also been studied extensively using radial x-ray diffraction [21, 22]. Therefore, this material

is an ideal candidate for testing stress and strain analysis.

In all cases, the sample is assumed to be submitted to an average pressure of 42 GPa.

The calculation of unit cell parameters is based on previous measurements of the equation of

state [33] and we used the single-crystal elastic moduli and their pressure dependence measured

by inelastic x-ray scattering [30]. We also assume that the models developed in section 2 apply,

i.e. that the same conditions exist for all grains with the same orientation.

In the forward modelling, the unit cell parameters of the polycrystal are calculated at a

pressure 42 GPa using the equation of state. We then calculate the lattice strains resulting

from deviatoric stresses using the theory described in section 2 and simulate x-ray diffraction

measurements assuming a monochromatic beam of wavelength 0.4 Å. The synthetic data is

then processed for stress inversion by fitting deviatoric stress tensor components and d-spacings

under equivalent hydrostatic pressure d0(σ P , hkl). Cell parameters a and c are deduced from

the fitted d0(σ P , hkl) and later used to invert the hydrostatic pressure.

3.2. Opposed anvil geometry

The developments presented in this section can be applied to various opposed anvil

deformation experiments, such as those performed in the D-DIA [3, 5, 10, 34–38], Drickamer
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Table 1. Applied stress, inversion parameters, and success in stress inversion for models of the

opposed anvils geometry. Stresses are expressed in GPa in the sample coordinate system KS

(figure 2).

Model Geometry Applied stress Inversion model Success

1 ⊥

[

−1.5 · ·

· −1.5 ·

· · 3.0

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

Yes

2 ⊥

[

−2.5 · ·

· −0.5 ·

· · 3.0

] [

σ11 σ12 σ13

· σ22 σ23

· · σ33

]

No

3 ⊥

[

−0.5 · ·

· −2.5 ·

· · 3.0

] [

σ11 σ12 σ13

· σ22 σ23

· · σ33

]

No

4 ⊥

[

· 3 ·

3 · ·

· · ·

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

Yes

5 ⊥

[

· · 3

· · ·

3 · ·

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

Yes

6 ⊥

[

· · ·

· · 3

· 3 ·

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

Yes

7 ⊥ g(0, 10◦, 30◦)

[

−1.5 · ·

· −1.5 ·

· · 3.0

]

g(0, β, α)

[

−t/3 · ·

· −t/3 ·

· · 2t/3

]

Yes

presses [16, 39] or the diamond anvil cell (DAC) [4, 9, 40–47]. Figure 2 presents a typical setup

of an experiment in the DAC. In those experiments, a sample is compressed between two anvils

and diffraction is performed with the incoming x-ray beam perpendicular to the direction of

compression. There are various ways of collecting diffraction patterns, such as using energy-

dispersive detectors at several locations [36, 39, 41, 42, 48] or an image area detector [4, 37, 38].

In the present paper, we assume that the measurements are performed on an area detector, but

those results can be easily converted to the case of measurement in energy dispersive geometry.

The stress applied to the sample has a strong axial component and most studies conducted

in this geometry have assumed that the stress is purely axial, with a cylindrical symmetry

around the axis of the anvils. Following those assumptions, models have been developed that

relate the measured lattice strains with stress, single-crystal elastic moduli, and lattice preferred

orientation [11, 14–18]. However, the validity of the cylindrical symmetry of stress has been

questioned. Therefore, in this section, we will model measurements of d-spacings in radial

diffraction geometry for various stress configurations. These models are then used to assess

our ability to invert stress from the diffraction data.

Stress models that we considered are listed in table 1. Figure 3 presents the simulated

lattice strains ǫL
33 = (d − d0)/d0 for the 100 line of cobalt as a function of the azimuth angle

on the detector δ and (1 − 3 cos2 βy), where βy is the angle between the axis of the anvil and

the diffracting plane normal. Stress models include (i) models with a pure axial stress and a

symmetry axis parallel to the direction of the anvils, (ii) models with triaxial stresses having

the principal components of stress aligned with the axis of the sample coordinate system KS,

(iii) models with non-zero shear components of the stress tensor, and (iv) models with a pure

axial stress with the symmetry axis tilted from the direction of the anvils [47].

The solid lines in figures 3(a) and (b) indicate the results that we obtain if a pure axial

stress is applied to the sample (model 1 in table 1) without effects of LPO (thick solid line)
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Figure 3. Simulation of measured lattice strains for the 100 line of a cobalt sample in an opposed

anvil experiment as a function of the azimuth angle on the detector δ (a), (c), (e) and (1−3 cos2 βy )

(b), (d), (f), where βy is the angle between the anvil axis and the diffracting plane normal, for

various stress configurations. Figures (a) and (b) present results for cases where the principal stress

directions are aligned with the sample coordinate system (figure 1) with a pure axial stress and no

effect of texture (thick solid line), pure axial stress including effects of texture (thin solid line), and

triaxial stresses with no effect of texture (dashed lines). Figures (c) and (d) present results for cases

with non-zero off-diagonal stress components (σ12 �= 0, thin solid line; σ13 �= 0, thick dashed line;

σ23 �= 0, thin dashed line). Figures (e) and (f) present results for a pure axial stress with a maximum

stress direction tilted from the anvils direction (thin solid lines). For comparison, the ideal case of

pure axial stress with a maximum stress direction aligned with the anvils’ direction is indicated in

all figures as thick solid lines.

and including effects of LPO (thin solid line) using the ODF measured on a sample of cobalt

compressed in a DAC at 42 GPa [22]. The lattice strains vary linearly with (1 − 3 cos2 βy) for

models that do not include effects of LPO [18]; models that include effects of LPO produce

slightly curved lines [20]. However, in the present case, the effects of LPO are particularly

small and both models can hardly be distinguished. In both cases, stresses can be inverted from

the diffraction data.

The dashed lines in figures 3(a) and (b) indicate results for a triaxial stress with the the

principal components of stress aligned with the axis of the sample coordinate system KS and

no effects of LPO (models 2 and 3 in table 1). As for the case of pure axial stress, the simulated

lattice strains vary linearly with (1 − 3 cos2 βy). However, stress inversions with σ11 and σ22

as free parameters will fail consistently. Stress inversion can be performed assuming pure axial

stress. For model 2 (thick dashed lines, σ11 < σ22), this leads to

σP = 39.8 GPa

σ11 = σ22 = −1.8 GPa,

σ33 = 3.6 GPa,

(12)
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that is an under-estimation of pressure and improper stresses. For model 3 (thin dashed lines,

σ11 > σ22), such an inversion would lead to

σP = 44.1 GPa

σ11 = σ22 = −1.2 GPa,

σ33 = 2.4 GPa,

(13)

which is an over-estimate of pressure and improper stresses. It should be noted that such a stress

configuration can be detected and evaluated by performing additional measurements with the

incoming x-ray beam parallel to XS or ZS.

The effects of the shear components of the stress tensor (models 4, 5, and 6 in table 1) are

highlighted in figures 3(c) and (d). σ12 �= 0 and σ23 �= 0 introduce lattice strains with a period

of 360◦ in δ. Maxima and minima of the corresponding lattice strains are located at δ = 90◦

and 270◦ for σ12 �= 0 and δ = 0◦ and 180◦ for σ23 �= 0. On the other hand, σ13 �= 0 introduces

lattice strains with a period of 180◦ in δ with maxima and minima located at δ = 45◦, 135◦,

225◦, and 315◦. In all cases, shear components of the stress tensor can be inverted from the

diffraction data. Because of the very different nature of the effect of each shear component of

the stress tensor on lattice strains, all components can be deduced independently, from a single

measurement.

Finally, figures 3(e) and (f) present the results obtained for model 7 in table 1. In this case,

the stress is supposed to be mainly axial, but the axis of symmetry of the stress tensor is tilted by

ασ = 30◦ βσ = 10◦, where β and α indicate rotations around YS and ZS, respectively. When

plotted as function of δ, the lattice strains resemble that of the pure axial case, with a slight

offset of the location of minima and maxima. When plotted as a function of (1 − 3 cos2 βy),

they deviate from the straight line that is expected with pure axial stress and form an ellipse. In

any case, such a stress can be inverted from the diffraction data (table 1).

3.3. Rotational anvil geometry

In this section, we investigate the effect of deviatoric stresses on x-ray diffraction patterns

in settings corresponding to rotational anvil experiments. These experiments are new and

have only recently been applied to high pressure deformation [2, 3, 49–51]. Deformation

experiments in this geometry are conducted by twisting a thin sample between the anvils, and

stresses are measured in situ using x-ray diffraction. However, stress measurement using x-

ray diffraction in rotational anvil deformation experiments is still very preliminary and the

technique has not yet been standardized. One of the difficulties in stress inversion is the

presence of an axial stress component superimposed on the shear stresses imposed by the

rotation of the anvils.

Here, we simulate x-ray measurements in three geometries (figure 4): (i) with the

incoming x-ray beam parallel to the axis of rotation, sampling a region where the sample is

deformed in shear perpendicular to the incoming x-ray beam; (ii) with the incoming x-ray

beam perpendicular to the axis of rotation, sampling a region where the sample is deformed

in shear perpendicular to the incoming x-ray beam; and (iii) with the incoming x-ray beam

perpendicular to the axis of rotation, sampling a region where the sample is deformed in

shear parallel to the incoming x-ray beam. In all cases, we assume that the diffraction

signal has been filtered and that the diffracting portion of the sample is under uniform stress.

Table 2 and figure 5 present the stress models considered and the corresponding lattice strains

ǫL
33 = (d − d0)/d0 for the 100 line of cobalt as a function of the azimuth angle on the detector

δ, respectively.

The simulated lattice strains for measurements in a perpendicular geometry with the

direction of shear perpendicular to the incoming x-ray beam are presented in figure 5(a). In this
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Figure 4. Experimental setup for rotational anvils experiments. The sample is confined between

two opposed anvils with a torsion applied to the upper anvil. In the parallel geometry, a

monochromatic x-ray beam is sent with the direction of the incoming beam parallel to the anvil

axis. In the perpendicular geometry, the x-ray beam is sent with the direction of the incoming beam

perpendicular to the anvil axis. The shaded region indicates the region of the sample probed by the

synthetic diffraction experiment.
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Figure 5. Simulation of measured lattice strains for the 100 line of a cobalt sample in a rotational

anvil experiment as a function of the azimuth angle on the detector δ for the geometries described

in figure 4: (a) presents the results obtained for an experiment in perpendicular geometry sampling

a region where the stress is purely axial (compression, no torsion applied, thin solid line), in simple

shear configuration, with the direction of shear perpendicular to the x-ray beam (no compression,

torsion applied, thin dashed line), and a combination of the two (compression and torsion applied,

thick solid line); (b) presents the results obtained for an experiment in perpendicular geometry

sampling a region where the stress is purely axial (compression, no torsion applied, thin solid line),

in simple shear configuration, with the direction of shear parallel to the x-ray beam (no compression,

torsion applied, thin dashed line), and a combination of the two (compression and tortion applied,

thick solid line); and, finally, (c) presents the results obtained for an experiment in parallel geometry

sampling a region where the stress is purely axial (compression, no torsion applied, thin solid

line), in simple shear configuration (no compression, torsion applied, thin dashed line), and with

a combination of the two (compression and torsion applied, thick solid line).

case, the results are very similar to those modelled for the opposed anvil geometry (figure 3).

Pure axial stress (thin solid line, model 1), pure shear stress (dashed line, model 2), or a
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Table 2. Measurement geometry, applied stress, inversion parameters, and success in stress

inversion for models of rotational anvil geometry. Stresses are expressed in GPa in the sample

coordinate system KS (figure 4).

Model Geometry Applied stress Inversion model Success

1 ⊥

[

−1.5 · ·

· −1.5 ·

· · 3.0

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

Yes

2 ⊥

[

· · 3

· · ·

3 · ·

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

Yes

3 ⊥

[

−1.5 · 3

· −1.5 ·

3 · 3

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

Yes

4 ⊥

[

· · ·

· · 3

· 3 ·

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

Yes

5 ⊥

[

−1.5 · ·

· −1.5 3

· 3 3

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

Yes

6 ‖

[

−1.5 · ·

· −1.5 ·

· · 3

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

No

7 ‖

[

· · 3

· · ·

3 · ·

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

Yes

8 ‖

[

−1.5 · 3

· −1.5 ·

3 · 3

] [

−t/3 σ12 σ13

· −t/3 σ23

· · 2t/3

]

No

combination of the two (thick solid line, model 3) have a very different influence on lattice

strains, and all can be inverted from the diffraction data.

Simulations of measurements in a perpendicular geometry with the direction of shear

parallel to the incoming x-ray beam are presented in figure 5(b). Pure axial stress (thin solid

line, model 1) introduces lattice strains with a period of 180◦ in δ with maxima and minima

located at δ = 0◦, 90◦, 180◦, and 270◦. Pure shear stress (dashed line, model 4) induces lattice

strains with a period of 360◦ in δ with maxima and minima at δ = 0◦ and 180◦. A combination

of the two stress (thick solid line, model 5) results in the summation of lattice strains induced

by the pure axial stress and those induced by the shear component. Both have different periods

and can therefore be inverted from the diffraction data.

Finally, figure 5(c) presents the simulated lattice strains for measurements in a parallel

geometry. Pure axial stress (thin solid line, model 6) results in a shift in the apparent d-

spacing under equivalent hydrostatic pressure d0. In this case, the axial component of the stress

tensor cannot be evaluated from lattice strains only and pressure estimations based on unit cell

parameters will be biased. Pure shear stress (dashed line, model 7) results in lattice strains with

a period of 360◦ in δ with maxima and minima at δ = 90◦ and 270◦. It can be inverted from

the data. A combination of axial and pure shear stress (thick solid line, model 8) will result in

a shift in the apparent d-spacings under equivalent hydrostatic pressure d0 and lattice strains

with a period of 360◦ in δ. The shear component of the stress tensor could be inverted from the

data, assuming that the shift in apparent d-spacings under equivalent hydrostatic pressure d0 is

properly corrected. This could be done using methods relying on line-width analysis [52, 53],

for instance.
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4. Example of experimental data

This section will present an example of the applicability of the models described in tables 1

and 2 to actual experimental data. The data presented here have already been published and

discussed elsewhere [22]. They were collected at the BL13A beamline of the Photon Factory

(Tsukuba, Japan) with a monochromatic x-ray beam of wavelength 0.4258 Å on a 3000 ×3000

pixel Rigaku image plate with an online reader. Sample-to-detector distance, detector tilt, and

pixel size ratios were calibrated using an Ag standard. High pressure and sample deformation

was achieved using a DAC equipped with diamonds of 350 µm. To allow diffraction in a

direction orthogonal to the compression axis, the sample was confined in an x-ray transparent

composite gasket made with amorphous boron, Kapton sheet, and epoxy [54]. The sample

was a pure commercial powder of cobalt with a starting grain size of 1–2 µm and a ratio of

hexagonal and cubic polymorph of 70%. Pressures were increased up to 42.5 GPa over 24 h.

Figure 6 presents the measured d-spacings as a function of δ and (1 − 3 cos2 βy) for the

100, 002, and 101 lines of hcp-Co. As observed in previous radial diffraction experiments on

Pt [47], a comparison between figures 6 and 3 indicates that the stress is mostly axial, with a

slight tilt of the maximum stress direction. An inversion of stress model 7 in table 1 from this

data under the Reuss average provides the following parameters:

P = 42.7 ± 0.03 GPa,

t = 3.2 ± 0.0 GPa,

ασ = 40.1◦
± 1.7◦,

βσ = −9.5◦
± 0.2◦.

(14)

However, the recalculated d-spacings do not match the experimental data (thin solid lines in

figure 6). Indeed, the amplitude of the lattice strains is under-estimated for lines such as 100 or

002 and over-estimated for 101.

In fact, a polycrystalline sample subjected to plastic deformation can develop

heterogeneities from grain to grain, at grain boundaries, or within the grains themselves which

can be incompatible with the concept of lattice strain theories. In such cases, the assumption of

a single uniform macroscopic stress applied to all grains and lattice planes within the sample

can fail, and stresses deduced for various lattice planes might vary [10, 55–59]. In this case, the

lattice strain data can be inverted, assuming an (hkl)-dependent uniaxial stress component thkl .

Hence, we adjust the d-spacings under equivalent hydrostatic pressure d0(hkl) and effective

uniaxial stress component thkl independently for each lattice plane, assuming the offset values

of the maximum stress direction ασ and βσ found above. Using the elastic moduli measured

using inelastic x-ray scattering [30], one finds

P = 42.7 ± 0.0 GPa

t100 = 4.30 ± 0.03 GPa

t002 = 3.93 ± 0.04 GPa

t101 = 2.53 ± 0.03 GPa

(15)

and the recalculated d-spacings are in agreement with the experimental data (thick solid lines

in figure 6).

5. Discussion

The results obtained for the models in tables 1 and 2 and figures 3 and 5 demonstrate that

lattice strains measured using x-ray diffraction can be a powerful tool for stress evaluation in



246 Articles

S960 S Merkel

0 90 180 270 360
δ (degrees)

2.03

2.04

2.05

2.06

2.07

2.08

0 90 180 270 360
δ (degrees)

1.91

1.92

1.93

0 90 180 270 360
δ (degrees)

1.80

1.80

1.81

1.81

1.82

1.82

1.83

1.83

-2 -1 0 1

1 - 3 cos
2
βy

2.03

2.04

2.05

2.06

2.07

2.08

d-
sp

ac
in

g 
(Å

)

Exp. 

-2 -1 0 1

1 - 3 cos
2
βy

1.91

1.92

1.93

Model: t

-2 -1 0 1

1 - 3 cos
2
βy

1.80

1.80

1.81

1.81

1.82

1.82

1.83

Model: t(hkl)

(100) (002) (101)(a)

(b)

(c)

(d)

(e)

(f)

Figure 6. Measured d-spacings in radial diffraction geometry for the 100, 002 and 101 lines of a

sample of hcp-Co after plastic deformation in compression in a DAC up to 42 GPa as a function

of the azimuth angle on the detector δ (a), (c), (e) and (1 − 3 cos2 βy) (b), (d), (f), where βy is the

angle between the anvil axis and the diffracting plane normal. Symbols are experimental data, thin

solid lines are fits to the data assuming a uniform stress for all lattice planes, and thick solid lines

are fits to the data assuming (hkl)-dependent stress.

high pressure deformation experiments. Indeed, assuming that no error has been introduced in

the measurement itself and that full Debye–Scherrer rings are available, all components of the

deviatoric stress tensor can be refined using a single diffraction image, with the exception of

σ11 and σ22. Moreover, this limitation could be overcome by using complimentary lattice strain

analysis on measurements in a different direction or using techniques based on peak profile

refinements [52, 53].

Actual experimental data show that the assumption of a single uniform macroscopic stress

applied to all grains with the same orientation can fail, and that stresses deduced for various

lattice planes can vary [10, 22]. This limitation is known in the material science community,

and there are elasto-plastic [55, 59–61], finite-element [57, 62], or continuum mechanics [63]

models that can be used to assist data interpretation. Moreover, for most geologically relevant

materials such as silicates, the amplitude of the (hkl)-dependence of the measured stresses is

smaller than for hcp metals and can simply be included in the errors.

It should be noted, however, that even data that seem to be in agreement with the

predictions of the purely elastic models [18] can be affected by plasticity. For instance, the

data presented in figure 6 appear to be linear when plotted as a function of (1 − 3 cos2 χ),

where χ is the angle between the maximum stress direction and the diffracting plane normal.

The lattice strains Q(hkl) extracted from the data are also consistent with the elastic model [18]

when plotted as a function of

l2
3 = 3a2l2/[4c2(h2

+ hk + k2) + 3a2l2
]. (16)
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However, the effective single-crystal elastic moduli extracted from this data are very different

from those measured with other techniques [21, 22]. This implies that single-crystal elastic

moduli extracted from radial diffraction data should be treated with extreme caution.
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Elastic anisotropy in hcp metals at high pressure and the sound wave

anisotropy of the Earth’s inner core
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[1] We compare the elastic anisotropy in hcp metals at high
pressure obtained by radial diffraction measurements with
those determined by other experiments and calculations.
Our analysis demonstrates that in non-hydrostatically
compressed hcp metals the assumption of a single uniform
macroscopic stress applied to all grains in the polycrystal for
the inversion of the lattice strain equations is violated due to
plastic deformation. In addition, the derived apparent
moduli and elastic anisotropy differ significantly from
those derived from single crystals. We propose that for
cobalt, rhenium and iron, the elastic anisotropy in the
meridian plane is best described by a sigmoidal shape for
the longitudinal velocity, with the fastest direction along the
c-axis. Based on these results, we suggest that preferential
alignment of the c-axis of iron crystallites along the Earth’s
rotation axis is the most plausible explanation for the
observed P-wave travel time anomalies in the inner core.
Citation: Antonangeli, D., S. Merkel, and D. L. Farber (2006),

Elastic anisotropy in hcp metals at high pressure and the sound

wave anisotropy of the Earth’s inner core, Geophys. Res. Lett., 33,

L24303, doi:10.1029/2006GL028237.

1. Introduction

[2] The elastic anisotropy is one of the most striking
physical properties of the Earth’s inner core. It is well
established from seismic travel time analysis and free
oscillation studies that P-waves travel 3–4% faster along
the rotation axis than in the equatorial plane [Woodhouse et
al., 1986; Tromp, 1993; Romanowicz et al., 1996; Song,
1997; Garcia and Souriau, 2000]. It is commonly thought
that preferential alignment of iron crystals within the inner
core is required to explain this feature, but various models
of inner core texture differ in the crystallite orientation, the
magnitude of the texture and the mechanism for generating
the crystallographic preferred orientation. Suggestions in-
clude texturing during solidification of the inner core
[Bergman, 1997], plastic flow induced by the magnetic field
in the outer core as it solidifies at its inner boundary [Karato,
1993], large-scale convective flow in the inner core [Jeanloz
and Wenk, 1988; Yoshida et al., 1996], gravitational coupling
with the mantle [Buffet, 1997], or, electromagnetic shear
stresses [Buffet and Wenk, 2001]. Differentiation between
these models is limited by the dearth of conclusive data on

the elastic anisotropy of hcp iron, which is believed to be the
stable form of iron at inner core conditions.
[3] The critical experiments to directly address this prob-

lem would be measurements of the single-crystal elastic
moduli of hcp iron, as, once all the elements of the elastic
tensor are known, the velocity in any arbitrary direction of
the crystal can be derived. Unfortunately, the bcc-to-hcp
phase transition at about 13 GPa prevent to retain single
crystals above this pressure. Therefore, all experimental
investigations have been conducted on polycrystalline sam-
ples [Singh et al., 1998; Mao et al., 1998; Giefers et al.,
2002; Antonangeli et al., 2004b; Merkel et al., 2005].
While, in theory, this does not preclude one from extracting
single crystal tensor properties, in practice this has proved to
be a very difficult inverse problem. In particular, the
longitudinal sound velocity VL as a function of the direction
of propagation in the meridian (a–c) plane deduced from
radial x-ray diffraction (RXRD) [Singh et al., 1998; Mao et
al., 1998; Merkel et al., 2005] has a ‘‘bell-like’’ shape,
characterized by maximum sound speed at 45� from the
basal (a–b) plane, and almost identical sound velocities
along the a- and c-axis (Figure 1). These findings are not
supported by first principle calculations present in literature,
which are themselves quite contradictory, not only in the
magnitude of the anisotropy, but as well as in the shape
[Stixrude and Cohen, 1995; Söderlind et al. 1996; Steinle-
Neumann et al. 1999; Laio et al. 2000; Vočadlo et al. 2003]
(Figure 1). These striking discrepancies highlight the diffi-
culty in performing reliable calculations at core conditions
and cast doubt on the RXDR results. Indeed, single crystal
elastic moduli derived using RDXD have been controversial
as the calibration of stress and the effects of lattice preferred
orientations (LPO) on the analysis present significant chal-
lenges [Matthies et al., 2001a; Merkel et al., 2005]. Fur-
thermore, it has been shown that plastic deformation can
have a strong influence on the lattice strains [Daymond et
al., 1999; Daymond and Bonner, 2003; Weidner et al.,
2004; Li et al., 2004]. Nevertheless, the RXRD results on
iron have been widely quoted, often without the necessary
qualifications.
[4] Thus, we have considered cobalt - the best studied

example of a hcp metal - in order to derive the acoustic
anisotropy using a number of different approaches. In the
following section we invert the lattice strain equations in
order to derive the elastic moduli for cobalt from RXDR
measurement and compare these values with results from
single-crystal measurements. We then test our new model
against data from rhenium and iron, discussing in detail the
limitations of radial diffraction in determining elastic prop-
erties of hcp metals and quantifying the degree to which
these estimates are biased. Finally, we show that a sigmoidal
shape for the acoustic anisotropy gives the best fit for all the
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hcp metals studied so far, and present the implications of
our model for the structure of the Earth’s inner core.

2. Results on Cobalt

[5] Presently, cobalt provides the most fertile ground for
testing elasticity models for hcp metals, as there exist
extensive experimental investigations, at ambient conditions
[Schober and Dederichs, 1979], and at high pressure, by
RXRD [Merkel et al., 2006], inelastic x-ray scattering (IXS)
[Antonangeli et al., 2004a, 2005], impulsive stimulated light
scattering (ISLS) [Goncharov et al., 2004; Crowhurst et al.,
2006], and Raman spectroscopy [Goncharov et al., 2004],
as well as ab initio calculations [Steinle-Neumann et al.,
1999].

[6] In this report, we have derived the elastic moduli of
hcp cobalt at high pressure within the framework of the
lattice strain theory of Singh et al. [1998], by inverting the
d-spacing measured for polycrystalline samples compressed
non-hydrostatically within a diamond anvil cell (DAC) up
to 43 GPa. The RXRD data we used to test the different
inversion schemes are a subset of those reported by Merkel
et al. [2006]. For clarity, and to avoid comparison of data
derived from samples compressed in different configura-
tions, and hence under possibly different stress conditions,
we have considered only the results of the first run carried
out on beamline BL13A at the Photon Factory (also the
largest data set, containing the highest pressures).
[7] Samples compressed without a hydrostatic medium in

a DAC are subjected to a much larger stress in the axial
direction than in the radial direction. Therefore, in our
model, we assumed an axial stress, but allowed the maxi-
mum stress direction to be shifted slightly with respect to
the main compression axis of the cell. Furthermore, we
assumed that the lattice strains result from only elastic
deformation and neglected the pressure gradient within the
cell. We then inverted the lattice strain equations using two
different textural assumptions: 1) a random orientation
distribution function (ODF)(purely randomly oriented pow-
der); 2) using the experimentally determined ODF [Merkel
et al., 2006]. We have also tested different micro-
mechanical models against the results of the inversions.
These include Voigt and Reuss average, as well as the
BPGeo micro-mechanical model by Matthies et al. [2001b],
in which a texture-weighted geometric mean is applied in
the stress analysis. Still, even after accounting for effects of
the LPO, the derived elastic moduli from these models
differ significantly from both the previous experimental and
theoretical determinations [Schober and Dederichs, 1979;
Goncharov et al., 2004; Antonangeli et al., 2004a;
Crowhurst et al., 2006; Steinle-Neumann et al., 1999].
Overall the best agreement is achieved for the Reuss
average including the effects of LPO (Table 1). However,
the model values of C11, C33, C12 and C13 are 20% off with

Figure 1. Longitudinal sound velocity VL as a function of
propagation direction with respect to the c-axis, for hcp iron
at �210 GPa. Solid line, RXDR results by Mao et al.
[1998]. Calculations, dashed line Stixrude and Cohen
[1995]; dotted line Steinle-Neumann et al. [1999]; dash-
dotted line Söderlind et al. [1996]; short-dashed line Laio et
al. [2000]; dash-dot-dotted line Vočadlo et al. [2003].

Table 1. Equivalent Hydrostatic Pressure and Apparent Elastic Moduli Fitted to the Experimental Resultsa

P C11 C33 C12 C13 C44 C66

Random ODF and Reuss Average
3.8(1) 300(12) 326(13) 192(7) 151(4) 238(13) 54(6)
8.5(1) 322(12) 349(14) 208(7) 164(4) 273(15) 57(7)
15.1(1) 300(12) 318(13) 243(7) 216(5) 500(32) 29(16)
19.4(1) 303(13) 315(14) 260(8) 240(6) 596(40) 21(20)
24.6(1) 385(14) 411(16) 263(8) 214(5) 417(23) 61(12)
30.3(1) 404(15) 426(16) 282(8) 235(5) 479(27) 61(14)
34.4(2) 417(15) 437(16) 294(9) 250(5) 522(29) 61(15)
42.7(2) 465(17) 480(18) 313(10) 269(6) 534(30) 76(15)

Experimental ODF and Reuss Average
3.5(1) 296(11) 344(14) 187(6) 144(4) 223(12) 55(6)
8.4(1) 313(11) 387(15) 191(7) 156(5) 248(13) 61(6)
14.9(1) 320(12) 379(15) 232(7) 188(5) 392(22) 44(11)
19.1(1) 331(12) 390(16) 246(7) 205(5) 449(25) 42(13)
24.3(1) 382(14) 472(19) 241(8) 197(6) 358(19) 71(9)
30.0(1) 412(15) 488(19) 266(9) 212(6) 398(21) 73(10)
34.1(2) 436(16) 488(19) 288(9) 225(6) 432(23) 74(11)
42.5(2) 468(17) 539(21) 292(10) 249(6) 456(24) 88(12)

aNumbers in parentheses indicate the uncertainty on the last digits. All the values are in GPa.
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respect to those measured with other methods. More impor-
tantly, for the shear moduli C66 and C44, discrepancies are
up to 50% and 300%, respectively.
[8] Figure 2 shows the VL anisotropy in hcp cobalt at

35 GPa: as in the case of hcp iron, inversion of the lattice
strain equations give a ‘‘bell-like’’ shape, in direct contrast
to experimental measurements on single crystal and calcu-
lations which are in good agreement and suggest a sigmoi-
dal shape, with the fastest direction along the c-axis. The
most distinctive feature of the shape of the sound-wave
anisotropy derived from RXRD measurements is the max-
imum at 45�, driven by the high value of C44 with respect to
C11 and C33. The values of C11 and C33 critically hinge on
the inclusion of the LPO in the model and when the LPO are
not included, these moduli are surprisingly almost equal in
magnitude. When the effects the LPO are properly
accounted for, we obtain a sound speed along the c-axis
about 6% higher than the one along the a-axis, in qualitative
agreement with IXS measurements and first principle cal-
culations. However, even when carefully considering the
effects of LPO, the derived shear moduli can not be
rectified. In order to evaluate the robustness of the RXRD
determination of C44, we can compare the pressure evolu-
tion of C44 in the 0 to 45 GPa pressure range as obtained by
RXRD, with literature experimental and theoretical deter-
minations (Figure 3). Notably, while most of the previous
results agree to within 25%, the RXRD derived values for
C44 (irrespectively of the effects of the LPO) are not only
more scattered, with larger uncertainties, but, most impor-
tantly, are about 3 times larger. Furthermore, the C44

pressure derivative estimated from the RXRD results is
significantly larger than the ones indicated by the other
methods.

3. Discussion

[9] The discrepancy in the moduli derived from RXRD
with respect to other experimental techniques and theoret-
ical predictions illustrated in the previous section in the case

of cobalt, seems to be a general feature of hcp metals. In the
case of rhenium, we observe a large difference between the
elastic moduli determined by RXRD [Duffy et al., 1999],
ultrasonic data [Manghnani et al., 1974] and theoretical
calculations [Steinle-Neumann et al., 1999]. Specifically,
RXRD measurements provide an unreasonably high pres-
sure dependence for C13 and C44, while the pressure
dependence of C33 is unexpectedly low. In further support
of this general observation, the pressure dependence of C44

in iron derived from lattice strain experiments [Mao et al.,
1998] is much larger than that estimated from Raman
measurements [Merkel et al., 2000]. As a consequence, in
the case of cobalt, rhenium, and iron, inversion of RXDR
data gives a ‘‘bell-like’’ shape for the anisotropy of the
longitudinal sound velocity in the meridian plane, with a
maximum at 45� and similar velocities along the c- and
a-axis, in contrast to theoretical calculations and results
from other experimental techniques.
[10] To understand these systematic discrepancies, it is

worthwhile to recall that the theory that forms the basis of
the lattice strain equations is formulated within the limit of
purely elastic deformation, while in hcp metals, at only
moderate pressures, the plastic deformation and consequently
development of texture is quite important [Wenk et al.,
2000; Merkel et al., 2006]. The stress inhomogeneities
resulting from grain to grain interaction in combination
with effects of plastic deformation undermine the validity
of the boundary condition of a single uniform macroscopic
stress applied to all the grains. Therefore the elastic moduli
derived from RXRD measurements on hcp metals and,
more generally in the presence of plastic deformations,
have to be considered ‘‘apparent’’ elastic moduli, affected
by the different stresses felt by the different crystallographic
planes. These apparent Cij can differ from the single-crystal
elastic moduli, especially in the case of shear moduli, which
are more sensitive to non-homogeneous stress-strain con-
ditions. This is particularly true in hcp systems, where the
apparent C44 is strongly linked to plastic shear strain on the

Figure 2. Longitudinal sound velocity VL as a function of
propagation direction with respect to the c-axis, for hcp
cobalt at 35 GPa. Solid (dotted) line, RXDR results using
random (experimentally determined) ODF; dash-dotted line,
IXS results on single crystal [Antonangeli et al., 2004a];
dashed (short-dashed) line, GGA (LDA) calculations
[Steinle-Neumann et al., 1999].

Figure 3. Pressure evolution of C44. Open (full) squares,
RXRD results using random (experimentally determined)
ODF; open (full) diamonds, LDA (GGA) calculations
[Steinle-Neumann et al., 1999]; open hexagon, ambient
pressure determination [Schober and Dederichs, 1979]; full
triangles, Raman measurements [Goncharov et al., 2004];
open inverted triangles, ISLS results [Crowhurst et al.,
2006]; open circles, IXS measurements [Antonangeli et al.,
2004a].
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basal plane. Indeed, a strong influence of plastic defor-
mation on the lattice strain and elastic moduli deduced
using this technique has been also reported in other
experiments on hcp metals at ambient pressure (i.e. Be
and Ti) [Daymond et al., 1999; Daymond and Bonner,
2003] and for MgO [Weidner et al., 2004; Li et al., 2004].
In particular, it has been observed that while some
crystallographic planes display a behavior very similar
to what expected for purely elastic deformation, other do
not, showing different effective stresses.
[11] Therefore, present and previous results strongly sug-

gest that the ‘‘bell-like’’ shape proposed for the anisotropy of
the longitudinal sound velocity in the meridian a–c plane in
hcp iron [Mao et al., 1998] is likely strongly biased by
limitations in the model used for the analysis of the otherwise
accurate radial diffraction data. Instead, both a sigmoidal
shape and a significantly higher speed along the c-axis, with
respect to the basal plane, seems to be general features of hcp
metals (Co, Re and Fe in particular) at high pressure and
ambient temperature. A sigmoidal shape of the anisotropy for
hcp iron is in qualitative agreement with most of the calcula-
tions, is compatible with the experimental evidence directly
derived by IXSmeasurements on textured sample [Antonangeli
et al., 2004b], and also reconciles the suggestion of Giefers
[2004], who propose a velocity about 10% higher along the
c-axis than in the basal plane for hcp iron single crystal at
130 GPa. More specifically, considering the observation on
textured sample of a faster velocity at 50� than at 90� with
respect to the compression axis of the diamond anvil cell
[Antonangeli et al., 2004b], and the developed preferential
alignment [Wenk et al., 2000], we argue a shape such as the
one proposed by Laio et al. [2000] or Vočadlo et al. [2003] to
be more consistent with all the experimental evidence than
the form suggested by Stixrude and Cohen [1995], or
Steinle-Neumann et al. [1999] (Figure 1).

4. Conclusions

[12] Effect of high temperature on the elastic moduli of
hcp iron at high pressure are still largely debated and
inconclusive. While high temperature might possibly
change the magnitude of the crystalline anisotropy, strong
effects at constant density on the overall shape seem
unlikely. Thus, on the basis of the present results, and
assuming the effects of high temperature on the shape of
the crystalline anisotropy small at constant density, we
suggest a preferential alignment of the c-axis of the iron
crystallites along the Earth’s rotation axis provides the
simplest explanation of the P-wave travel time anomalies
observed in the inner core. Furthermore, alignment along
the Earth spin axis of the stiffest elastic axis of the
constituent crystals is expected in several simple textural
models. This would be the case for diffusive mechanisms,
convective flow in the inner core, or to minimize the strain
energy associated to the non-hydrostatic stress field induced
by the inner core rotation. On the other hand, if dislocation
glide was the most efficient deformation mechanism, as
under the influence of Maxwell shears stresses [Buffet and
Wenk, 2001], the basal planes would have the tendency to
be aligned parallel to the Earth’s rotation axis [Wenk et al.,
2000], leading to faster seismic waves in the equatorial
plane, in evident disagreement with the observed P-wave

travel time anomalies. These considerations, to a great
degree, remove the need to call on more complicated and
anomalous dynamical explanations that would be required
by the ‘‘bell-like’’ shape. Finally, although or model is most
likely an over-simplification as it does not take into con-
sideration local changes in the direction and degree of
crystallographic alignment, if it is assumed that hcp cobalt
and hcp iron have an elastic anisotropy of the same
magnitude at the same lattice compression ratio, an align-
ment of about one-third of the iron crystallites along the
Earth’s rotation axis in an otherwise random medium is able
to explain the seismic observations.
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The results of x-ray diffraction data of a polycrystal under nonhydrostatic compression are analyzed

for lattice preferred orientation and stress using lattice strain theories with an application to hcp-Co

deformed up to 42.6 GPa in the diamond anvil cell. We obtain a pure �001� fiber texture that

develops primarily between 0 and 15 GPa. We also show that for hcp metals the hypothesis of

uniform stress across grains and lattice planes cannot be applied. This implies that the effective

single crystal elastic moduli deduced from x-ray diffraction under Reuss or geometric averages

consistently differ from those measured with other techniques, even after including effects of lattice

preferred orientations. These results can be interpreted as an �hkl�-dependent effective differential

stress resulting from plastic deformation. © 2006 American Institute of Physics.

�DOI: 10.1063/1.2214224�

I. INTRODUCTION

The influence of pressure on the plastic and elastic prop-

erties of condensed matter is of fundamental importance for

our understanding of material behavior under extreme con-

ditions. In this sense, the properties of hexagonal-closed-

packed �hcp� transition metals are of great interest as they

tend to exhibit intriguing physical properties,
1–3

represent a

challenge for first-principles calculations,
4

and also because

the Earth’s inner core is believed to be mainly composed of

the hcp polymorph of Fe, �-Fe.

Here, we focus on the interpretation of the diffraction

patterns of a polycrystal under stress and their relation to

elastic and plastic properties. Samples compressed in dia-

mond anvil cell �DAC� experiments are submitted to axial

deformation and can develop lattice preferred orientations

�LPOs� that can be used to identify the dominant deforma-

tion mechanisms.
5

Nonhydrostatic stresses also introduce

distortions of the crystal lattice that can be observed using

x-ray diffraction. In the residual stress analysis,
6

the compo-

nents of the mean macroscopic stress in the sample are de-

termined using �a� single crystal elastic moduli,�b� measured

d spacings in several sample directions, �c� information on

the texture of the sample, and �d� a micromechanical model.

In the inverse problem, the single crystal elastic moduli are

inverted using the measured d spacings, texture, a microme-

chanical model, and the macroscopic stresses applied to the

sample.
7,8

However, plastic deformation has been found to

have an influence on lattice strains measured using

diffraction
9–14

and application of these theories for polycrys-

tals under high pressure has raised controversies. Results for

hcp metals such as �-Fe or Re are also known to vary

significantly
15–19

and differ from those obtained using first-

principles calculations
4,20–22

or measured using other experi-

mental techniques.
23

Co is located next to iron in the periodic table and the

mechanical properties and high pressure behavior of the two

elements are close. In an attempt to improve our understand-

ing of the behavior of hcp metals under pressure, Co has

been studied extensively. Under ambient conditions, it exhib-

its either the hcp or the metastable fcc crystal structure and

transforms into the fcc structure at 695 K; at high pressure, it

transforms into the fcc structure in the range of 105–150

GPa.
24

Its single crystal elastic moduli have been calculated

using first principles techniques,
4

measured at ambient con-

ditions using ultrasonic techniques,
25

at high pressure using

inelastic x-ray scattering �IXS�,
26

and deduced from Raman

a�
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spectroscopy.3 Therefore, this material is an ideal candidate
for testing x-ray diffraction stress and strain analyses in hcp
metals.

II. EXPERIMENTAL DETAILS

Our dataset consists of three distinct experiments. Run 1
was performed on the ID9 beamline of the ESRF �Grenoble,
France� and runs 2 and 3 on the BL13A beamline of the
Photon Factory �Tsukuba, Japan� with a monochromatic
x-ray beam of wavelength of 0.3689 Å �ID9� or 0.4258 Å
�BL13A�. At ESRF, two-dimensional diffraction data were
collected on a 3450�3450 pixels MAR345 image plate. At
the Photon Factory, we used a 3000�3000 pixels Rigaku
image plate. Sample to detector distance, detector tilt, and
pixel size ratios were calibrated using a Si �ID9� or Ag
�BL13A� standard. In run 1, high pressure and sample defor-
mation were achieved using a �DAC� equipped with dia-
monds of 300 �m culet diameter. In runs 2 and 3, we used
diamonds of 350 �m culet diameter. To allow diffraction in a
direction orthogonal to the compression axis �Fig. 1�, the
sample was confined in a x-ray transparent gasket made of a
mixture of amorphous boron and epoxy in run 1 and a com-
posite gasket made with amorphous boron, Kapton sheet,
and epoxy27 in runs 2 and 3. In all runs, the diameter of the
sample chamber was 80–100 �m. Sample was a pure com-
mercial powder of cobalt with a starting grain size of
1–2 �m and a ratio of hexagonal and cubic polymorph of
70%. In run 1, pressure was calibrated using a ruby ball
while in runs 2 and 3, we added a layer of ruby powder on
top of the sample. In run 1, pressures was gradually in-
creased up to gasket failure at 20 GPa over 48 h. In runs 2
and 3, pressures were increased up to 42.6 GPa over 24 h
and 12.8 GPa over 12 h, respectively. Figure 2 presents an
example of the diffraction image we obtained at 42.6 GPa in
experiment 2.

III. ANALYSIS

A. Extraction of texture

Data reduction was performed in a similar manner as in
previous experiments.5,17 After spatial and flat field correc-

tions, the two-dimensional �2D� diffraction image is con-
verted into series of one-dimensional �1D� diffraction pattern
by binning the data in 5° intervals of the azimuthal angle �.
Each 1D pattern is then fitted individually using pseudovoigt
peak profiles and locally linear background in order to ex-
tract the peak position and intensity for each reflection. For
all pressures in runs 2 and 3, an orientation distribution func-
tion �ODF� was calculated using the intensities of the 100,
002, 101, 102, 110, 103, and 004 diffraction peaks using the
WIMW algorithm as implement in the BEARTEX package28

�Fig. 3�.

FIG. 1. Experimental setup. �� is the angle between the maximum stress
axis and the compression axis ZS, �y is the angle between the scattering
vector y and ZS, and � is the angle between the maximum stress axis and the
scattering vector y. For a given diffraction peak, the normal to the diffract-
ing planes hi is aligned with the scattering vector y.

FIG. 2. Diffraction pattern for experiment 2 at 42.6 GPa. Large intensity
region at the center of the image results from the diffraction of the Kapton
supporting ring. Diffraction from the 100, 002, 101, 102, 110, 103, and 004
lines of the Co sample are labeled on the figure.

FIG. 3. Measured �symbols� and recalculated �dashed lines� intensities vs �y

for the 100, 002, 101, 102, 110, 103, and 004 diffraction lines at 42.6 GPa in
run 2. Measured intensities have been scaled to match those recalculated
from the ODF, expressed in mrd.

023510-2 Merkel et al. J. Appl. Phys. 100, 023510 �2006�
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We observe the development of a pure �001� fiber texture

in runs 2 and 3 �Fig. 4�. At the highest pressure in run 2,

texture index is 1.90 and maximum pole density is 3.17

maximum of a random distribution �mrd� �Table I�. For run

3, texture is similar and at 12.8 GPa, the texture index is 1.44

with a maximum pole density of 2.63 mrd. In run 1, on the

other hand, we observed a progressive opening of the sample

chamber during the compression. Texture could not be re-

fined assuming axial symmetry and the measured d spacings

did not always display the same maximum stress direction.

We therefore conclude that this sample was not deformed

with axial symmetry and cannot be analyzed with the present

theory.

Figure 5 presents the minimum and maximum coeffi-

cients of the ODF fitted for all pressures in experiments 2

and 3. In experiment 2, we observed a very sharp increase of

the texture strength with compression between 0 and

15 GPa, above which the texture saturates. In experiment 3,

we observe a more progressive increase of the texture

strength that did not saturate in the course of the experiment.

B. Inversion of elastic moduli

Samples in a DAC are generally submitted to a stress

with a strong axial component: the stress imposed in the

axial direction ZS is typically larger than the stress imposed

in the radial direction. However, if the diamonds are not

exactly parallel or if a nonuniform layer of pressure calibrant

was loaded above the sample, the stress geometry could dif-

fer from pure axial stress. Here, we assume that the stress

remains largely axial but allow the axis of maximum stress to

be slightly shifted from ZS, with the maximum stress direc-

tion represented by the two Euler angles �� and �� �Fig. 1�.

Therefore, we assume that the stress applied to the sample 	̄,

expressed in KS, is of the form 	̄= �̄P
S + �̄S, where �̄P

S is the

hydrostatic pressure and �̄S is the deviatoric stress with

FIG. 4. Inverse pole figures illustrating the development of LPO in polycrystalline hcp-Co in compression for experiments 2 and 3. Equal area projection,

linear scale, and contours in mrd.

TABLE I. Pressures P, stress offset angles �� and ��, lattice strains Q�hkl�, texture indices F2, and ODF maxima and minima for all points in experiments

2 and 3. Lattice strains values in this table are multiplied by 103. Pressure are expressed in gigapascals, ODF minima and maxima in multiples of a random

distribution �mrd�, and angles in degrees. Numbers in parentheses indicate the uncertainty on the last digit. Stars superscripts indicate values that were imposed

in the nonlinear fitting.

R P �� �� Q�100� Q�002� Q�101� Q�102� Q�110� Q�103� Q�004� F2 Min Max

2 3.5�1� 271�42� 0.2�4� 4.10�8� 2.71�7� 2.78�8� 1.87�9� 4.14�7� 1.99�7� 2.79�10� 1.57 0.29 2.73

2 8.4�1� 98�1� 6.8�4� 4.42�5� 2.94�5� 2.97�5� 2.06�7� 4.47�4� 2.10�5� 2.91�9� 1.77 0.2 3.02

2 14.9�1� 98�1� 6.1�5� 3.77�6� 2.23�4� 2.26�5� 1.39�7� 3.91�4� 1.29�5� 2.20�0� 1.81 0.18 3.08

2 19.2�1� 104�2� 5.6�5� 3.58�7� 2.12�4� 2.15�4� 1.27�8� 3.73�4� 1.16�5� 2.30�9� 1.84 0.2 3.1

2 24.4�1� 148�5� 4.1�2� 4.33�6� 2.84�5� 2.87�5� 1.98�7� 4.48�4� 1.82�4� 2.96�7� 1.89 0.17 3.19

2 30.1�1� 178�6� 4.1�1� 4.42�5� 3.01�3� 2.84�5� 1.89�8� 4.49�5� 1.93�3� 2.75�5� 1.93 0.17 3.21

2 34.3�2� 171�4� 6.4�1� 4.62�5� 3.23�4� 2.88�5� 1.82�9� 4.56�5� 2.05�3� 2.94�7� 1.92 0.16 3.17

2 42.6�2� 219�2� 8.8�3� 4.79�7� 3.52�5� 2.94�6� 2.02�8� 4.57�6� 2.19�3� 2.82�7� 1.91 0.19 3.17

3 1.4�1� 140�14� 5* 0.58�1� 0.49�2� 0.17�2� 0.09�4� 0.53�2� 0.20�3� 0.67�3� 1.06 0.64 1.61

3 2.3�1� 139�4� 20* 0.59�3� 0.46�3� 0.24�3� 0.12�5� 0.53�3� 0.17�4� 0.51�5� 1.11 0.55 1.75

3 3.7�1� 161�3� 28* 1.16�3� 0.76�2� 0.67�3� 0.44�5� 1.05�4� 0.49�4� 0.82�5� 1.13 0.53 1.82

3 6.2�1� 140�1� 26.6�4� 3.03�6� 1.86�5� 1.91�6� 1.25�7� 2.90�7� 1.30�6� 1.95�8� 1.17 0.46 1.93

3 8.6�1� 157�1� 22.7�2� 3.73�4� 2.22�4� 2.35�4� 1.44�7� 3.61�6� 1.51�6� 2.26�7� 1.23 0.48 2.07

3 12.8�1� 159�1� 25.0�2� 4.50�5� 2.63�5� 2.77�6� 1.78�8� 4.39�7� 1.73�6� 2.58�8� 1.44 0.29 2.63

023510-3 Merkel et al. J. Appl. Phys. 100, 023510 �2006�
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�̄ij
S = gikg jl�

− t/3 0 0

0 − t/3 0

0 0 2�t/3�
�

kl

, �1�

where g�0,�� ,��� is the proper rotation matrix and t the

uniaxial stress component. This assumption neglects the ef-

fects of pressure gradients that could be present in the

sample.

Assuming that the lattice strains result from only elastic

distortion, that the sample is free of LPO, and that approxi-

mately the same conditions exist for all grains with the same

orientation, one can show that the measured d spacings dm

can be expressed as
8

dm = d0�1 + �1 − 3 cos2 ��Q�hkl�� , �2�

where d0 is the d spacing under equivalent hydrostatic pres-

sure, � is the angle between the normal to the diffracting

plane and the maximum stress direction �Fig. 1�, and the

lattice strain Q�hkl� is a function of stress and single crystal

elastic moduli. If one includes effects of LPO, but still as-

sumes that approximately the same conditions exist for all

grains with the same orientation, the measured d spacings

will deviate from Eq. �2� and not vary linearly with �1
−3 cos2 ��, but they can still be related to stress and single

crystal elastic moduli.
7,29

In previous studies, lattice strains measurements have

been used to refine effective single crystal elastic moduli

from other hcp metals such as Fe or Re.
8,15–17,19

We did apply

a lattice strains framework to this data, but the elastic moduli

we obtained differ widely from those measured with other

techniques,
3,4,25,26

even after including effects of LPO.
7

Lat-

tice strains coefficients Q�hkl� and maximum stress direction

offset angles �� and �� we obtained for the assumption of a

polycrystal free of LPO are shown in Table I. The maximum

stress axis offset �� ranged from 0° to 9° and 5° to 28° in

runs 2 and 3, respectively, and were found to be very stable

relative to assumptions made. In general, the best agreement

for elastic moduli is obtained under the Reuss average and

including effects of LPO. Results under this approximation

agree with other techniques within 20% for C11, C33, C12,

and C13. However, the effective shear elastic moduli deduced

from x-ray diffraction differ significantly from those mea-

sured with other methods: under the best approximation, C66

deduced from our data is approximately 30%–50% too low,

while C44 is about 300% too large.

C. Inversion of stress

Indeed, a polycrystalline sample subject to plastic defor-

mation can develop heterogeneities from grain to grain, at

grain boundaries, or within the grain themselves that can be

incompatible with the concept of lattice strain theories. In

such cases, the assumption of a single uniform macroscopic

stress applied to all grains and lattice planes within the

sample can fail, and stresses deduced for various lattice

planes might vary.
9–14

To investigate this issue, we performed inversions of the

data assuming elastic moduli from generalized gradient ap-

proximation �GGA� calculations
4

or IXS measurements
26

and that the maximum stress orientation offset angles �� and

�� are equal for all planes. We adjusted the d spacings under

equivalent hydrostatic pressure d0�hkl� and effective uniaxial

stress component thkl independently for each lattice plane

assuming the offset values for the maximum stress directions

�� and �� found when refining elastic moduli �Table I�. Cell

parameters a and c, deduced from the fitted d0�hkl�, were

used to calibrate the hydrostatic pressure using a known

equation of state.
30

As demonstrated in Fig. 6, the measured d spacings do

agree with our hypothesis, i.e., measurements of d spacings

for equivalent orientations do agree, and the recalculated d

spacings fit the experimental data. Results are presented in

Tables II and III and Fig. 7 for runs 2 and 3 and calculations

under the Reuss average including effects of LPO. Pressures

in Tables II and III are averages of the pressure obtained

using all approximations of elastic moduli. Differences be-

tween pressures obtained for various models never exceeded

0.2 GPa. Maximum stress is observed for basal and prismatic

planes while pyramidal planes such as �101�, �102�, or �103�
display a relatively low effective stress.

IV. DISCUSSION

A. Lattice preferred orientation

The �001� fiber texture we observe is typical for hcp

metals under compression for which the deformation is pri-

marily controlled by basal or prismatic slip.
31

More relevant

is the evolution of the texture strength with compression. As

demonstrated in Fig. 5, most of the texture development in

these experiments occurs at relatively low pressure, between

0 and 15 GPa.

This can be related to finite element modelings of the

behavior of diamonds and gaskets in DAC experiments for

which it was shown that the distance between the anvil tips

decreases significantly in the low pressure range and later

saturates.
32

Therefore, polycrystalline samples in the dia-

mond anvil cell are submitted to a more significant plastic

deformation in the first part of the compression. For flat dia-

monds with 350 �m culet diameters, as used in these experi-

ments, this corresponds to a pressure range of 0–15 GPa.

FIG. 5. Minimum and maximum components in the ODF as a function of

pressure for experiments 2 and 3. Circles and squares are experimental data,

lines are a guide to the eyes.
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For bevel anvils with 50 �m culet diameters, plastic defor-

mation would occur over a pressure range on the order of

0–200 GPa.
32

In our experiments, samples were submitted to an impor-

tant plastic deformation up to pressures on the order of

15 GPa. Above this point, they were already strongly tex-

tured and the relatively low plastic deformation imposed

later in the experiment did not modify the LPO pattern. This

is a limiting factor for high pressure studies of LPO with the

DAC but it can be overcome by making use of phase transi-

tions, amorphization, or recrystallization. Indeed, LPOs in

DAC have been shown to evolve at pressures well above the

range presented here.
33

B. Stress and elasticity

Development of LPO and therefore activation of plastic

deformation was very efficient in these experiments. We find

that in this case, the single crystal elastic moduli extracted

from radial diffraction data are significantly different that

those obtained from other techniques.
3,4,25,26

The effect is

most pronounced for the shear elastic moduli C66 and C44

with an overstimation of C44 from radial diffraction of up to

300%. This observation can be related to independent esti-

mations of elastic moduli from radial diffraction on hcp-Fe

in which the value obtained for C44 varied significantly.
15–17

Radial diffraction measurements have also been known to

overestimate the pressure dependence of C44 and C13 of Re.
19

Interestingly, as for the measurements of lattice strains,

the deduced stresses thkl seem to be consistent when plotted

as a function of

cos2 
 = 3a
2
l
2/�4c

2�h2 + hk + k
2� + 3a

2
l
2� , �3�

where 
 is the angle between �002� and �hkl� �Fig. 8�. This

can be misleading in the analysis of radial diffraction data as

a similar relation is expected in the case of a purely elastic

model with no effect of LPO.
8

The lattice planes can be grouped into four families: �i�

�100� and �110�, �ii� �102� and �103�, �iii� �002� and �004�,

and �iv� �101�. Prismatic planes such as �100� or �110� are

submitted to a large effective stress; at the end of the defor-

FIG. 6. Measured and recalculated d

spacings vs �1−3 cos2 �� at 42.6 GPa

in run 2, where � is the angle between

the normal to the diffraction plane hi

and the maximum stress direction

�Fig. 1�.

TABLE II. Stresses deduced assuming single crystal elastic moduli from GGA calculations �Ref. 4� under the

Reuss average and using the experimental ODF, expressed in gigapascals, for all pressures in experiments 2 and

3. Numbers in parentheses indicate the uncertainty on the last digit.

R P t�100� t�002� t�101� t�102� t�110� t�103� t�004�

2 3.5�1� 2.80�2� 2.48�3� 1.77�2� 1.21�3� 2.83�3� 1.40�4� 2.50�6�

2 8.4�1� 3.38�2� 2.97�3� 2.12�2� 1.51�3� 3.41�4� 1.64�4� 2.93�1�

2 14.9�1� 3.18�2� 2.52�3� 1.83�3� 1.24�4� 3.30�4� 1.14�4� 2.63�11�

2 19.2�1� 3.16�3� 2.54�4� 1.80�3� 1.12�3� 3.33�5� 1.05�5� 2.47�12�

2 24.4�1� 4.07�3� 3.45�4� 2.51�3� 1.78�4� 4.17�5� 1.71�5� 3.58�12�

2 30.1�1� 4.32�3� 3.91�4� 2.62�3� 1.80�4� 4.44�5� 1.97�6� 3.57�12�

2 34.3�2� 4.69�3� 4.36�4� 2.78�3� 1.77�4� 4.63�5� 2.13�6� 3.87�12�

2 42.6�2� 5.08�3� 5.14�5� 2.99�3� 2.07�4� 4.85�6� 2.45�6� 4.21�14�

3 1.4�1� 0.36�2� 0.43�3� 0.11�2� 0.07�3� 0.34�3� 0.14�4� 0.61�5�

3 2.3�1� 0.40�2� 0.44�3� 0.15�2� 0.08�3� 0.37�3� 0.16�4� 0.54�5�

3 3.7�1� 0.79�2� 0.72�3� 0.43�2� 0.31�3� 0.72�3� 0.38�4� 0.86�5�

3 6.2�1� 2.32�2� 1.95�3� 1.39�2� 0.97�3� 2.20�4� 1.09�4� 2.05�6�

3 8.6�1� 2.81�2� 2.26�3� 1.67�2� 1.08�3� 2.73�4� 1.23�4� 2.29�6�

3 12.8�1� 3.68�2� 2.86�3� 2.14�2� 1.41�3� 3.59�4� 1.49�4� 2.81�6�

023510-5 Merkel et al. J. Appl. Phys. 100, 023510 �2006�

Downloaded 21 Jul 2006 to 134.206.165.13. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



260 Articles

TABLE III. Stresses deduced assuming single crystal elastic moduli measured using IXS �Ref. 26� under the

Reuss average and using the experimental ODF, expressed in gigapascals, for all pressures in experiments 2 and

3. Numbers in parentheses indicate the uncertainty on the last digit.

R P t�100� t�002� t�101� t�102� t�110� t�103� t�004�

2 3.5�1� 2.30�2� 2.12�2� 1.40�2� 0.95�2� 2.33�3� 1.11�3� 2.13�5�

2 8.4�1� 2.71�2� 2.46�2� 1.65�2� 1.16�2� 2.75�3� 1.28�3� 2.42�8�

2 14.9�1� 2.52�2� 2.02�3� 1.41�2� 0.94�3� 2.63�3� 0.88�3� 2.11�8�

2 19.2�1� 2.50�2� 2.00�3� 1.39�2� 0.86�3� 2.65�3� 0.80�4� 1.95�9�

2 24.4�1� 3.23�2� 2.69�3� 1.96�2� 1.37�3� 3.35�4� 1.32�3� 2.79�9�

2 30.1�1� 3.47�2� 3.01�3� 2.08�2� 1.41�3� 3.60�4� 1.54�5� 2.75�9�

2 34.3�2� 3.82�2� 3.34�3� 2.25�3� 1.41�3� 3.81�4� 1.68�4� 2.97�9�

2 42.6�2� 4.30�2� 3.93�4� 2.52�3� 1.70�3� 4.16�5� 1.99�5� 3.21�11�

3 1.4�1� 0.30�2� 0.38�2� 0.09�2� 0.05�2� 0.28�3� 0.12�3� 0.53�4�

3 2.3�1� 0.33�2� 0.38�2� 0.12�2� 0.06�2� 0.31�3� 0.13�3� 0.47�5�

3 3.7�1� 0.65�1� 0.61�2� 0.34�2� 0.25�2� 0.60�3� 0.30�3� 0.73�5�

3 6.2�1� 1.89�2� 1.64�2� 1.09�2� 0.75�2� 1.79�3� 0.86�3� 1.71�5�

3 8.6�1� 2.26�2� 1.87�2� 1.30�2� 0.83�2� 2.21�3� 0.96�3� 1.90�5�

3 12.8�1� 2.93�2� 2.32�2� 1.66�2� 1.08�2� 2.88�3� 1.15�3� 2.28�5�

FIG. 7. Differential stress components

in experiments 2 ��a� and �b�� and 3

��c� and �d�� fitted independently for

each lattice planes using elastic prop-

erties from GGA calculations �Ref. 4�

��a� and �c��, or measured using IXS

�Ref. 26� ��b� and �d��, the experimen-

tal ODF, and the Reuss micromechani-

cal model.

FIG. 8. Effective uniaxial stress com-

ponents for selected pressures in ex-

periments 2 and 3 as a function of

cos2

 where 
 is the angle between

�hkl� and �002�, calculated using elas-

tic properties from GGA calculations

�Ref. 4� �a�, or measured using IXS

�Ref. 26� �b�. Squares and circles are

experimental data from runs 2 and 3,

respectively, lines are second order

polynomial fit to the data.
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mation, they are parallel to the compression direction. Basal

planes such as �002� and �004� see an intermediate stress; at

the end of the deformation, they are perpendicular to the

compression direction. Pyramidal planes such as �101�,

�102�, and �103� are submitted to the lowest effective stress;

in terms of lattice preferred orientations, those planes show

broader maxima. Above 25 GPa, we observe a clear split of

effective stress deduced from �002� and �004�, as well as

�102� and �103�.

The evolution of stress and strain with deformation we

observed in Co can be related to other ambient pressure ex-

periments on hcp metals �i.e., Be and Ti� undergoing plastic

deformation which showed a similar behavior.
11,13

Indeed, an

�hkl� dependent measurement of stresses deduced from lat-

tice strains has already been documented and modeled for

fcc metals and ionic solids with the NaCl structure combin-

ing elastoplastic self-consistent polycrystal plasticity simula-

tions with lattice strains theory.
10,12,14

In those models, cer-

tain �hkl� reflection shows a behavior very similar to that of

a pure elastic deformation, while others do not, displaying

both larger and smaller effective stresses. In our experiments,

we find that typical slip planes of the hcp structure structure

such as �100� or �002� display a large effective stress while

pyramidal planes do not.

The split between the lattice strains and therefore effec-

tive stresses measured on �002� and �004� above 25 GPa is

intriguing as current modeling of stress and strain in plasti-

cally deformed polycrystal do not predict any effect on

equivalent reflections. Indeed, there has been reports and

models of developments of stacking faults inducing shifts in

d spacings for equivalent �hkl� reflections in fcc metals.
34–37

However, stacking faults in the hcp structure are reported to

induce peak broadening but no peak shift.
34,38–40

V. CONCLUSION

We measured the evolution of lattice preferred orienta-

tion in polycrystalline hcp-Co in compression between 0 and

42.6 GPa. We observe the continuous evolution of a 001 tex-

ture between 0 and 15 GPa that later saturates. This behavior

can be related to the modeling of the deformation of gasket

and diamonds in diamond anvil cell experiments by the finite

element method which shows that plastic deformation of the

sample would mostly occurs in the low pressure range. This

observation, however, does not preclude the use of the dia-

mond anvil cell for high pressure texture studies as one can

make use of phase transitions, amorphization, or recrystalli-

zation to choose the starting point of a deformation experi-

ment.

The single crystal elastic moduli extracted from radial

diffraction data are significantly different from those ob-

tained with other techniques and the effect is most pro-

nounced for the shear elastic moduli C44 and C66. These

results are interpreted as an �hkl� dependent effective

uniaxial stress resulting from plastic deformation. Under this

assumption, we find that the stresses appear consistent when

plotted as a function of cos2

, where 
 is the angle between

�002� and �hkl�. From these experiments, we also conclude

that plastic deformation should be minium in order to allow

extraction of elastic moduli from radial diffraction data, a

constraint that can be rather difficult for nonhydrostatic DAC

experiments.
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Previously measured in situ x-ray diffraction is used to assess the development of internal elastic strains

within grains of a sample of polycrystalline cobalt plastically deformed up to a pressure of 42.6 GPa. An

elastoplastic self-consistent polycrystal model is used to simulate the macroscopic flow curves and internal

strain development within the sample. Input parameters are single-crystal elastic moduli and their pressure

dependence, critical resolved shear stresses, and hardening behavior of the slip and twinning mechanisms

which are active in Co crystals. At 42 GPa, the differential stress in hcp-Co is 1.9�0.1 GPa. The comparison

between experimental and predicted data leads us to conclude that: �a� plastic relaxation plays a primary role

in controlling the evolution and ordering of the lattice strains; �b� the plastic behavior of hcp-Co deforming

under high pressure is controlled by basal and prismatic slip of �a� dislocations, and either pyramidal slip of

�c+a� dislocations, or compressive twinning, or both. Basal slip is by far the easiest and most active defor-

mation mechanism. Elastoplastic self-consistent models are shown to overcome the limitations of models based

on continuum elasticity theory for the interpretation of x-ray diffraction data measured on stressed samples.

They should be used for the interpretation of these experiments.

DOI: 10.1103/PhysRevB.79.064110 PACS number�s�: 62.50.�p, 62.20.�x, 91.60.�x, 61.05.cp

I. INTRODUCTION

Characterizing the effect of pressure on elastic and plastic
properties of condensed matter is particularly important for
understanding elasticity, mechanical stability of solids, mate-
rial strength, interatomic interactions, and phase-transition

mechanisms. In particular, hexagonal-closed-packed �hcp�
metals are of great interest because they tend to exhibit in-

triguing physical properties1–4 that represent a challenge for

first-principles calculations,5–8 and also because the Earth’s

inner core could be mainly composed of the hcp polymorph

of Fe, �-Fe.9

In the past few years, techniques have been developed to

study the plastic properties of materials in situ under com-

bined high pressure and high temperature.10–13 In those ex-

periments x-ray diffraction is used to probe stress and lattice

preferred orientations �LPOs� within the sample and extract

physical properties such as dominant deformation mecha-

nisms, flow laws, or ultimate stress. However, the theory

commonly used for relating the measured lattice strains to

stress and elastic properties14 is based on lower or upper

bound assumptions and has shown severe limitations. In par-

ticular, it was shown that this model yields inconsistent re-

sults for inverting single-crystal elastic properties for

�-Fe.15–18 This was also confirmed by extensive work on

hcp-Co which demonstrated that the method provides elastic

moduli that are inconsistent with those provided by a range

of other experimental and theoretical techniques.3,5,19–23

In the material science community, the issue of stress

measurement using x-ray or neutron diffraction is known as

residual stress analysis.24,25 There is a body of work showing

that the analysis of such data is not straightforward.26–30 In-

deed, stress and strain are very heterogeneous in plastically
deformed materials and upper or lower bound models based
on continuum elasticity theory do not account for this phe-
nomenon. Various techniques have been developed for the
interpretation of experimental data, based on self-consistent
methods,26,31 or finite-element modeling.28 Self-consistent
analysis has already been applied to high pressure solids with
a cubic structure32,33 and to trigonal quartz.34

Here, we look at the plastic properties of hcp Co under
pressure. Cobalt lies next to iron in the Periodic Table and its
hcp phase has a wide stability field.35 Unlike the hcp phase
of iron, it is stable at ambient pressure with readily available
single crystals. As such, it has become a paradigm for com-
paring and testing numerous high pressure techniques. The
phase diagram and equation of state have been studied using
both x-ray diffraction35–37 and first-principles calculations.5,8

Elastic properties have been obtained under ambient pressure
using ultrasonic techniques38 and at high pressure using in-
elastic x-ray scattering19,20,39 �IXS�, Raman spectroscopy,3

impulsive stimulated light scattering,23 and first-principles

techniques.5 The plastic properties of hcp-Co have been in-

vestigated under ambient pressure for both coarse grains40–44

and nanocrystalline samples.45–47 High pressure diamond-

anvil cell �DAC� radial diffraction �RDX� experiments have

been reported,22 but lacked an interpretation based on the

interplay between elastic and plastic mechanisms.

In this paper, we use a modification of the elastoplastic

self-consistent �EPSC� model of Turner and Tomé31 to simu-

late and interpret DAC experiment previously done on a Co

aggregate for pressures up to 42.6 GPa.22 This model yields

information about the absolute strength of the deformation

mechanisms involved, stress distribution among grains in the

PHYSICAL REVIEW B 79, 064110 �2009�
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sample, and true stress values for the polycrystal. In addition,
our modeling shows the important role that plastic relaxation
and nonhomogeneity of stress and strain play in high pres-
sure experiments.

II. METHODS

A. Experimental data

The experimental data on hcp-Co that we use here have
been published previously.22 Two experiments were per-
formed in which a sample of pure hcp-Co was compressed in
a diamond-anvil cell, up to 42.6 GPa for the first run and up
to 12.8 GPa for the second run. Diffraction data were col-
lected in a radial geometry with the incoming x-ray beam
perpendicular to the load axis.

Figure 1 shows measured strains for several crystallo-
graphic planes vs �1–3 cos2 �� for a hydrostatic pressure of
42.6 GPa, where � is the angle between the diffracting plane
normal and the direction of maximum stress. They are nearly
linear with �1–3 cos2 ��, as predicted by purely elastic lat-
tice strain theory.14 However, it was shown that stresses cal-
culated using this theory for individual lattice planes were
inconsistent.22

For all pressures in the experiment, the variations in dif-
fraction intensity with orientation were used to extract lattice
preferred orientations in the sample, while peak shifts were
used to extract lattice strains parameters Q �discussed in Sec.

II B 4� for the 101̄0, 0002, 101̄1, 101̄2, 112̄0, 101̄3, and
0004 diffraction lines of hcp-Co �Fig. 2�.

B. Elastic model

1. Stress and strain

Under high pressure, it is preferable to separate the effect
of hydrostatic pressure and deviatoric stress, and define elas-
tic moduli as relating stress and strain deviations relative to
the hydrostatic state. Elastic constants are then appropriate
for calculation of elastic wave velocities and comparison
with previous work. This relation is not trivial under
pressure,48–50 and we therefore discuss several definitions of
stress and strains. In this paper, the superscript “ 0” will refer
to absolute stress and strain �relative to ambient pressure�,
while the superscript “ P” will refer to stress, strain, or stiff-
ness relative to the state of hydrostatic pressure P.

The relation between stress tensors relative to ambient
pressure �absolute stress� �ij

0 and stress tensors relative to the
hydrostatic pressure �relative stress� �ij

P is straightforward,

�ij
0 = �ij

P + P · �ij = Cijkl
P �kl

P + P · �ij , �1�

where �ij is the Kronecker function and �ij
P the strain tensor

relative to the state of hydrostatic pressure. �ij
P is often re-

ferred to as deviatoric stress in the literature, although it may
not be traceless at the grain level. Cijkl

P are single-crystal
elastic moduli for a medium under hydrostatic pressure P.

Strain definitions can be more complicated. If we consider
an element of length d0 under ambient pressure, length dP at
the hydrostatic pressure P, and length d under a general
stress �ij

0 , we define the following lattice strains:

�P =
d − dP

dP

, �2�
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FIG. 1. �Color online� Measured and simulated strains vs
�1–3 cos2 �� under the hydrostatic pressure of 42.6 GPa. Circles
are data from Ref. 22. d are measured d spacings and dP d spacings
under equivalent hydrostatic pressure. Thick black lines are results
of EPSC calculations using model 4 in Table II. Thin red lines are
results of EPSC calculations using model 5 in Table II. Thin dashed
lines are predictions of an elastic model with no effect of LPO �Ref.
14� assuming a differential stress of 4 GPa. In all cases, the d

spacings under equivalent hydrostatic pressure dP have been ob-
tained assuming relation 15.
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parameters vs pressure for the 101̄0, 0002, 0004, 101̄1, 101̄2, 112̄0,

and 101̄3 diffraction lines of hcp-Co. Gray symbols are data from
Exp. 2 in Ref. 22, solid symbols are data from Exp. 3 in Ref. 22,
thick black lines are EPSC simulations using model 4 in Table II,
and thin red lines are EPSC simulations using model 5 in Table II.
Experimental data for the 0004 diffraction line are shown using
square symbols. All other experimental data are represented with
circles.
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�
0 =

d − d0

d0

, �3�

�P
0 =

dP − d0

d0

, �4�

from where

�
0 = �1 + �P

0 ��P + �P
0 . �5�

�
P are the strains relative to the hydrostatic pressure state and

could be referred to as “relative strains;” �
0 are the strains

relative to the ambient pressure state and could be referred to

as “absolute strains.”

Note that elastic moduli under hydrostatic pressure Cijkl
P

relate relative strains �ij
P and relative stresses �ij

P, and that the

relation between absolute strains �ij
0 and absolute stresses �ij

0

is not straightforward.

2. Coordinate systems

Analysis and calculations can be simplified if single-

crystal elastic moduli, d spacings measured using x-ray dif-

fraction, and sample stress, are expressed in the suitable co-

ordinate system.

The diamond-anvil cell geometry defines a sample coor-

dinate system, KS, with ZS aligned with the compression di-

rection and YS parallel to the incoming x-ray beam, pointing

toward the detector. This coordinate system is well defined in

the experiment and useful to relate all information expressed

in the other systems. Stress in diamond-anvil cells are mostly

axial and, when expressed in KS, the stress applied to the

polycrystalline sample reads

�
P−KS = �

−
t

3
0 0

0 −
t

3
0

0 0 2
t

3

� , �6�

where t is the differential stress.

The diffraction direction defines a diffraction coordinate

system KD with the axis ZD parallel to the scattering vector

N �bisector between the incoming beam and the diffracted

x-ray beam collected by the detector� and YD perpendicular

to ZD and contained in the plane defined by the incident and

diffracted beams. In KD the d spacings measured in diffrac-

tion are the 33 component of the crystal strain tensor

�33
P−KD =

dm�hkl� − dP�hkl�
dP�hkl�

, �7�

where dm�hkl� is the measured d spacing for the hkl reflec-

tion and dP�hkl� is the d spacing of the hkl reflection under

the hydrostatic pressure P.

The crystal coordinate system KC is defined by the �or-

thogonal� crystal axes. Microscopic physical relations, such

as Hooke’s law relating the microscopic stress, strain, and

single-crystal elastic moduli refer to each crystallite coordi-

nate system KC. d spacings for hkl reflections in individual

grains should be extracted from calculations using Hooke’s

law in KC.

3. Texture and lattice preferred orientations

The texture in the sample can be represented by an orien-

tation distribution function �ODF�. The ODF is required to

estimate anisotropic physical properties of polycrystals such

as elasticity or plasticity.51 The ODF represents the probabil-

ity for finding a crystal orientation, and it is normalized such

that an aggregate with a random orientation distribution has a

probability of one for all orientations. If preferred orientation

�texture� is present, some orientations have probabilities

higher than one and others lower than one.

The ODF can be calculated using the variation in diffrac-

tion intensity with orientation using tomographic algorithms

such as WIMV,52 as implemented in the BEARTEX package53

or in the “Maud Rietveld” refinement program.54 This tech-

nique has been successfully applied to measure textures and

deduce active high pressure deformation mechanisms.55

Textures of the sample analyzed here have been described

in detail22 and Fig. 3 presents inverse pole figures of the

compression direction for experiment 2 at 3.5 and 42.6 GPa.

For hcp-Co compressed in the DAC, we observe the devel-

opment of a relatively strong texture with a maximum at

about 15° from 0001.

4. Elastic strains

For polycrystals, diffraction peaks are the sum of the con-

tribution from all crystallites in the correct reflection condi-

tions, i.e., crystallites whose normal to the �hkl� plane is

parallel to the scattering vector N. The corresponding indi-

vidual d spacings depend on the local stress and elastic prop-

erties in the grain considered. The measured d spacing

FIG. 3. ��a� and �b�� Experimental and ��c� and �d�� simulated inverse pole figures of the compression direction for hcp-Co. ��a� and �b��
Experimental data are from Exp. 2 in Ref. 22. Simulations are results of VPSC calculations using models �c� 4 and �d� 5 in Table II after 10%

strain. Equal area projection, linear scale, and contours in m.r.d.
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dm�hkl� is a weighted arithmetic mean of those individual d

spacings and corresponds to the 33 component of the elastic
strain tensor in the diffraction coordinate system, KD �Eq.
�7��.

Theories have been developed to relate single-crystal
elastic moduli to measured d spacings for stressed polycrys-
tals. Most models rely on elasticity theory and assume either
continuity of stress or of strain within the sample. If, in ad-
dition, it is assumed that the sample is nontextured, it can be
shown that the lattice strain can be expressed as14

�33
P−KD =

dm�hkl� − dP�hkl�

dP�hkl�
= Q�hkl��1 – 3 cos2 �� , �8�

where � is the angle between the diffracting plane normal
and the maximum stress direction �ZS in our case�, and the
lattice strain parameter Q�hkl� is a function of the differential
stress t in the polycrystal and single-crystal elastic moduli
Cijkl

P .
Theories that include texture effects have also been

developed.56 In this case, the measured d spacings do not
vary linearly with �1–3 cos2 �� but can still be related to
differential stress in the polycrystal and single-crystal elastic
moduli. However, deviations between predictions of theories
that include texture effects and those that neglect it are small
and may be difficult to separate experimentally.57 In any
case, it has been shown that this theory does not apply to
data measured on materials where plastic deformation takes
place. In particular, these techniques yield inconsistent
stresses and elastic constants for hcp-Co under
pressure.21,22,58

C. Plastic model

1. EPSC model

The evolution of stress and strain with deformation ob-
served in Co can be related to results of ambient pressure
experiments on other hcp metals �i.e., Be, Mg, and Ti� un-
dergoing plastic deformation which show a similar
behavior.27,29,59,60 hkl-dependent stresses deduced from lat-
tice strains have already been documented and modeled for
fcc metals and ionic solids with the NaCl structure using
EPSC simulations.26,32,33 In those simulations, certain hkl re-
flections show a behavior close to that of a pure elastic de-
formation, while others do not, displaying either larger or
smaller effective stresses.

The EPSC model we use here31 represents the aggregate
by a discrete number of orientations with associated volume
fractions. The latter are chosen such as to reproduce the ini-
tial texture of the aggregate. EPSC treats each grain as an
ellipsoidal elastoplastic inclusion embedded within a homo-
geneous elastoplastic effective medium with anisotropic
properties characteristic of the textured aggregate. The exter-
nal boundary conditions �stress and strain� are fulfilled on
average by the elastic and plastic deformations at the grain
level. The self-consistent approach explicitly captures the
fact that soft-oriented grains tend to yield at lower stresses
and transfer load to plastically hard-oriented grains, which
remain elastic up to rather large stress.

The model uses known values of single-crystal elastic
moduli. The parameters associated with each plastic defor-
mation mode are the critical resolved shear stresses �CRSS�,
given by a hardening evolution law. The simulated internal
strains are compared to experimental data by identifying the
grain orientations which, in the model aggregate, contribute
to the experimental signal associated with each diffracting
vector.

An EPSC simulation is based on applying stress or strain
increments to the aggregate, depending on the boundary con-
ditions, until the final deformation or stress state is achieved.
At each step, stress and strain in each grain are incremented
accordingly, as follows from its interaction with the effective
medium representing the aggregate. The response of medium
and grain is assumed to be described by a linear relation
between stress and total strain increments,

��c = Lc:��c,total, �9�

��̄ = L̄:��̄total, �10�

��total = ��elastic + ��plastic. �11�

Here L̄ is the elastoplastic stiffness of the aggregate and Lc

=Cc : �I−	sm
s

� fs� is the elastoplastic stiffness of the crystal.
Cc is the single-crystal elastic tensor, and the sum is taken
over the active slip systems s in the grain. ms is the Schmid
tensor which resolves the shear component of the stress or
strain along a slip system and fs is a tensor which relates
stress and strain rates.61,62 As more systems become plasti-
cally active, the moduli LC become more compliant. The
stress equilibrium condition is solved for each grain assum-
ing an ellipsoidal grain shape and using the Eshelby inclu-
sion formalism. This procedure provides for a stress and
strain increment in each grain. The macroscopic elastoplastic

stiffness L̄ is derived iteratively by enforcing the condition
that the polycrystal response has to be given by the weighted
average of the individual grains responses and has to be con-
sistent with the boundary conditions.31 The main advantage
of the EPSC model is that it allows for grains to deform
more or less than the average, depending on their degree of
hardening, their orientation, and their relative directional
stiffness with respect to the medium.

2. Parameters and output of EPSC models

In our modeling of DAC RDX data, we assume that the
sample was submitted to an axial compression along ZS in
KS. In all simulations, we assume that the sample consists of
1000 randomly oriented spherical grains, with single-crystal
elastic moduli and their pressure dependence taken from IXS
measurements19 �Table I�. The polycrystalline sample is
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compressed in 3000 strain steps to a final state of strain de-

fined by

�x
0−KS = − 0.01

�y
0−KS = − 0.01 �12�

�z
0−KS = − 0.17,

where strains are expressed in KS relative to dimensions un-

der ambient pressure. The deformation geometry was derived

from x-ray radiographs of the sample taken during the DAC

experiments63 which indicate that our sample was submitted

to very little radial deformation. The final value of the axial

component �z
0−KS was chosen to match the simulated and ex-

perimental pressures at the end of the compression.

The model uses combinations of seven deformation

mechanisms typically found in hexagonal metals: slip of
1

3
�112̄0�, or �a� dislocations, on basal �0001�, prismatic


101̄0�, and pyramidal 
101̄1� planes; slip of
1

3
�112̄3�, or

�c+a� dislocations, on pyramidal 
101̄1� or 
112̄2� planes;

tensile twinning on 
101̄2� planes; and, finally, compressive

twinning on 
112̄2� planes �Table II�. For each slip and twin

mode we describe the hardening of CRSS by means of an

empirical Voce hardening rule

� = �0 + ��1 + �1	��1 − exp
−
�0	

�1

�� , �13�

where � is the instantaneous CRSS of the mechanism, �0 and

�0+�1 are the initial and final back-extrapolated CRSS, re-

spectively, �0 and �1 are the initial and asymptotic hardening

rates, and 	 is the accumulated plastic shear strain in the

grain. Strain levels presented here are relatively low, so we

reduced the number of adjustable parameters by assuming

that �1=0. In this case, the hardening law becomes linear

according to

� = �0 + �1	 , �14�

and only two adjustable parameters remain.

Output of the simulation includes the relative activity of

the various deformation mechanisms, the average stress in

the polycrystal, stress and strain within each grain of the

sample, and predicted lattice strains. The simulated elastic

lattice strains were compared to experimental data by iden-

tifying the model grains whose crystallographic planes are

oriented such as to contribute to the experimental signal. The

lattice strain �peak shift� is calculated as a weighted average

over all grains that contribute to the peak. Specifically, we

considered 101̄0, 0002, 101̄1, 101̄2, 112̄0, and 101̄3 diffrac-

tion lines at �=0, 15°, 30°, 45°, 60°, 75°, and 90°. The

region of orientation space which contributes to the signal

was assumed to be within an interval of �7.5° with respect

to the diffraction vector.

3. Representation of simulated and experimental data

It has been shown that Eq. �8� does not apply to data

collected in RDX when samples are plastically deformed.

However, previous RDX experiments4,12,15,64–67 have shown

that the measured d spacings are nearly linear when plotted

vs �1−3 cos2 �� and that the d spacings measured for �
=54.7° do correspond to those expected under the hydro-

static equivalent pressure. Therefore, experimental data were

reduced using

TABLE I. Ambient pressure and first pressure derivative of elastic moduli of hcp-Co measured using IXS

between 0 and 39 GPa �Ref. 19�. In our simulation Cij
P =Cij

0 + P · ��Cij /�P�.

C11 C33 C12 C13 C44

Cij
0 �GPa� 293 339 143 90 78

�Cij /�P 6.1 7.6 3.0 4.2 1.38

TABLE II. List of deformation mechanisms used in the simulations. �0 and �1 are parameters for the simplified Voce hardening rule Eq.

�14� and are expressed in GPa. Stars indicate deformation mechanisms that were not included in the final model.

Mechanism

Model 1 Model 2 Model 3 Model 4 Model 5

�0 �1 �0 �1 �0 �1 �0 �1 �0 �1

Basal �0001��1̄21̄0� 100 1 1 1 8 1 0.07 0.30 0.07 0.30

Prismatic 
101̄0��1̄21̄0� 100 1 8 1 1 1 0.90 1.00 0.90 1.00

Pyramidal �a� 
101̄1��1̄21̄0� 100 1 100 1 100 1 * * * *

Pyramidal �c+a� 
101̄1��112̄3� 100 1 100 1 100 1 0.70 1.50 * *

Pyramidal �c+a� second order 
112̄2��112̄3̄� * * * * * * * * * *

Tensile twin 
101̄2��101̄1� * * * * * * * * * *

Compressive twin 
21̄1̄2��21̄1̄3̄� * * * * * * * * 0.60 0.70
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�33
P−KD�hkil,�� =

dm�hkil,�� − dP�hkil�

dP�hkil�

= Q�hkil��1 − 3 cos2 �� , �15�

where dm�hkil ,�� is the measured d spacing for the hkil

diffracting line at angle �, dP�hkil� is the d spacing for the
hkil line under hydrostatic pressure P, and Q�hkil� is the
lattice strain parameter for the hkil line. dP�hkil� and Q�hkil�
were adjusted to the experimental data. dP�hkil� was then
used to estimate the average lattice parameters a and c of the
hexagonal crystal and the hydrostatic pressure P using a
known equation of state.36 Experimental data for hcp-Co lat-
tice strains vs pressure obtained using such procedure are
extracted from Ref. 22 and summarized in Fig. 2.

The EPSC model calculates the average stress in the
sample, �0−KS, from which we deduce the hydrostatic pres-
sure and differential stress

P = ��11
0−KS + �22

0−KS + �33
0−KS�/3, �16�

t = �33
0−KS − 
�11

0−KS + �22
0−KS

2
� , �17�

respectively. The EPSC model also provides absolute simu-
lated strains �33

0−KD�hkil ,�� relative to d spacings under am-
bient pressure, which were used to calculate strains induced
by the hydrostatic pressure, �P

0 , and deviatoric lattice strains
parameters Q�hkil�. The procedure consists in fitting a and b

parameters to

�33
0−KD�hkil,�� =

dm�hkil,�� − d0�hkil�

d0�hkil�
= a + b�1 – 3 cos2 �� .

�18�

Using Eqs. �5� and �15�, we get

�P
0 =

dP�hkil� − d0�hkil�

d0�hkil�
= a , �19�

Q�hkil� =
b

1 + a
. �20�

4. Pressure dependence of the elastic moduli

Since the original EPSC code did not include the effect of
pressure on elastic moduli, we modified it to calculate pres-
sure and update the corresponding elastic moduli, at each
step and in each grain. At each step i, the elastic strain in-
crement induced by the increment of stress applied to a grain
is calculated using

��kl
P−KC�i = Sklmn

P ��mn
0−KC�i − �mn

0−KC�i−1� , �21�

where the coefficients Sklmn
P are elastic compliances, function

of the hydrostatic pressure in the grain at step �i−1�, and
stress tensors are absolute, relative to the state under ambient
pressure. Lattice spacing for each grain contributing to the
diffraction peak is then updated using

d�hkil��i = d�hkil��i−1�1 + ��33
P−KD� , �22�

where ��33
P−KD is the component of the strain tensor ��kl

P−KC

perpendicular to the diffracting plane.
The average lattice strain for each reflection and orienta-

tion to be compared with experimental data is then updated
by identifying the grains contributing to the diffraction and
calculating

�0�hkil� = �d�hkil��i − d�hkil��0
d�hkil��0

� , �23�

where the average is taken over all grains contributing to the
diffraction.

III. RESULTS

In this section, we present simulations of the DAC experi-
ment done for hcp-Co using the EPSC model. In order to
study the effect of plasticity upon the lattice strain evolution,
we consider several combinations of active slip and twinning
modes, and several combinations of hardening parameters.
We will refer to each of these combinations as a crystal
model. The different sets and associated hardening param-
eters are listed in Table II. In all cases, we use the pressure
dependent elastic moduli for Co listed in Table I.

A. Pressure dependence of elastic moduli and hydrostatic

equation of state

According to the elastic theory introduced earlier, d spac-
ings measured at �=54.7° correspond to those associated
with the hydrostatic pressure P �see Eq. �15��. While the
theory used to derive this result has strong limitations, nu-
merous RDX experiments have shown that equation of states
measured at this angle tend to correspond to those measured
under hydrostatic conditions.

Figure 4 presents the pressure dependence of �P
0 = �dP

−d0� /d0 simulated with the EPSC model along with results
from RDX �Ref. 22� at �=54.7°. The figure also shows
curves calculated using the bulk modulus and pressure de-
pendence of the c /a ratio measured under hydrostatic
conditions36 as well as compression curves calculated using
the single-crystal elastic moduli and their pressure depen-
dence measured using IXS �Ref. 19� that were assumed in
the calculation.

Compression curve calculated using the single-crystal
elastic moduli and their pressure dependence measured using
IXS differ slightly from those measured under hydrostatic
conditions. RDX results almost coincide with those deduced
from the hydrostatic equation of state, while EPSC results
almost coincide with those deduced from IXS measurements.

Small differences can be seen for 101̄3 and 0002 and they
will be discussed later. It is obvious from Fig. 4 how critical
it is, in this simulation, to account for the pressure depen-
dence of the elastic constants. Otherwise, predictions tend to
grossly overestimate the lattice strains as a function of pres-
sure.
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B. Effect of individual deformation mechanisms on the

simulated lattice strains

Figure 5 presents the results of the EPSC calculations for

plasticity models 1, 2, and 3 �Table II�. For each, we show

the evolution of the polycrystal stress components �11 and

�33, hydrostatic pressure P, differential stress t, the simulated

deviatoric lattice strain parameter Q�hkil�, and the deforma-

tion mechanisms relative activity as a function of the applied

axial strain �z
0−KS.

Pressure calculated as a function of �z
0−KS is independent

of the plasticity model used. For all cases, we obtain an

evolution of pressure with �z
0−KS compatible with predictions

based on the hydrostatic equation of state of hcp-Co. At the

end of our simulated compression, the sample volume is re-

duced by 17% and pressure is 46.2 GPa. As demonstrated in

Fig. 5, all other results strongly depend on the plastic model

and they should be discussed independently.

For model 1, the strength of all deformation mechanisms

is purposely set too high for them to be activated. As a con-

sequence, the behavior of the polycrystal is fully elastic. The

differential stress and pressure in the sample increase con-

tinuously with applied strain and t reaches a value of 38.3

GPa at a pressure of 46.2 GPa. The simulated lattice strain

parameters Q also increase continuously with pressure and

are about 1 order of magnitude higher than those measured

in the experiment �Figs. 2 and 5�c��.
In model 2, basal slip is activated when the applied strain

reaches 0.0122. At this strain, pressure and differential stress

in the sample are 2.2 and 2.1 GPa, respectively. The activa-

tion of basal slip is correlated with a drop in the simulated

lattice strains for diffraction lines such as 101̄1, 101̄2, and

101̄3, corresponding to pyramidal planes, while lattice

strains for lines such as 101̄0, 112̄0, and 0002, corresponding

to basal and prismatic planes, remain largely unaffected. The

activation of basal slip also coincides with a lower rate of

increase in the differential stress. Prismatic slip is activated

when �z
0−KS reaches 0.1170, corresponding to a pressure and

differential stress of 27.6 and 11.3 GPa, respectively. The

activation of prismatic slip correlates with a second inflec-

tion in the evolution of t with strain. Activation of prismatic

slip induces a drop in the simulated lattice strain for 101̄0

and 112̄0, while strains for lines corresponding to basal

planes, such as 0002, remain largely unaffected. At the end

of the compression, differential stress reaches a value of 14.2

GPa at a pressure of 46.2 GPa.

In model 3, prismatic slip is activated when �z
0−KS reaches

0.0122. At this strain, pressure and differential stress in the

sample are 2.2 and 2.1 GPa, respectively. The activation of

prismatic slip is correlated with a drop in the simulated lat-

tice strains for diffraction lines such as 101̄0, 112̄0, while

simulated lattice strains for lines corresponding to pyramidal

and basal planes remain largely unaffected. Basal slip is ac-

tivated when �z
0−KS reaches 0.1190, corresponding to a pres-

sure and differential stress of 28.2 and 11.1 GPa, respec-

tively. The activation of basal slip is correlated with a drop in

the simulated lattice strains for the lines such as 101̄1, 101̄2,

and 101̄3, corresponding to pyramidal planes, while lattice

strains for lines corresponding to basal planes remain largely

unaffected. In all cases, activation of a plastic mode induces

a decrease in slope for t vs applied strain. At the end of the

compression, differential stress reaches a value of 13.7 GPa

at a pressure of 46.2 GPa.

We conclude from the above results that basal and pris-

matic slips split the strain evolution of the different diffrac-

tion lines, but do not reproduce the observed experimental

sequence. Also, basal activity relaxes strains in lines corre-

sponding to pyramidal planes, and prism activity in lines

corresponding to prismatic planes. In addition, although

basal and prismatic slips lower the predicted lattice strains in

comparison with the fully elastic model 1, they alone do not

provide enough relaxation resulting in simulated strains

larger than the measured ones. Since basal and prism slip do

not provide deformation along the c axis of the Co crystal,

we explore below the effect of the activation of crystallo-

graphic modes with a c-axis deformation component.

C. Optimized model

Models 4 and 5 �Table II� were found to best match the

experimental data �Figs. 1, 2, and 6�. Among the typical

deformation mechanisms found in hcp metals, four were se-

lected: basal, prismatic, and either pyramidal �c+a� slip or

compressive twinning. For both models, initial CRSS �0 and

hardening rate �1 were optimized to best match the measured

lattice strains and their evolution with pressure. Other

mechanisms, listed in Table II, were investigated but not in-

cluded in the final model. For instance, pyramidal �a� slip

lowers lattice strains parameters Q for most lines except

101̄3 and 0002 and activation of tensile twinning separates
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lattice strain parameters Q from 101̄0 and 112̄0; those effects
cannot be reconciled with the measured data.

In both optimized models, the strength of basal slip

mostly controls lattice strains simulated for 101̄1, 101̄2, and

101̄3, while that of prismatic slip mostly influences 101̄0 and

112̄0 lattice strains. For model 4, 0002 lattice strains are
controlled by pyramidal �c+a� slip, while in model 5, they
are controlled by the activation of compressive twinning.

Basal slip is by far the easiest slip system with an initial
CRSS of 0.07 GPa and a hardening coefficient of 0.3 GPa. In
both models, the relative strength of prismatic slip and com-
pressive twinning �model 5� or pyramidal slip �model 4�
were adjusted to start prismatic slip last and eventually take
over the deformation �Fig. 6�. This was important to properly
reproduce the measured 0002 lattice strains which are on the

same order of magnitude that those of 101̄0 and 112̄0 early
in the compression and saturate later on.

In model 4, basal slip is activated at P=0.2 GPa, with t

=0.2 GPa. Pyramidal slip is activated when the pressure and
differential stress are 2.3 and 1.0 GPa, respectively. Finally,
prismatic slip is activated when P=4.3 GPa and t

=1.3 GPa. At the end of the compression, the differential
stress reaches 2.0 GPa at a pressure of 46.2 GPa.

In model 5, basal slip is activated at P=0.2 GPa, with t

=0.2 GPa. Compressive twinning is activated when the

pressure and differential stress are 1.7 and 0.8 GPa, respec-
tively. Finally, prismatic slip is activated when P=2.8 GPa
and t=1.0 GPa. At the end of the compression, the differen-
tial stress reaches 1.8 GPa at a pressure of 46.2 GPa.

D. Plasticity and texture evolution

Slip and twinning induce grain reorientation and, as a
consequence, texture evolution. In our experiments we start
from a random aggregate of Co crystals and finish with a
textured aggregate, where the c axis shows a tendency to
align with the compression direction. This confirms that plas-
tic deformation takes place during the DAC test. What re-
mains to be tested is whether the experimental texture is
consistent with compressive twinning or �c+a� slip activity,
as models 4 and 5 predict, respectively.

The EPSC code that we use here does not account for
grain reorientation associated with plastic deformation and
cannot be used to simulate texture evolution. Similarly to our
EPSC model, the viscoplastic self-consistent �VPSC� code68

treats each grain as a viscoplastic inclusion in a homoge-
neous matrix that has the average properties of the polycrys-
tal and can be used for texture simulations. Starting with an
initial distribution of crystallite orientations and assuming
deformation by slip and twinning, we can simulate a defor-
mation path by enforcing incremental deformation steps. As
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deformation proceeds, crystals deform and rotate to generate
preferred orientation. In VPSC calculations, the elastic re-
sponse of the polycrystal is neglected, but grain rotations are
properly accounted for, and this code has been used multiple
times to model and understand textures obtained in DAC
RDX experiments.55

A limitation of VPSC in connection with this work is that
VPSC is based on an incompressible constitutive law, and
calculations should be run at constant volume, that is with
��x+�y +�z�=0. According to the equation of state, volumet-
ric strain imposed by compressing polycrystalline cobalt to a
pressure of 46 GPa is 17%, corresponding to axial strains of
5.7%. In the actual sample, 5.7% of the applied axial strain
�z

0−KS is accommodated elastically and the remaining 11.3%
plastically, increasing stress in the radial directions �x and
�y. We ran the VPSC calculations with strains corresponding
to the actual plastic deformation applied to the DAC sample,
which is to a maximum axial strain of 10% while preserving
�x+�y =−�z.

We used the parameters of models 4 and 5 in Table II to
model the development of texture in polycrystalline cobalt
deformed in the DAC. Simulations were performed in 200
steps, starting with a randomly oriented sample of 1000
grains assuming an effective interaction between grains. A
viscoplastic linear hardening Voce law was used. Activity of
slip systems in all 1000 grains is evaluated in each of the
steps and orientations are updated accordingly. From the ori-

entation distribution of 1000 grains, inverse pole figures

were calculated to illustrate crystal orientation patterns. All

texture processing has been performed with the software

Beartex.53

In both cases, we obtain a well defined texture with a

maximum located near 0001, that is, with the basal planes

perpendicular to the compression direction �Figs. 3�c� and

3�d��. After 10% strain, the inverse pole figures of the com-

pression direction have a maximum of 2.20 and 2.22 mul-

tiples of a random distributions �m.r.d.� for VPSC calcula-

tions using models 4 and 5, respectively. Differences can be

seen in the exact location of the maximum. In the experimen-

tal data, the texture component is evenly spread at about 15°

of the c direction. Simulations using model 4 give a maxi-

mum at about 15° of the c direction and centered around

�101̄l� planes. For model 5, this maximum is located at about

15° of the c direction and centered around �112̄l� planes.

It should be noted that the 15° shift of the c direction in

the inverse pole figure cannot be attributed to experimental

errors and is clearly visible in the measured variations in

diffraction intensities with orientation �e.g., Fig. 3 in Ref.

22�. It is also well reproduced by VPSC calculations. It

should also be noted that textures measured in hcp-Fe do not

always show a full alignment of the c axes with the compres-

sion direction69,70 and that a shift of the maximum from the c

direction has been observed in hcp-Fe.70

The conclusion of this calculation is that, although the

VPSC predicted textures were obtained by enforcing only

the plastic component of strain, they show that both pyrami-

dal �c+a� slip and compressive twinning activity are consis-

tent with the texture measured experimentally in the DAC

for Co.

IV. DISCUSSION

A. Validity of lattice strain parameters Q

In Sec. II C 3 we assumed that the experimental data

could be adjusted to Eq. �15�. This implies that the d spac-

ings measured at �=54.7°, dP�hkil�, correspond to those as-

sociated with the hydrostatic pressure, and that the effect of

differential stress can be summarized in the form of one

unique lattice strain parameter Q.

Experimental data indicate that equation of states mea-

sured on stressed samples at �=54.7° do agree with those

measured under quasihydrostatic conditions. Results of

EPSC calculations support this observation as the hydrostatic

strains adjusted to Eq. �15� do not depend significantly on the

combination of activated plastic deformation mechanisms. In

our models, small deviations can be observed between the

calculated hydrostatic strains and those expected from the

single-crystal elastic moduli, e.g., 0002 and 101̄3 in Fig. 4,

but those are significantly lower than typical errors due to

differential stress. Therefore, our model supports the idea

that equation of states measurements at �=54.7° on stressed

samples are a valid alternative if no better solution for reduc-

ing the deviatoric stress can be found.

The assumption that the measured d spacings vary lin-

early with �1−3 cos2 �� and can be summarized with a

single parameter Q is more questionable. In the case of Co, d

spacings measured for 112̄0 do not follow this relation. The

use of the lattice strain parameters Q is useful to compare

experimental data and output of EPSC models. However, the

model predictions should be compared against actual mea-

sured d spacings, as shown in Fig. 1. In this figure we dem-
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onstrate that both models 4 and 5 can correctly reproduce the
essentially nonlinear experimental curves.

In the experimental data, we observe a split of lattice
strains measured for 0002 and 0004 above 25 GPa �Fig. 2�.
This cannot be accounted for using the model presented here
as strains calculated to 0002 will be equal to those calculated
for 0004. This observation will have to be confirmed and
modeled in further studies.

B. Average pressure and stress in the polycrystalline sample

It is interesting to note that the evolution of pressure with
applied strain does not depend on the proposed plastic model
�e.g., Fig. 5�. Plastic deformation occurs at constant volume
and is independent of pressure. As a consequence, it has no
influence on the relation between the applied axial strain and
the average pressure within the sample.

Axial stresses, on the other hand, show a very different
behavior. At the highest compression, pure elastic compres-
sion results in an axial stress �33=71.6 GPa and radial stress
�11=�22=33.3 GPa �Fig. 5�a��. For optimized plastic mod-
els 4 and 5, we find �33=47.5�1� GPa and �11=�22
=45.5�1� GPa.

Plastic deformation results in a redistribution of stress in
the polycrystalline sample. Grains that deform plastically
change the stress balance of the polycrystal, decreasing the
average stress supported by the polycrystal in the axial di-
rection while increasing the stress supported in the radial
direction.

The evolution of differential stress with pressure is very
similar for both optimized models �Fig. 6�. In both cases, we
find a fast increase in differential stress to 1.3 GPa at a pres-
sure of 5 GPa. At 42.6 GPa, differential stress for models 4
and 5 are 2.0 and 1.8 GPa, respectively. The value of 1.3
GPa corresponds to stresses where all important deformation
mechanisms are activated and could be qualified as yield
strength for the present sample. Increase in differential stress
between 1.3 and 1.9 GPa at higher pressures is related to a
pressure-induced increase in elastic constants as well as
strain hardening in the sample.

C. Strength and deformation mechanisms activities

Both optimized models 4 and 5 predict a very low
strength and high activity of basal slip for hcp-Co, in line
with observations under ambient pressure.40,42 This is re-
quired to reproduce the observed relatively low lattice strains

for pyramidal diffraction lines such as 101̄1, 101̄2, or 101̄3.
Lattice strains for those planes are extremely sensitive the
values of the parameters �0 and �1 of the Voce hardening
rule.

We also predict a relatively low strength and high activity
for prismatic slip. This is required to match the observed

lattice strains for 101̄0 and 112̄0. Prismatic slip is commonly
observed in metals with the hcp structure and has been re-
ported in Co.44 The lattice strains above are extremely sen-
sitive to �0 and �1 for prismatic slip.

Models 4 and 5 differ in the activation of pyramidal �c
+a� slip or compressive twinning, respectively. Compressive

twinning has been reported in cobalt in the literature,40,43

whereas observations of pyramidal �c+a� slip are scarce. Ex-
perimentally measured textures show a maximum evenly
spread at about 15° of the c direction. VPSC simulations
using model 4 show a maximum at about 15° of the c direc-

tion and centered around �101̄l� planes. For model 5, this
maximum is located at about 15° of the c direction and cen-

tered around �112̄l� planes. This suggests that a full model
accounting for the plastic deformation of hcp-Co should
probably include a combination of both pyramidal �c+a� and
compressive twinning. In the future, we expect to be able to
resolve this issue by repeating our simulations using an im-
proved version of EPSC with slip and twin reorientation.

In both optimized simulations, activation of pyramidal
�c+a� slip or compressive twinning controls lattice strains
for the 0002 diffraction line. Voce law parameters were op-
timized to force activation of either �c+a� slip or compres-
sive twinning before activation of prismatic slip. Large hard-
ening coefficients were necessary for both mechanisms to
ensure a later activation of prismatic slip. In all cases, acti-
vation of prismatic slip prior to pyramidal �c+a� slip or com-
pressive twinning resulted in models that do not fit the ex-
perimental data.

Figure 7 presents the absolute CRSS of each active defor-
mation parameter as a function of accumulated plastic shear
strain in the grain 	 for models 4 and 5 in Table II. For basal
slip, 	 can reach values as high as 4 in some grains at the end
of the simulation. For other deformations modes, final values
of 	 range between 0.8 and 2, depending on grains and de-
formation mechanisms. The hardening law we used does not
account for an effect of pressure on the CRSS and all experi-
mental data could be fit using the simple, linear, strain de-
pendent hardening law shown in Fig. 7. More experiments,
where plastic deformation of the sample starts later in the
compression rather than ambient pressure, will be required to
quantify an effect of pressure on plasticity, but we could not
extract such information from the present data.

D. Stress heterogeneities within the polycrystal

Figure 6 presents the evolution of the average differential
stress as a function of pressure for models 4 and 5 while Fig.
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8 shows histograms of the distribution of pressure, differen-

tial stress t=�33− ��11+�22�, and lateral stress ��22−�11�
among grains in the sample at the end of compression for

both models. Pressure is very uniform and only varies by

0.05 GPa from grain to grain, which is on the order of mag-

nitude of numerical errors in the calculation. Distributions of

differential and lateral stress, however, are not uniform and

model dependent.

Lateral stresses show a distribution centered around 0

GPa, as expected. For both models, minimum and maximum

lateral stresses among grains are of the same order of mag-

nitude than the average differential stress in the sample.

For both models, differential stress among grains shows a

bimodal distribution whose mean corresponds to the average

differential stress in the polycrystalline sample. Differences

between the minimum and maximum stress among grains is

lower than the average differential stress but well over 1

GPa. Two grain families can be identified: grains in soft ori-

entations that were submitted to large plastic deformation

and show a relatively low differential stress, and grains in

hard orientations that were submitted to less plastic deforma-

tion and show a relatively high differential stress.

The relevant conclusion of the stress distribution analysis

is that plasticity leads to a significant spread of stress among

grains. This explains why models based on assuming uni-

form states in the aggregate14 yield inconsistent stresses and

elastic constants for materials deforming plastically.21,22,32,33

Figure 8 demonstrates that, as slip or twinning is activated

inside a grain, deviatoric stresses are relaxed within the

grain, and the state of stress among grains in the aggregate

becomes very heterogeneous. This cannot be accounted for

with theories relying solely on continuum mechanisms and

numerical models such as those presented here should be

applied.

E. Limitations of the model

As demonstrated in this paper, EPSC models are very

successful for understanding and modeling internal stress

and strain in plastically deforming polycrystals. The current

approach, however, has limitations. They can be separated in

two categories: limitations of the self-consistent approach,

and limitations of the actual code we used.

The self-consistent model treats each grain as an ellipsoi-

dal elastoplastic inclusion embedded within a homogeneous

elastoplastic effective medium. As such, local interactions

from grain to grain and heterogeneities within the grains

themselves are not accounted for. Three-dimensional �3D�
full-field polycrystalline models can predict local-field

variations.71–73 These calculations show important heteroge-

neities within grains and a strong localization of stress and

strain near the grain boundaries. However, the precision of

those models comes with large computational cost and com-

plexity, and they cannot be systematically applied for inter-

preting experimental results. Mean-field approaches such as

EPSC models are very successful and currently remain most

convenient to explore and understand experimental results.73

The EPSC code we used did not account for grain reori-

entation associated with slip and twinning deformation.

While we do not expect that texture evolution will change

the qualitative conclusions of this paper concerning the type

and role of deformation mechanisms, we do expect that it

will influence CRSS and hardening parameters. In the cur-

rent version of the model, grains that have an orientation

favorable for the activation of a deformation mechanism will

be activated at each step. In reality, those grains should rotate

and finally reach orientations less favorable for the deforma-

tion mechanism. As such, we expect the hardening param-

eters reported in Table II to be slightly overestimated.

V. CONCLUSIONS

A modification of the EPSC model of Turner and Tomé31

was used to successfully model x-ray diffractions measure-

ments performed on hcp-Co samples plastically deformed

under high pressure. Important information provided by the

model includes: actual values of differential stress in the

polycrystal, stress distribution among grains in the sample,

as well as identification, relative activity, and strength of the

active deformation mechanisms.

The model confirms that the effect of differential stress

and plastic deformation on measured d spacings is often

minimal at �=54.7°. Therefore, measurements of d spacings

at this angle can be used to estimate hydrostatic equation of

states if no better solution is available. This is particularly

applicable to measurements above 100 GPa for which no

hydrostatic pressure transmitting medium is available.

We find that the plastic behavior of hcp-Co plastically

deformed under high pressure is controlled by basal and pris-
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stress, and lateral stress among grains in the sample at P

=46.2 GPa for EPSC calculations using models 4 ��a�,�b�,�c�� and 5

��d�,�e�,�f�� in Table II.
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matic slip of �a� dislocations, and either pyramidal slip of
�c+a� dislocations or compressive twinning. Strength and
hardening coefficients for those mechanisms have been de-
termined and are listed in Table II. Basal slip is by far the
easiest and most active deformation mechanism, with an ini-
tial strength of 0.07 GPa and a linear hardening coefficient of
0.30 GPa.

For hcp-Co deformed axially in the diamond-anvil cell,
we observe a fast increase in differential stress to 1.3 GPa
between pressures of 0 and 5 GPa. The later part of the
compression shows a slower increase in differential stress
with pressure. At 42 GPa, the differential stress in hcp-Co is
1.9�0.1 GPa. The transition between the fast and slow in-
crease in differential stress in the sample is related to the
sequential activation of plastic deformation mechanisms in
the sample.

EPSC models are very powerful and overcome many
limitations of models based on continuum elasticity theory
for the interpretation of x-ray diffraction data measured on
stressed samples. They should be used for the interpretation
of all high pressure deformation experiments where x-ray
diffraction is used to probe stress within a polycrystalline
sample.
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Développements expérimentaux 279

Finite-element modeling of diamond deformation at multimegabar
pressures
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Finite-element modeling calculations reveal the origin of the remarkably large elastic strains in

diamond observed in recent experiments at multimegabar pressures. This approach provides a

means to determine the pressure dependence of the yield strength of strong materials used in the

gasket, and allows us to examine quantities that are not accessible experimentally such as the stress

and strain relations in diamond. Stress tensor elements are obtained near the tip where large

modifications in the optical properties of diamond have been observed. © 1999 American Institute

of Physics. @S0003-6951~99!02505-X#

The diamond anvil cell has revolutionized the study of

materials under extreme static pressures.1 The crucial parts

of the device are the diamond and the gasket. For very high-

pressure experiments, beveled diamonds concentrate the

stress on the sample, allowing attainment of pressures in the

multimegabar range.2,3 Understanding the behavior of the

diamond tip under these conditions is essential for further

extending the range of laboratory static pressures. Recent

x-ray experiments4 imaged deformations of the diamond tip

under multimegabar pressures. Although often considered as

a rigid body, diamond was found to undergo very large elas-

tic deformations near the sample region. Here, we report a

theoretical study of this phenomenon using finite-element

modeling and first-principles calculation. The approach al-

lows us to understand the x-ray observations and to obtain

predictions of the stress and strain relations that are not ac-

cessible experimentally.

Finite-element modeling calculations have been per-

formed to examine the geometric properties of the diamond

anvil.5–7 We extend these calculations in order to analyze

quantitatively the recent x-ray observations4 in terms of the

properties of the diamond and the gasket. Several geometries

were used; all of them have an 8.5° bevel angle, a 150-mm-
radius culet, and then values for the central flat radius rang-

ing from 5 to 25 mm. As in the experiments,4,6 the gasket is
considered to be 250 mm thick at the beginning of the simu-
lations ~Fig. 1!. We used a modified version of the finite-

element code NIKE2D that includes rezoning capability ~e.g.,

Refs. 6 and 7!. Because of the very large deformations ob-

served in the gasket, the rezoning plays a very important role

by allowing modification of the grid during the calculations

and adapting it to the new shape of the gasket.

We consider the diamond as purely elastic with a pres-

sure dependence of the stiffness coefficients. These quanti-

ties have been measured8 and ab initio local density approxi-

mation calculations have been performed9,10 but over a lower

pressure range than that considered here. Therefore, we per-

formed such ab initio calculations11 to higher pressures

~Table I!; we used the values obtained from calculations up
to 340 GPa.

For the gasket, we used a plastic–elastic model with

material properties appropriate to rhenium. The bulk and

shear moduli and their pressure derivatives have been mea-

sured experimentally.12 Experimental studies of the yield

stress and its variation with pressure have also been

conducted13,14 but the results have rather large uncertainties.

In our calculations we considered several different possible

pressure dependencies of the yield strength ~Fig. 2!.
Our first goal was to understand the large deformations

observed experimentally in the 200–300 GPa range.4We ran

the calculations with several models of the gasket in order to

examine this behavior. The shape of the diamond/gasket in-

terface and the corresponding axial stress repartition ob-

tained are presented in Fig. 3. These results do not depend

strongly on the elastic properties of the diamond or the fric-

tion coefficient included in our model. On the other hand, the

variation of the gasket yield stress with pressure has a major

influence on its final thickness. Experimentally, the gaskets

compress to a thickness between 5 and 10 mm under
megabar pressures. By comparing the results in Fig. 3~b! we
deduce that the gasket model with sy512GPa at 100 GPa
~curve B in Fig. 2! gives the best agreement. This estimate is
similar to the trend in recent x-ray diffraction data for rhe-

nium to 40 GPa.14

a!Electronic mail: merkel@gl.ciw.edu FIG. 1. Example of initial grid ~25-mm-radius central flat!.
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Figures 4~a! and 4~b! present the x-ray transmission and
the axial stress repartition calculated for a 5-mm-radius cen-
tral flat diamond and gasket model B as well as experimental

results. A distinct cupping of the diamond tip appears. As

observed experimentally, the pressure-load relation reaches

saturation at the highest loads. The magnitude of the cupping

appears to be larger and the stress distribution broader than

the x-ray observations; at 300 GPa, the calculated and ob-

served pressure gradients at the tip are 1.3 and 3.2 GPa/mm,
respectively. The agreement might be improved by including

higher-order terms in the diamond stress–strain relations.

Moreover, with a 25-mm-radius central flat diamond we even
observe a double cupping @Fig. 3~b!#. We infer that also hap-
pens in the model with a 5-mm-radius central flat diamond
but it did not appear because of the size of our grid elements.

Likewise, it was not observed experimentally, probably be-

cause of the finite size of the x-ray beam.4

Finite-element modeling provides access to the stress

tensor at any node and any step of the calculation. An inter-

esting and important question is the nature of the stress dis-

tribution along the symmetry axis of the diamond where the

shear stress reaches its maximum. This has a significant ef-

fect on the band gap and could drive structural changes in the

diamond.15,16 This had been previously studied17 using a

simplified model assuming a semi-infinite anvil with a flat

face and a circularly symmetric distribution of pressure ap-

plied to the face. In this study we also assume a cylindrical

symmetry but pay closer attention to the features of the anvil.

As in Ref. 17, we let P s be the axial stress at the inter-

face diamond gasket and with shear stress defined as

t5(sz2sr)/2, we can then deduce the evolution of sz /P s ,
sr /P s , and t/P s along the symmetry axis at any load. We
find that these curves do not vary between 200 and 300 GPa.

This corresponds to the load where the diamond cupping is

FIG. 2. Yield stress of the gasket vs pressure. The symbols show data from

Ref. 13, curve A includes no pressure dependence, curve C is an estimation

using sy(p)50.05 m with m deduced from Ref. 12, curves B and D present
other possibilities that satisfy the experimental data, and curve E is an upper

estimated bound ~e.g., Ref. 4!.

FIG. 3. ~a! Final calculated axial stress along the diamond/gasket interface,
and ~b! final position of the interface ~which gives half the gasket thickness!.
The thin curves correspond to a gasket yield stress given by curve B and the

thick curves by curve D in Fig. 2. The dotted and solid lines are for a 5- and

a 25-mm-radius diamond central flat, respectively. Deformation of the anvil
is shown at the bottom.

FIG. 4. ~a! and ~b! Calculated axial stress along the diamond/gasket inter-
face and simulated x-ray transmission through the diamond gasket assembly

~after Ref. 4!. The results are shown for different loads of equal increment
and a 5-mm-radius central flat diamond and a gasket yield stress given by
curve B in Fig. 2. The thick lines show experimental results from Ref. 4.

The thin solid line in ~a! is also shown in Fig. 3~a! with a thin dashed line.

TABLE I. Elastic moduli of diamond ~in GPa! and pressure derivatives. The

C i j are close to linear in pressure; small differences arise primary from the

different range of the fits.

C11 C12 C44 C118 C128 C448

Theory ~to 50 GPa! 1090 145 580 4.60 2.76 2.85

Theory ~to 340 GPa! 1090 145 580 3.83 2.60 1.63

Theorya 1050 127 550 5.95 1.21 3.92

Experimentb 1079 124 578 5.98 3.06 2.98

aReference 9.
bReference 8.
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mostly complete. At lower loads, the diamond undergoes

very large elastic deformations so the geometrical repartition

of stress and strain is not stable. At the location where the

shear stress t reaches its maximum we have

~s i j!5S
2a 0 0

0 2a 0

0 0 2b
D P s . ~1!

The calculated values for the coefficients of this matrix are

presented in Table II for the two representative geometries as

well as results from previous studies.16,17 The significant dif-

ferences for a and b arise principally from geometric effects.
It was pointed out in Ref. 16 that the matrices used therein

might not reflect the experimental situation: these results are,

therefore, useful for more precise analysis of the band-gap

behavior of the anvil in diamond cells as a function of the

sample pressure or load.

A finite-element analysis shows that plastic and elastic

models are sufficient to simulate the behavior of the anvils in

diamond cells at multimegabar pressures. We find a strong

dependence on the assumed properties of the gasket. Com-

parison with experimental results allows us to constrain the

plastic properties of the strong metals used up to very high

pressures that are difficult to obtain experimentally. The

technique can now be used to study the deformations and the

pressure gradients in the cell with a sample having a very

low compressibility ~like hydrogen!, and to explore the be-
havior at higher loads with a wider range of gasket materials.
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a52sr /P s b52sz /P s tmax /Ps

5 mm flat 0.15 (60.02) 0.75 (60.05) 0.29 (60.01)

25 mm flat 0.05 (60.02) 0.65 (60.05) 0.29 (60.02)

Ref. 17 0.12 0.88 0.38

Ref. 16 0.29 0.89 0.30
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Finite-Element Modeling and Ab initio Calculations of Megabar Stresses in the

Diamond Anvil Cell

Sébastien Merkel∗, Russell J. Hemley, Ho-kwang Mao and David M. Teter†

Geophysical Laboratory and Center for High Pressure Research, Carnegie Institution of Washington,

5251 Broad Branch Rd., N.W.,Washington, DC 20015, U.S.A.

Finite-element modeling calculations are conducted to investigate the remarkably large elastic strains in diamond observed

in ultrahigh pressure diamond anvil cell experiment. We perform ab initio calculations to evaluate the elastic properties of

diamond in the multimegabar range and use the £nite-element results to estimate the pressure dependence of shear stress

of strong materials used as gasket. We then analyze the in¤uence of geometric properties such central ¤at diameter or

bevel angle, and reveal the existence of two distinct deformation mechanisms during the pressure increase. Finally, we

investigate the stress conditions in the gasket and the diamond and discuss possible shear-induced mechanical instabilities

in diamond.

[ £nite-element modeling, ab-initio calculations, large deformations, stress, failure ]

1. Introduction

The diamond anvil cell is widely used in the £eld of high pres-

sure research for the generation of extreme static pressure con-

ditions. Diamond’s strength, high electrical resistivity, high ther-

mal conductivity and transparency over a wide range of wave-

lengths allows in situ measurements on materials under a vari-

ety of pressure and temperature conditions. Beveled diamonds

concentrate the stress on the sample allowing the multimegabar

range to experiments[1, 2]. Understanding the behavior of the

anvil under these conditions is essential for extending the range of

feasible laboratory static pressures. Recent x-ray experiments[3]

imaged the deformations of the diamond tip under multimegabar

pressures. Finite-element modeling[4] then con£rmed that, al-

though often considered to be a rigid body, diamond could sus-

tain signi£cant large elastic deformations near the sample region.

In this study, we discuss the material properties that are critical

for such calculations. We present results from ab initio calcu-

lations of the elastic properties of diamond in the multimegabar

range and a means to estimate the gasket yield stress. We then ex-

tend the previous £nite-element calculations[4, 5, 6, 7] to provide

a better understanding of the in¤uence of geometric properties

such as the diamond bevel angle and central ¤at diameter.

2. Model

We performed two-dimensional axisymmetric £nite-element cal-

culations using NIKE2D (e.g., Refs. [4, 6, 7]) that includes rezon-

ing capabilities. Because of the very large deformations observed

in the gasket, the rezoning plays a very important role by allowing

modi£cation of the grid during the calculations. The axial sym-

metry implies that coordinates and stresses have to be expressed

in cylindrical system r, θ and z whose z is parallel to the loading

axis, r is the radial distance from the z axis, and θ is perpendic-

∗Current address: Laboratoire des Sciences de ta Terre, École Normale

Supérieure de Lyon, 46 allée d’Italie, 69364 Lyon Cedex 07, France

†Current address: Geochemistry Department, Sandia National Laboratories, P.O.

Box 5800, Albuquerque, NM 87185, U.S.A.
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Figure 1: Geometric properties of the model. The central ¤at

radius r and the bevel angle α are variable parameters.

ular to r and z. The stress components are independent of the θ
coordinate (∂σij/∂θ = 0), and the only stresses considered are

σrr, σzz , σθθ and σrz with σrθ and σθz always equal to zero. The

symmetry also implies that along the z axis (r = 0), σθθ = σrr

and σrz = 0.

Several geometries were considered. Figure 1 describes the

main characteristics of the grid used for analyzing the in¤uence

of geometric properties of the diamond in the very high pressure

experiments. We assumed a gasket preindented to a thickness of

20 µm at the tip from 250 µm at start. The diameter of the dia-

mond bevel is £xed to 300 µm. We have two variable parameters,

Table 1: Central ¤at diameter d and bevel angle α con£gurations.

d ( µm) α (degrees) d ( µm) α (degrees)

5 8.5◦ 20 5◦

10 8.5◦ 20 7◦

20 8.5◦ 20 8.5◦

50 8.5◦ 20 10◦

20 12◦
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Table 2: Ab initio calculated elastic properties of diamond. Gr and Gv are the shear modulus calculated with Reuss and Voigt bounds.

a ( ªA) P (GPa) K (GPa) C44 (GPa) C11 (GPa) C12 (GPa) Gv (GPa) Gr (GPa)

3.542 0 459 601 1090 144 550 542

3.535 3 470 601 1101 155 550 542

3.493 21 533 648 1191 204 586 576

3.440 48 622 737 1311 277 649 630

3.281 159 971 915 1767 573 788 754

3.122 339 1482 1163 2389 1028 970 906

2.910 755 2541 1523 3571 2026 1223 1097

the bevel angle α and central ¤at diameter d. Table 1 presents the
different con£gurations we examined. We also designed a grid

with non-indented gasket in which geometric properties are the

same as above except that the gasket thickness is assumed to be

250 µm everywhere.

We considered the diamond as purely elastic with a linear pres-

sure dependence of the elastic constants. These quantities have

been measured experimentally[8] and ab-initio local density ap-

proximation calculations have been previously performed[9, 10],

but over a lower range of pressure than considered here. There-

fore, we performed new ab-initio calculations to higher pressures.

Our calculations were carried out using density-functional tech-

niques within the local density approximation (LDA) to electron

exchange and correlation. We used a preconditioned conjugate-

gradient method to minimize the electronic degrees of freedom.

The electronic wave functions were expanded in a plane-wave

basis set with periodic boundary conditions. We used norm-

conserving and hardness conserving (ENHC) pseudopotentials[11].

This scheme ensures that the total energies of the atom and pseu-

doatom match to second order with respect to arbitrary changes

in valence-state occupancy. This additional condition has been

shown to improve pseudopotential transferability in studies of

diamond-carbon[11]. The elastic constants were determined us-

ing the £nite-deformation method[12, 13, 14, 15]. Table 2 presents
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Figure 2: Elastic constants of diamond and their variation with

pressure. Square, diamond and circle symbols are C11, C12, and

C44, respectively, calculated using ab-initio local density approx-

imation. The dotted curves show an extrapolation of ultrasonic

experimental measurements[8], dash-dotted curves are polyno-

mial £t through the ab-initio data, and solid curves the linear ap-

proximation we used in these calculations.

the cell parameter, elastic constants and bulk and shear moduli

we obtained for different pressures ranging from 0 to 750 GPa.

In the £nite-element calculations, we were interested in the 0 to

400 GPa pressure range, so we used the linear approximation of

the elastic constants presented in Figure 2.

For the gasket we used a plastic-elastic model with material

properties appropriate to rhenium. We assume a shear modulus,

a pressure-dependent bulk modulus, and a pressure-dependent

yield stress. The bulk modulus and its pressure derivative have

been measured experimentally[16, 17]. We used the shear modu-

lus measured from ultrasonic methods[16] at zero pressure. The

results presented here are stable towards a variation of this pa-

rameter, the most in¤uential property being the yield stress. Ex-

perimental studies of the yield stress and its variation with pres-

sure have also been performed [17, 18] but the results have rather

large uncertainties (Fig. 3). To have a better constraint on our

yield stress estimation, we performed indentation simulations,

starting with a non-indented gasket and increasing the load at top

surface of the diamond to reach a maximum pressure of about

300 GPa with several models for the gasket yield stress. Fol-

lowing Ref.[17], we used σy = 8 GPa at P = 0. Figure 4
presents the shape of the diamond/gasket interface and the cor-

responding axial stress repartition we obtained. Experimentally,

the gaskets compress to a thickness between 5 and 10 µm under
multimegabar pressures. Comparing the results in Figure 4(b)

we deduce that the gasket model with σy = 8 GPa at 0 GPa and
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Figure 3: Yield stress of the gasket vs. pressure. The solid

and open symbols show data from Ref.[17] and Ref.[18], respec-

tively. Curve A includes no pressure dependence, curves B, C

and D present several estimations that satisfy the experimental

data.
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Figure 4: (a), Final calculated axial stress along the dia-

mond/gasket interface, and (b), £nal position of the interface

(which gives half the gasket thickness). The thin and solid curves

correspond to a gasket yield stress following curve B and D in

Figure 3, respectively. The dotted and solid lines are for a 10 and

a 50 µm central ¤at diameter diamond, respectively. Deformation
of the anvil is shown at the bottom.

12 GPa at 100 GPa (curve B in Figure 3) gives best agreement.

This estimation is not unique but gives the right order of magni-

tude of deformations. The differing behavior between a 10 and

50 µm central ¤at diameter diamond in Figure 4(b) can be ex-
plained by the size of the elements used in these calculations, i.e.

5 µm.

3. Results

Our material properties being properly constrained, we inves-

tigated the in¤uence of the anvil geometry with our preindented

gasket models (Fig 1). Figure 5(a,b) present the thickness of the

gasket under the diamond tip versus pressure at the center of the

gasket Ps for the different diamond con£gurations in Table 1. An

increase in the bevel angle or a decrease in the central ¤at di-

ameter results in a thinner gasket at megabar pressures. We can

distinguish between two different phases on increasing load. The

£rst phase involves a compression of the gasket with plastic ¤ow

Table 3: Pressure of transition Pt (in GPa) between the plastic

¤ow and elastic deformations phases and gasket stable thickness

hs (in µm) for different bevel angle α and central ¤at diameter
con£gurations d.

d ( µm) α Pt hs d ( µm) α Pt hs

5 8.5◦ 245 6.0 20 5◦ 165 17.2

10 8.5◦ 240 6.8. 20 7◦ 215 11.8

20 8.5◦ 240 8.2 20 8.5◦ 240 8.2

50 8.5◦ 230 11.8 20 10◦ 280 5.6

20 12◦ 330 3.6
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Figure 5: Pressure at the center of the gasket vs. gasket thickness

at the tip for different bevel angle α and central ¤at diameter d
con£gurations. (a) curves A, B, C, D, α = 8.5◦ and d = 5, 10,
20 and 50 µm respectively. (b) curves A, B, C, D, E, d = 20 µm
and α = 5, 7, 8.5, 10 and 12◦ respectively.

of material from below the diamond tip towards the edges of the

bevel. During the second phase, the gasket thickness at the tip

is not modi£ed (vertical lines in Figure 5), the load increase is

absorbed by the elastic deformation of the diamond anvil. We

can de£ne a transition pressure Pt between the two phases. Its

numerical value depends on the geometric properties of the di-

amond with an increase in the bevel angle or a decrease in the

central ¤at diameter tending to increase Pt. Table 3 summarizes

the values of Pt and the gasket thickness at the diamond tip dur-

ing the diamond deformation phase hs for different central ¤at

diameter d and bevel angle α. We observe a saturation when de-
creasing the central diameter (Fig. 5(a)). Diamond can not be

considered as a rigid body under this range of pressures and it

tends to accommodate its geometry to the stresses at the tip, thus

smoothing the dependence towards the central ¤at diameter.

Figure 6 presents the shape of the diamond/gasket interface and

the axial stress repartition for a 10 µm central ¤at diameter and
8.5◦ bevel angle diamond under different loads of equal incre-
ment. As in Figure 5, we observe the two different phases, com-

pression of the gasket with plastic ¤ow of material towards the

edges, and elastic deformation of the diamond. As observed in

x-ray diffraction experiments[3] we obtain a very clear cupping

of the diamond. At the highest loads, the thickness of the gasket

at the edge of the bevel is very small and limits the possibility of

further deformation of the diamond, leading to a saturation in the

pressure vs. load relation.

The axial stress repartition along the diamond/gasket interface

is presented on Figure 7 for different diamond geometries under

the same load. The bevel angle has a much greater in¤uence than
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Figure 6: (a) and (b) Calculated axial stress along the dia-

mond/gasket interface and position of this interface (which gives

half of the gasket thickness) under different load for a bevel angle

of 8.5◦ and a central ¤at diameter of 10 µm under different loads
of equal increment.
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Figure 7: Calculated axial stress along the diamond/gasket inter-

face for different bevel angle α and central ¤at diameter d con£g-
urations under the same load. (a) α = 8.5◦ and d = 5, 10, 20 and
50 µm, the smallest central ¤at radius gives the highest pressure
at the tip. (b) d = 20 µm and α = 5, 7, 8.5, 10 and 12◦, the
largest bevel angle gives the highest pressure at the tip.
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Figure 8: Shear stress at the center of the gasket with an 8.5◦

bevel angle and 20 µm central ¤at radius diamond. Curve A rep-
resents the gasket yield stress σy vs. pressure, curve B, 2 ∗ τ
deduced from the calculation, and curve C is estimated from

2 ∗ τ ≈ −h ∂P/∂r

the central ¤at diameter because of the saturation phenomenon

described above. Increasing the bevel angle or decreasing the

central ¤at diameter tends to concentrate the stress at the center

of the gasket, resulting in a greater pressure but also larger pres-

sure gradients. Under a pressure at the center of the gasket Ps of

about 250 GPa, the pressure gradients at the center of the gasket

are −1.42, −1.27, −0.65 and −0.12 GPa/µm for an 8.5◦ bevel
angle and a central ¤at diameter of 5, 10, 20 and 50 µm, respec-
tively; and 0.35, 0.01, −0.65, −2.23 and −4.53 GPa/µm for a
20 µm central ¤at diameter and 5, 7, 8.5, 10 and 12◦ bevel angle,
respectively.

Experimental determination of the exact stress conditions can

be dif£cult. Finite-element modeling provides direct access to

these quantities at any node of the calculation during simulation

of the experiment. For instance we can investigate the state of

shear stress τ at the center of the gasket. Previous experiments[17,
19] evaluated this quantity using the relation

τ =
σzz − σrr

2
≈ −(h/2)

(
∂P

∂r

)
(1)

Moreover the yield stress condition gives us the following rela-

tion

τ ≤ σy/2 (2)

Figure 8 presents the maximum permitted shear stress σy/2, τ
calculated at the center of the gasket, and using equation 1, as a

function of pressure for a model with a 20 µm central ¤at diam-
eter and 8.5◦ bevel angle diamond. We observe three different
sections in this £gure; at very low pressures, the system is in a

transition mode where it adjusts to the boundary conditions, then

it enters the gasket compression mode with plastic ¤ow of mate-

rial below the diamond tip towards the edges of the bevel. The

shear stress τ is at its maximum value (i.e. σy/2). At 240 GPa,
the transition pressure de£ned in Table 3, the system enters the

diamond elastic deformation mode. The gasket shear stress at the

tip drops below its maximum value and decreases linearly. There

is no longer gasket ¤ow at the tip. Equation 1 is only accurate to

within an order of magnitude but has a precision of about 50%

in the gasket compression mode and becomes inexact after the

transition pressure.

Figure 9 presents the contours of shear stress in a 8.5◦ bevel an-
gle and 20 µm central ¤at diameter diamond at a sample pressure
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Figure 9: (a) Contours of shear stress τ = (σzz − σrr)/2 for an

8.5◦ bevel angle and 20 µm central ¤at radius diamond, with a

sample pressure of 350 GPa. The coordinates are in µm and the

stresses in GPa. The discontinuities were generated because of

transitions in the £nite-element mesh. (b) The deformed £nite-

element mesh under these conditions.

Table 4: Relation between the maximum shear stress in the dia-

mond τMAX after the transition pressure Pt and the pressure at

the center of symmetry Ps, and pressure of failure Pf according

to relation 4 for different central ¤at diameter d and bevel angle
α con£gurations.

d( µm) α τMAX (GPa) Pf (GPa)

5 8.5◦ −24 + 0.355 Ps 349

10 8.5◦ −25 + 0.360 Ps 345

20 8.5◦ −23 + 0.353 Ps 348

50 8.5◦ −23 + 0.364 Ps 338

20 5◦ −14 + 0.376 Ps 303

20 7◦ −23 + 0.381 Ps 323

20 8.5◦ −23 + 0.353 Ps 348

20 10◦ −25 + 0.326 Ps 383

20 12◦ −7 + 0.241 Ps 444

of about 350 GPa. The point of maximum shear stress τMAX is

located close to the symmetry axis, about 60 µm above the tip. In
this particular case

τMAX ≈ 100 GPa (3)

Recent ab-initio calculation[20] predicted a mechanical instabil-

ity of diamond when

σzz − σrr = 200 GPa (4)

This condition is reached in this £gure. In general, this range

of shear stress can only be reached in the second phase of the

loading, when the diamonds are elastically deforming. After the

transition pressure, the maximum shear stress in the diamond and

the pressure at the center of the gasket are linearly related. The

coef£cients of the £t are presented in Table 4. We can estimate

a pressure of failure Pf when condition given by Equation 4 is

reached for each geometry (Table 4). According to this model,

an increase in bevel angle diminishes the maximum shear stress,

allowing the attainment of greater sample pressures before dia-

mond failure. The use of large bevel angles has been limited

experimentally because of diamond failure at very low pressures,

before any diamond elastic deformation. This weakness is prob-

ably not related to high shear stress in the diamond. Figure 5

shows that a large bevel angle results in greater gasket ¤ow be-

low the diamond tip during the compression phase. This might

lead to instabilities in the case of defects or weaknesses in the

gasket.

Finally, Table 5 presents the calculated stress conditions at three

different locations in the diamond for different pressures in the

gasket, on the symmetry axis near the tip, near the maximum

shear stress, and in the high shear stress zone (but away from the

tip). These numbers are critical for understanding the changes in

optical properties of diamond anvils, and analyzing the band-gap

behavior of the anvils in diamond cells as a function of the sample

pressure or load.

4. Conclusions

A £nite-element analysis shows that plastic and elastic models

are suf£cient to simulate the behavior of the anvils in the diamond

cell at multimegabar pressures. The elastic properties of diamond

were calculated using ab initio local density approximation meth-

ods over a very large range of static pressures. We also obtained

an estimate of the dependence of the gasket yield stress on pres-

sure As show previously[4], the model reproduces the very large

elastic deformation of the diamond, leading to a clear cupping of

the anvils. The pressure increase can be separated into two dif-

ferent phases: initial compression of the gasket with plastic ¤ow

of material from the tip towards the edges of the bevel, coupled

with subsequent elastic deformation of the anvils. The pressure

of transition between these two phases depends on the geometry

of the anvils.

Investigation of the exact stress conditions showed that the shear

stress at the center of the gasket is at a maximum during the £rst

phase of the pressure increase and drops drastically during the

diamond deformation phase. The maximum shear stress in the

diamond is found to decrease with the bevel angle. The high

value shear stress in the anvil could lead to mechanical instability

for sample pressures as low as 300 GPa.
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Table 5: Stress history at selected locations in the diamond. Location A is on the z-axis and z ≈ 2 µm, location B is on the z-axis and
z ≈ 65 µm, where the shear stress is maximum, and location C, is at r ≈ 70 µm and z ≈ 60 µm, the z coordinates being reported to
the tip position. Ps is the pressure at the center of the gasket and P the pressure at the location.

Position Ps (GPa) σrr (GPa) σθθ (GPa) σzz (GPa) σrz (GPa) P (GPa)
A 9 5.5830e+00 5.5680e+00 1.1360e+01 1.4790e-02 7.5037e+00

A 52 3.2710e+01 3.2740e+01 6.0210e+01 8.3510e-01 4.1887e+01

A 100 5.6600e+01 5.6320e+01 1.0360e+02 2.1750e+00 7.2173e+01

A 150 9.1450e+01 9.0770e+01 1.5270e+02 3.3240e+00 1.1164e+02

A 197 1.2530e+02 1.2420e+02 1.9920e+02 4.5740e+00 1.4957e+02

A 254 1.7580e+02 1.7400e+02 2.5400e+02 5.3800e+00 2.0127e+02

A 302 2.3200e+02 2.2960e+02 2.9580e+02 5.4590e+00 2.5247e+02

A 349 2.9190e+02 2.8900e+02 3.3830e+02 5.8090e+00 3.0640e+02

B 9 2.3080e+00 2.3100e+00 9.9910e+00 7.4630e-02 4.8697e+00

B 52 6.5680e+00 6.5820e+00 3.6820e+01 4.0360e-01 1.6657e+01

B 100 1.0800e+01 1.0820e+01 5.9080e+01 6.4310e-01 2.6900e+01

B 150 1.4830e+01 1.4870e+01 8.4850e+01 9.7700e-01 3.8183e+01

B 197 1.7540e+01 1.7590e+01 1.0770e+02 1.3250e+00 4.7610e+01

B 254 2.1930e+01 2.2000e+01 1.4540e+02 1.7690e+00 6.3110e+01

B 302 2.9180e+01 2.9300e+01 1.9270e+02 2.0080e+00 8.3727e+01

B 349 4.0360e+01 4.0530e+01 2.4000e+02 1.9910e+00 1.0696e+02

C 9 2.6510e+00 2.9010e+00 1.0160e+01 1.5660e+00 5.2373e+00

C 52 8.7620e+00 8.7180e+00 3.0780e+01 7.1460e+00 1.6087e+01

C 100 1.4600e+01 1.4590e+01 4.8800e+01 1.0970e+01 2.5997e+01

C 150 2.1160e+01 2.0720e+01 6.8450e+01 1.6090e+01 3.6777e+01

C 197 2.6430e+01 2.5360e+01 8.5320e+01 2.1110e+01 4.5703e+01

C 254 3.4730e+01 3.3170e+01 1.1560e+02 3.0280e+01 6.1167e+01

C 302 4.4360e+01 4.6110e+01 1.6550e+02 4.0600e+01 8.5323e+01

C 349 5.7130e+01 6.6470e+01 2.2590e+02 4.5180e+01 1.1650e+02
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Han¤and, and D. Häusermann, Science 276, 1242 (1997).

[4] S. Merkel, R. J. Hemley, and H. K. Mao, Appl. Phys. Lett.

74, 656 (1999).

[5] M. S. Bruno and K. J. Dunn, Rev. Sci. Instrum. 55, 940

(1984).

[6] W. C. Moss, J. O. Hallquist, R. Reichlin, K. A. Goettel, and

S. Martin, Appl. Phys. Lett. 48, 1258 (1986).

[7] W. C. Moss and K. A. Goettel, Appl. Phys. Lett. 50, 25

(1987).

[8] H. J. McSkimin and P. Andreatch Jr., J. Appl. Phys. 43,

2944 (1972).

[9] O. H. Nielsen, Phys. Rev. B 34, 5808 (1986).

[10] O. H. Nielsen and R. M. Martin, Phys. Rev. B 32, 3780

(1985).

[11] M. P. Teter, Phys. Rev. B 48, 5031 (1993).

[12] M. J. Mehl, J. E. Osburn, D. A. Papaconstantopoulos, and

B. M. Klein, Phys. Rev. B 41, 10311 (1990).

[13] M. J. Mehl, Phys. Rev. B 47, 2493 (1993).

[14] M. J. Mehl, D. J. Singh, and D. A. Papaconstantopoulos,

Material Science and Engineering A170, 49 (1993).

[15] M. J. Mehl, D. J. Singh, and D. A. Papaconstantopoulos,

in Intermetallic Compounds: Principles and Applications,

edited by J. H. Westbrook and R. L. Fleisher (John Wiley &

Sons Ldt, 1994).

[16] M. H. Manghnani and K. Katahara, Phys. Rev. B 9, 1421

(1974).

[17] R. Jeanloz, B. K. Godwal, and C. Meade, Nature (London)

349, 687 (1991).

[18] T. S. Duffy, G. Shen, D. L. Heinz, J. Shu, Y. Ma, R. J. Hem-

ley, H. K. Mao, and A. K. Singh, Phys. Rev. B 60, 1 (1999)

[19] C. Meade and R. Jeanloz, J. Geoph. Res. 93, 3261 (1988).

[20] J. J. Zhao, S. Scandolo, J. Kohanoff, G. L. Chiarotti, and E.

Tosatti, Appl. Phys. Lett. 75, 487 (1999).
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X-ray transparent gasket for diamond anvil cell high pressure experiments
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The diamond anvil cell is a fundamental tool for investigating properties under extreme conditions.

However, our knowledge of material behavior under high pressure has been limited by a lack of

measurement capability in radial directions. In this study we introduce a gasketing technique based

on a combination of Kapton, amorphous boron, and epoxy, that reliably solves this issue. We

demonstrate how these gaskets allow precise imaging of stress, strain, and microscopic properties

such as texture and lattice preferred orientations within the sample, in situ, up to pressures in the

range of 65 GPa. © 2005 American Institute of Physics. fDOI: 10.1063/1.1884195g

In the last decades, the diamond anvil cell sDACd

emerged as a fundamental tool for investigating material

properties under extreme conditions. DAC setups typically

incorporate a metal foil gasket that serves as a sample cham-

ber, maintains uniform stress within the sample, and avoids

direct contact between the anvils. The choice of gasket ma-

terial is particularly critical as it controls key characteristics

such as the maximum attainable pressure, the sample thick-

ness, and the stress conditions within the sample. Because of

their high strength, low chemical reactivity, and ease of use,

rhenium or stainless steel are commonly used as a gasket

material. However, while a variety of spectroscopic measure-

ments can be performed routinely through the diamond

anvils, our knowledge of material behavior under extreme

pressures has been limited by the gasket as the commonly

used metals do not allow magnetic measurements or x-ray

scattering in radial directions.

In order to overcome this limitation, several approaches

were previously developed, such as avoiding the use of a

gasket,
1
using a mixture of amorphous boron and epoxy,

2–4

or a low Z metal such as beryllium.
5–7
Removing the gasket

allows access to the sample in multiple directions, but it also

introduces severe complications such as pressure gradients

and a maximum sample pressure of about 30 GPa. Amor-

phous boron and epoxy gaskets have been used up to pres-

sures of about 50 GPa, provide a reasonable sample confine-

ment, as well as x-ray transparency. However, these gaskets

undergo frequent failures, undermining their potential appli-

cation. Be gaskets have been successfully used up to multi-

megabar pressures. However, Be gaskets are still metallic

and crystalline. With Be gaskets, radial diffraction experi-

ments can be performed in energy dispersive geometry, as

the probed portion of sample is limited in the lozenge de-

fined by the detector collimator and the incident white x-ray

beam. In angular radial diffraction, however, the intense dif-

fraction pattern from the 5 mm Be gasket can mask that of

the 100 mm sample. Moreover, many laboratories restrict the

use of Be because of the health risks associated with Be

powders.

Among those techniques, the use of a light, mostly non-

crystalline but yet stiff and incompressible material such as

amorphous boron and epoxy mixtures appears to be the most

satisfactory. The abnormal rate of failure of these gaskets is

related to the brittle nature of this material, especially when

submitted to deformations in shear. Recently, we have devel-

oped a confinement technique that solves this issue. The

boron-epoxy gasket is reduced to a circular insert confined

by a Kapton suporting ring. Kapton is a polymer that satisfies

all requirements, such as being roughly transparent to x rays,

resistant to shear, easy to handle, and inexpensive.

In order to manufacture the boron insert, the amorphous

boron powder sAlfa Aesar; 99% pure; part No. 11337d is

mixed with epoxy sEpoxy Technology, part No. 353 N.D.d

with a ratio of 3:2 sboron:epoxyd in weight. The two mater-

ials are well mixed with acetone in a mortar, compressed into

5-mm-diam platelets under a load of about 1 ton, and there-

after kept at 100 °C for 48 h. The platelets are then polished

to a thickness of approximately 50 mm and cut into disks of

diameters db=dd+50, where dd is the diameter of the dia-

mond anvil tips, in mm, with a sample hole s80–100 mm

diameterd in the center sFig. 1d. Although these materials are

quite brittle, they can be machined easily and precisely using

a q-switched yttrium–aluminum–garnet sYAGd laser and a

motorized rotating plate. We later add the supporting ring cut

from a Kapton sheet of 150 mm thickness, with an inside

hole of diameter db and outside diameter of 2 mm.

Without supporting rings, normal boron-epoxy gaskets

tend to fail as one reaches a critical strain level that depends

on the gasket and anvil geometry. The role of the Kapton

confining ring is to prevent this failure by providing lateral

support to the boron-epoxy insert. Moreover, it has a low

x-ray absorption and background. The external diameter of

the boron-epoxy insert exceeds that of the diamond culet by

50 mm because the Kapton ring should not be submitted to

large hydrostatic stresses or pressure gradients while main-

taining the boron-epoxy mixture inside the region between

the tips of the two anvils. Large hoop stresses develop in the

Kapton sheet, but the sheet itself is not submitted to any

significant hydrostatic pressure.
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We were able to use those gaskets numerous times with

various samples such as metals and silicates up to pressures

of 65 GPa without any failure of the assembly. These gaskets

are also resistant to reasonable laser heating of the sample

swith a sample temperature of about 2000 K for 20 mind.
The limiting factor in the pressure increase was not gasket

failure, but the elastic deformation of the diamond anvils. As

pressure increases, the diamonds deform elastically and cup.
8

In the experiment, this can be observed using an optical mi-

croscope as the gasket becomes thin and transparent at the

edge of the anvils. In the center, however, the gasket thick-

ness remains on the order of 20–30 mm. In our experiments,
the cupping of the diamond anvils could be observed be-

tween 40 and 55 GPa with dd=350 mm and between 50 and
65 GPa with dd=250 mm. At this point, we always released
the pressure and were able to return to ambient conditions

with little damage to the anvils.

The gaskets can be used in numerous situations. For in-

stance, using an experimental setup of radial x-ray diffrac-

tion sFig. 2d, the transmitted x-ray intensity can be directly
measured while moving the DAC in directions perpendicular

to the incoming x-ray beam. The x-ray intensity profiles can

then be converted into two-dimensional s2Dd images in order
to measure the physical dimensions of the sample precisely.

Figure 3 show intensity profiles we obtained for a sample of

cobalt at 42 GPa, in situ, under high pressure. Experiment

was performed on the BL13A beamline of the Photon Fac-

tory with a monochromatic incident x-ray beam of 30 mm
diameter. We obtained a clear image of the sample localiza-

tion within the DAC: in this experiment, it remained at the

center of the anvils and very little radial flow of the sample

along the anvil or within the gasket could be observed. From

this data, we can estimate sample dimensions: 82 mm diam-
eter and 32 mm thickness at 5.8 GPa, 82 mm diameter and
27 mm thickness at 42 GPa. Dimensions measured upon de-
compression are not always representative of the actual

sample as cracks develop with the opening of the sample

chamber. Upon compression, they are relatively reliable and

it is worth noting that the sample diameter measured by this

techniques matches the one measured through the diamonds

by visual observation.

Radial x-ray diffraction is a powerful tool for the study

of elasticity and plasticity under pressure.
3,6,9
In those experi-

ments, a powder sample is first compacted and then plasti-

cally deformed by the loading of the anvils which has a

directional stress component. The plastic deformation in-

duces lattice preferred orientation that can be deduced in situ

from the x-ray diffraction images and compared to results

from polycrystal plasticity simulations to assess deformation

FIG. 1. Schematic of the boron/epoxy/Kapton gasket. The diameter of the

boron/epoxy insert db is 50 mm larger than that of the diamond tip dd,

sample chamber diameter ds varies from 80 to 100 mm and the Kapton sup-

porting ring diameter dk is about 2 mm. Before compression, thicknesses of

the boron/epoxy insert and Kapton disk are 50 and 150 mm, respectively.

For simplicity, the lower diamond anvil is not shown on the figure.

FIG. 2. Experimental setup for radial x-ray diffraction. The polycrystalline

sample is confined under nonhydrostatic stress between the two diamond

anvils. A monochromatic x-ray beam is sent through the gasket, perpendicu-

lar to the compression direction. Transmitted intensity profiles are measured

with a photodiode in order to locate and measure the macroscopic properties

of the sample. Microscopic properties of the sample are studied with x-ray

diffraction by analyzing the variation of the diffraction profiles as a function

of the azimuthal angle d.

FIG. 3. Transmitted x-ray intensity profiles for a cobalt sample at 42 GPa.

The DAC was moved relatively to the x-ray incoming beam over of grid of

15315 steps of dimensions 1000 mm31000 mm sad and 195 mm

375 mm sbd while collecting transmitted x-ray intensities. They were then

converted into 2D images and smoothed using a simple interactive data

language sIDLd procedure. From these figures, the position, shape, and mac-

roscopic dimensions of the sample can be easily determined.

046109-2 S. Merkel and T. Yagi Rev. Sci. Instrum. 76, 046109 ~2005!
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mechanisms.3,9,10 The stress state in the sample is complex
with a strong coupling between the sample plastic and elastic
behavior11 and a proper analysis of this phenomena remains
to be developed. With these gaskets, we obtain diffraction
data of sufficient quality to address this issue, as demon-
strated in Fig. 4. It presents a diffraction image of a sample
of cobalt at 42 GPa, measured in situ using radial x-ray dif-
fraction. Measurements were performed on the BL13A
beamline of the Photon Factory, with a 30mm diameter
monochromatic beam, a 300033000 pixels Rigaku imaging
plate, and a collection time of 5 min. The background for the
boron insert is almost invisible and that of the Kapton sup-
porting ring is limited to d spacings above 3 Å. This is ap-
propriate for experiments on metals and silicates for which
most reflections correspond to planes with d spacings below
3 Å. Unlike the case of other gasket materials, diffraction
patterns from the sample and gasket do not overlap. From
this figure, the variations of properties of the diffraction pat-
terns, such as peak width, position, and intensity, with orien-
tation can be precisely measured and analyzed.
The application of those gaskets is not limited to the

study of deformation under high pressure. They can also be
used for techniques that require large sample thickness, as
well as low x-ray absorption, nonconducting, or nonmagnetic
gaskets such as x-ray emission spectroscopy, electrical, or

magnetic measurements. Moreover, the access to the diffrac-
tion image in the radial direction can be particularly useful
for structural refinements from powder patterns. As demon-
strated in Fig. 4, variations of diffraction intensities with ori-
entation can be quite dramatic. In a conventional geometry,
diffraction from only one of those orientations can be mea-
sured. This introduces significant errors in the measured dif-
fraction intensities and, therefore, the structural refinements
for such materials are not always reliable. Radial diffraction
with an x-ray transparent gasket provide access to the whole
orientation space, and it could be used to study the structural
properties of strongly textured samples such as graphite and
hexagonal diamond.12

In summary, we introduced a reliable, composite gasket
design based on Kapton, amorphous boron, and epoxy, that
provides a way to generate uniform high pressure conditions
in a sample within an x-ray transparent, nonmetallic and
nonconducting environment.

The authors wish to thank Y. Mori for developing the
scanning program available at the BL13A beamline and N.
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We introduce the design and capabilities of a resistive heated diamond anvil cell that can be used for

side diffraction at simultaneous high pressure and high temperature. The device can be used to study

lattice-preferred orientations in polycrystalline samples up to temperatures of 1100 K and pressures

of 36 GPa. Capabilities of the instrument are demonstrated with preliminary results on the

development of textures in the bcc, fcc, and hcp polymorphs of iron during a nonhydrostatic

compression experiment at simultaneous high pressure and high temperature. © 2009 American

Institute of Physics. �doi:10.1063/1.3236365�

I. INTRODUCTION

For many years, diamond anvil cells �DACs� have been

used to determine the compression behavior of materials at

high pressure.
1

Of particular interest has been the use of the

DAC to determine the stress and strain state of minerals and

compounds under nonhydrostatic conditions and ambient

temperatures using the radial diffraction geometry
2–6

�Fig.

1�. Most of these experiments are only possible because of

the use of x-ray transparent gaskets, consisting of amorphous

B inserts
6–9

or Be
3,4

that allow the collection of x-ray diffrac-

tion data from samples perpendicular to the loading axis.

Radial diffraction has also been used to study texture and

crystallographic preferred orientations �CPOs� in plastically

deformed materials
10

by measuring intensity variations along

the Debye rings. For instance, texture information was re-

cently used to model the activation of slip systems at high

pressure in geological relevant materials such as polycrystal-

line �Mg0.9 ,Fe0.1�SiO3 postperovskite
11

and its Ge analog.
12

However, extrapolation of these findings to high-pressure

and high-temperature conditions of the Earth’s lower mantle

has proven to be incomplete because of our lack of under-

standing the effect of temperature on high-pressure plasticity.

There are multiple avenues one might take to study plas-

tic deformation under simultaneous high pressure, high tem-

perature while probing the sample using in situ x-ray diffrac-

tion: �a� in a large volume press �LVP� such a Drickamer
13

or

the multianvil device,
14

�b� in a DAC that is heated internally

with a laser,
15

and �c� in a DAC that is heated externally

through a resistive heater such as graphite. Each of these

techniques has its advantages and disadvantages. While there

has been significant progress using different types of LVP to

measure stress and textures at simultaneous high pressures

and high temperatures, it is currently not possible to use

those instruments to perform quantitative deformation ex-

periments beyond pressures of the transition zone �21 GPa

and 2000 K�. Recently, radial diffraction experiments in the

DAC using in situ laser heating have made significant

progress.
15,16

They are, however, complicated by the pres-

ence of large temperature gradients that develop during heat-

ing. So far externally heated DACs have not been used for

stress and texture analyses because the resistive heater would

lie in the x-ray path. A design of a cell capable of such

experiments was published recently
17

but has not been tested

for radial diffraction experiments. Furthermore, gasket mate-

rials typically used in radial diffraction experiments lose

their strength at high temperatures �as do diamond anvils�

and thus significantly limit the accessible pressure and tem-

perature range. In addition, accurate measurement of pres-

sure at high temperature has been an ongoing problem in

resistive heated DACs but is now actively being addressed

by the community.
18–22

In contrast to the other two tech-

niques mentioned above, the externally heated DAC experi-

ment offers good temperature and pressure control and can

reach much higher pressures then the LVP. Furthermore, the

development of sintered nanodiamond anvils could signifi-

cantly expand the accessible pressure temperature range be-

cause the high temperature strength of the anvils can be sig-

nificantly improved.
23,24

In the future, a combination of

experiments on large and well-controlled samples in a resis-

tively heated radial diffraction setup and higher temperature

laser-heated measurements will allow the study of plasticity

at pressures and temperatures relevant to the Earth’s deeper

mantle. More generally, the technique could also be useful to
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study the plasticity of materials relevant to various branches

of material sciences, such as superhard materials for which in

situ characterization of strength and plastic properties are

absolutely necessary.
25–27

In this paper, we present a new radial diffraction tech-

nique that allows measurement of textures and stress at si-

multaneous high pressure and high temperatures in the DAC

using an external resistive graphite heater. We demonstrate

the current capability of the technique by measuring textures

of Fe and its high-pressure polymorphs at simultaneous high

pressure and high temperatures.

II. EXPERIMENTAL METHOD

A. Resistive-heated DAC for radial diffraction x-ray
experiments

The technique presented here allows us to perform radial

diffraction x-ray �RDX� at simultaneous high pressures and

high temperatures. It combines three existing techniques: �a�

amorphous boron gaskets that allow radial access to the

sample,
9

�b� externally graphite heated gaskets,
28

and �c�

membrane devices for accurate control of pressure.
29

In order to accommodate the resistive heating setup and

membrane control we designed a new Mao–Bell-type DAC

�Figs. 2�a� and 2�b�� that will be called resistive-heated-

radial-x-ray-diffraction-diamond-anvil-cell �RH-RXD-

DAC�. In contrast to a conventional Mao–Bell-type cell, the

new cell has openings on two sides that allow collection of

diffraction patterns perpendicular to the loading axis.

Heating of the sample is achieved by using graphite

heaters that surround the gasket assembly. The front of the

cell has been further modified to accept two molybdenum

rods that supply power to the graphite heater. The ends of the

molybdenum rods are machined to a perpendicular extension

with a step. This holds the graphite heater in place when the

piston of the DAC presses against the graphite. The graphite

heater consists of two pieces of flexible graphite foil with 1

mm thickness �Alfa Aesar, 97% pure, metal basis� that sand-

wiches the gasket assembly. The graphite and the gasket as-

sembly are isolated from the tungsten carbide seats by a thin

disk of sintered alumina �McDanel Advanced Ceramics

Technologies LLC, 99% purity�. Prior to sample loading the

graphite foil is indented between the diamonds with a thick

stainless steel gasket in place of the final gasket assembly.

This process shapes the graphite foil, provides a tight contact

between the diamonds and the graphite, and allows enough

space to position the final gasket assembly.

The gasket consists of a 50 �m thick amorphous boron

gasket insert,
9

400 �m in diameter, with a 50 �m diameter

hole that serves as sample chamber �Fig. 3�. The kapton

sheet that has been used to support the boron insert in RDX

experiments at 300 K is replaced by a fluorine bearing mica

sheet of 100 �m thickness �H. C. Materials-Corporation�.

The melting temperatures of this fluorine mica �1373 K� is

significantly higher than the maximum working temperature

of kapton ��500 K�, extending the accessible temperature

range in the experiment. Moreover, this material forms a

single crystal with a strongly anisotropic crystal structure

whose contribution to diffraction is limited because the sheet

structure is positioned parallel to the incoming beam, pre-

venting intense basal x-ray diffraction. Finally, a small chan-

nel is cut into the graphite heater along the path of the inci-

dent beam to avoid significant diffraction from graphite.

In order to prevent the piston and the cylinder from

sticking to one another at high temperature and thus prevent-

ing the increase and decrease in pressure during the experi-

ment, we use Molykote 1000 Paste �Dow Corning� as a lu-

bricant and heat the outside of the cylinder of the DAC with

a strip heater to a maximum of 673 K.

Fine pressure tuning in the cell is provided by adapting

the RH-RXD-DAC with a membrane similar to that devel-
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FIG. 1. �Color online� Setup of the RH-RXD-DAC experiment. The poly-

crystalline sample is confined under nonhydrostatic stress between the two

diamond anvils. A monochromatic x-ray beam is sent through the gasket,
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RXD-DAC for radial diffraction at simultaneous high pressure and high
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insert.
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oped by the high-pressure group at Lawrence Livermore Na-
tional Laboratory �LLNL�. This allows a remote control of
pressure during the experiment.

B. In situ x-ray diffraction

We preformed in situ x-ray diffraction at beamline 16
BMD of the High-Pressure Collaboration Access Team �HP-
CAT�, Advanced Photon Source �APS�, Argonne National
Laboratory �ANL�. In the experiment the wavelength of the
15�15 �m2 monochromatic x-ray beam was tuned to
0.387 45 Å at which it offered an optimal flux of �2
�108 photons /sec and resulted in a collection time of 15
min. Data were collected on a 3450�3450 pixel Mar 345
image plate. Sample to detector distance �285.943 mm�, de-
tector tilt, and pixel size ratios were calibrated using a CeO2

standard from NIST �674b�.
Sample was a pure commercial powder of iron �Alfa

Aesar, 99.9 % purity� with a starting grain size of 1–2 �m.
In this run, a small piece of 5 �m thick gold foil was added
for additional pressure calibration but could not be seen on
the x-ray diffraction images.

C. Temperature in the radial diffraction DAC

The graphite foil was heated through an ultrastable dc
power supply from Hewlett Packard with a power range of
0–8 V and 0–220 A �type A6607�. Power was increased re-
motely through an external voltage control provided by ex-
perimenting physics industrial control system �EPICS� at the
beamline control area.

Temperature was measured with two Pt–Pt30%Rh �type
R� thermocouples. The first thermocouple was positioned on
the diamond facet of the anvil on the cylinder side of the cell,
about half way to the tip. The second thermocouple was
located between the two pieces of graphite foil, close to the
fluorine bearing mica �Fig. 1�. The thermocouple voltages
�EMF� were measured with a Keithley 7200 equipped with
an internal cold junction correction board. The accuracy of
the thermocouple reading is + /−5 K.

D. Data processing

Diffraction images were quantitatively analyzed for cell
parameters, phase proportions, texture, and lattice strains us-
ing the Rietveld method as implemented in the software
package MAUD �Ref. 30� according to the procedure de-
scribed in Ref. 31. Diffraction images were integrated over
5° increments of the azimuth angle, resulting in 72 slices.
Data were fit using a bcc, fcc, and hcp structure with adjust-
able phase ratios. The variations in peak positions with azi-
muth were adjusted assuming

dm�hkl,�� = dP�hkl��1 + �1 − cos2 ��Q�hkl�� ,

where � represents the angle between the diffracting plane
normal and the maximum stress direction, dm�hkl ,�� is the
measured d-spacing for the �hkl� line diffraction at �, dp�hkl�

is the hydrostatic d-spacing of the �hkl� line and is calculated
from the hydrostatic lattice parameters, and Q�hkl� is the
lattice strain parameters. Values of Q�hkl� can then be used
to analyze the stress state of the sample using elastic lattice

strain theories32 or elasto-plastic self-consistent models.33

CPOs were fitted using the E-WIMW algorithm assuming
cylindrical symmetry about the compression direction and
using an orientation distribution function �ODF� resolution
of 7.5°.

Refinements for the bcc phase were based on measure-
ments on the 110, 200, and 211 diffraction lines. Refinements
for the fcc phase were based on measurements on the 111,
200, and 220 diffraction lines. Refinements for the hcp phase

were based on measurements on the 101̄0, 0002, 101̄1, 101̄2,

and 112̄0 diffraction lines.

E. Pressure at high temperatures

Measuring pressure at high temperatures has been a long
standing problem for resistive heated experiments. Spectro-
scopic methods have been used to determine the accurate
pressure using fluorescence shifts in ruby SrB4O7 :Sm2+ or
yttrium aluminum garnet crystals.18–20 More recently shifts
in the first order Raman peaks of diamond34 and cubic boron
nitride20 at high temperature have also been used. Alterna-
tively, one may determine pressure using a P-V-T thermal
equation of state �EOS� of an internal standard such as Au or
Pt. The latter has been established by using multiple pressure
calibrants to produce an internally consistent set of high
pressure and temperature EOS.21,22

In the present experiment, we decided to calibrate pres-
sures using x-ray diffraction of an internal standard. Since
gold could not be seen in our diffraction patterns �even at
300 K and 1 bar�, we decided to use the EOS of the sample
itself, iron, in the bcc structure,35 and later hcp structure,36 to
estimate pressure at any given temperature during the experi-
ment. To correct for the effect of nonhydrostatic stresses,
pressures were calculated using the hydrostatic cell param-
eters of bcc and hcp iron as derived from the MAUD refine-
ments. Fortunately, in the entire pressure and temperature
range covered in this run, either bcc or hcp coexists beyond
their stability limit and allows us to calibrate pressure within
the stability field of the fcc phase. The temperature pressure
path explored during the experiment can be seen in Fig. 5.

III. RESULTS AND DISCUSSION

A. Accuracy of temperature measurements in the RH-
RXD-DAC

Because of the high thermal conductivity of diamonds
and complexity of the sample assembly, temperature mea-
surements with thermocouples that do not directly surround
the sample have been questioned in the past.37 To investigate
this issue, we measured the melting temperature of Pb �605
K�, Al �933.2 K�, and NaCl �1077 K� in a second membrane
controlled graphite resistively heated DAC that was used
recently.28 This membrane cell uses the exact same heating
assembly and similar thermocouple positions as those de-
scribed in this work. Thus, it represents an accurate test of
our capability to measure temperatures in the low to medium
temperature range.

Melting was observed optically through a Navitar zoom
microscope with a maximum primary magnification of 20�.
Samples of Al and Pb were separated in the sample chamber

1-3 Liermann et al. Rev. Sci. Instrum. 80, 1 �2009�

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

AQ:
#5

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

AQ:
#6

AQ:
#7



296 Articles

by NaCl to avoid reaction between the different standards

during heating. Even though we did not determine the pres-

sure in the sample chamber after closing the DAC, we ob-

served small holes indicating that the sample was not com-

pressed and did not show any considerable pressure. The

sample chamber was illuminated by reflected and transmitted

light. Onset of melting was determined by observing the ap-

pearance of movements in the liquid phase and changes in

the sample surface texture. Both approaches are commonly

used to determine melting of metals in laser heated DAC

experiments with accuracy in the ten’s kelvin.
38

Temperatures recorded on both thermocouples at zero

pressure are plotted as a function of power in Fig. 4�a�. Up to

1077 K the discrepancy between the temperature recorded at

the onset of melting and the melting temperature reported in

the literature are within +2 to �30 K for the thermocouple

positioned between the two pieces of graphite foil and up to

60 K for the thermocouple positioned on the facet of the

diamond.

These measurements imply that temperatures measured

by the thermocouple positioned between the two graphite

foils are within 30 K of the real temperature. Note that the

difference between melting temperatures reported in the lit-

erature and those measured by the second thermocouple, po-

sitioned about 1 mm away from the diamond tip, only ex-

tends to +60 K. This relatively small difference indicates

that the gasket assembly and the top part of the diamond are

very efficiently heated by the graphite foil and that tempera-

ture gradients in the gasket, sample, and diamond tip area are

relatively small.

Temperatures measured in both thermocouples during

the RH-RXD-DAC experiment on iron are plotted as a func-

tion of power in Fig. 4�b�. In contrast to the melting experi-

ment above, temperatures recorded by the thermocouple po-

sitioned between the two graphite foils are always higher

than those recorded at the facet of the diamond. This differ-

ence can be explained by the fact that the thermocouple at

the facet of the diamond is not always positioned precisely

the same way. In addition we find that the shape of the WC

seat, i.e., the opening of the seat, significantly affects the

amount of heat being carried away from the back of the

diamond anvil. The opening of the seat in the DAC used for

the melting experiment is much smaller than that of the ra-

dial diffraction RH-RXD-DAC seats. Hence, the tempera-

tures recorded at the facet of the diamond anvil of the radial

diffraction cell are lower. Nevertheless, the difference in

temperatures recorded by the two thermocouples never ex-

ceeds 62 K. This indicates fairly homogeneous heating dur-

ing the experiment.

B. Phase diagram and equation of state of fcc iron

Table I lists the refined cell parameters obtained from

positions of the diffraction peaks of bcc, fcc, and hcp iron as

a function of pressure and temperature during the experi-

ment. We obtain small errors for the cell parameters of bcc

iron before the appearance of other iron phases but rather

large errors later on. This is due to inconsistencies between

the cell parameters obtained from various diffraction lines,

which could be due to the presence of a mixed phase.

FIG. 5. Pressure-temperature path explored during the second radial diffrac-

tion experiment. Grey circles denote the presence of bcc iron ��-Fe�, open

squares for hcp iron ��-Fe�, and black circles for fcc iron. fcc iron coexists

with hcp iron past its stability limit until the end of the experiment. Phases

in the sample were identified from the diffraction images. Solid and dotted

lines are the phase iron diagram upon compression and decompression, re-

spectively, as published in Ref. 36. Dashed-dotted line represents the hcp-

fcc phase boundary �Ref. 35�.
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FIG. 4. �a� Ambient pressure temperature measurements as a function of

power in the RH-DAC. Onset of melting was observed optically through a

microscope and is indicated by arrows in the figure. Differences between the

melting temperatures reported in the literature and those measured using the

thermocouple positioned between the graphite foil for Pb, Al, and NaCl are

�22, 2, and 30 K, respectively. �b� High-pressure temperature measure-

ments as a function of power in the radial diffraction membrane driven

Mao–Bell-type DAC. The maximum difference between the temperatures

recorded by both thermocouples �see text� is 66 K recorded at the highest

temperature.
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TABLE I. Cell parameters refined from peak positions of bcc, fcc, and hcp. Temperature was measured with a
thermocouple. Pressure was calculated using the cell parameters of bcc and hcp iron and their respective
high-pressure and high-temperature EOS �Refs. 35 and 36�. The error in the temperature measurement is
estimated to be + /−30 K and the error in the pressure calculation is + /−0.7 GPa based on an average error of
0.004 Å in the cell parameters. Errors for the cell parameters obtained for bcc Fe before the appearance of other
phases are approximately 0.001 Å. When multiphase aggregate is present, errors on cell parameters are on the
order of 0.004 Å.

Image
T

�K�

P

�GPa�

Fe �bcc� a

�Å�

Fe �fcc� a

�Å�

Fe �hcp�

a

�Å�

c

�Å�

3 295 0.1 2.866
13 295 0.2 2.865
22 295 1.5 2.858
24 295 3.4 2.848
28 295 4.6 2.842
31 295 4.8 2.841
35 373 12.8 2.807 2.438 4.028
36 374 9.1 2.823 2.454 3.978
37 374 5.9 2.838 2.468 3.992
38 373 4.8 2.843 2.473 4.096
40 474 8.6 2.828 2.464 4.118
41 473 8.2 2.830 2.468 4.117
42 474 6.9 2.836 2.473 4.136
43 474 5.1 2.845 2.477 4.151
45 570 4.1 2.853 2.497 4.180
46 672 1.9 2.869
47 673 3.8 2.858
48 774 1.0 2.878
49 773 3.6 2.863
50 773 5.6 2.852
51 773 7.0 2.845
53 878 5.5 2.856
54 873 7.0 2.848
56 973 7.1 2.851 3.619
57 973 8.3 2.845 3.606
58 974 10.3 2.835 3.580
59 973 11.2 2.831 3.566
60 972 11.6 2.829 3.558
62 976 12.5 2.825 3.546
63 974 14.5 2.818 3.529 2.481 4.030
64 973 16.4 3.519 2.476 4.012
65 975 18.0 3.508 2.472 3.993
66 976 18.5 3.504 2.470 3.990
67 976 19.9 3.498 2.465 3.981
68 976 21.3 3.491 2.460 3.970
69 976 22.9 3.484 2.455 3.959
70 980 24.0 3.476 2.451 3.953
71 953 25.2 3.472 2.446 3.944
72 958 25.0 3.470 2.447 3.946
73 958 25.6 3.470 2.445 3.942
74 959 26.6 3.465 2.442 3.936
75 938 26.4 3.465 2.442 3.936
76 923 27.8 3.465 2.438 3.924
77 903 28.2 3.459 2.436 3.922
78 902 28.4 3.455 2.435 3.921
79 901 29.4 3.453 2.432 3.916
80 900 31.0 3.444 2.427 3.908
81 899 33.2 3.434 2.421 3.897
83 821 36.6 3.419 2.410 3.876
85 707 35.4 3.419 2.410 3.877
87 555 36.1 3.413 2.406 3.865
88 422 36.0 3.409 2.404 3.860
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In our experiment, the transition from the bcc to the fcc
phase of iron occurred at temperatures higher than those re-
ported in the literature36,39,40

�Fig. 5�. However, phase tran-
sitions in iron are known to be very sensitive to both
kinetics36 and stress.41 Our experiment was designed to
prove the capabilities of the instrument. As such, we did not
perform multiple transition cycles and long heating periods
necessary for full phase conversions and proper phase dia-
gram analysis. Therefore, small discrepancies between our
experiments and reported phase boundaries can be attributed
to kinetics and stress.

Our cell parameters for fcc Fe are also significantly dif-
ferent from those reported in the literature.40,41 This is par-
ticularly true at low pressures. Differences between our mea-
sured cell parameters and the published EOS �Ref. 40�

decrease with increasing pressure. It is known that coexist-
ence of two or three phases associated with a phase transition
can cause volume anomalies due to the difference in linear
compressibility and thermal expansivity. This can explain the
observed discrepancy. Proper measurement of the EOS of fcc
Fe should be performed with better phase conversion, longer
heating periods, and minimal stress conditions.

C. Diffraction and texture development in iron at high
pressure and temperature

The greatest challenge collecting and processing radial
diffraction data from a DAC originates from the background
created by material that lies in the diffraction path. In the
case of the HT-RXD-DAC, graphite, fluorine mica, and
amorphous boron contribute to the background �Fig. 1�.

Figure 6 shows the diffraction image collected at 976 K
and 12.5 GPa. The diffraction image clearly shows powder
diffraction peaks corresponding to the 111, 200, and 220
lines of fcc iron and 110, 200, and 211 lines of bcc Fe.
Diffraction from graphite is limited to the most intense 002
peak. Single crystal spots of mica are significant but local-
ized; they can be easily filtered out during the processing.
Due to grain growth and recrystallization, iron diffraction
lines are spotty. Nevertheless, variations in diffraction inten-
sities with orientation can be observed. They are related to
CPO in the polycrystalline sample. Similarly, slight varia-
tions in peak positions with orientations can be used to
model the differential stress supported by the sample.

Reliable textures can be extracted. Figure 7, for instance,
presents inverse pole figure of the compression direction ob-
tained for bcc and fcc iron at 12.5 GPa and 976 K and fcc
and hcp iron at 33.2 GPa and 899 K. ODFs were obtained
directly in MAUD and further smoothed with a 10° gauss filter
in BEARTEX.42

Upon compression, bcc iron develops a mixed �100� and
�111� texture that is compatible with previous observations
on bcc iron16,43 and interpreted as slip along �110��111	.
When bcc iron is heated between 295 and 976 K, we observe
a recrystallization of the sample, as evident by the spotty
pattern in Fig. 6. The �100� and �111� maxima are preserved
during heating.

Texture obtained after formation of fcc iron shows a
maximum near �110� with minima near �100� and �111�. This
texture is typical for fcc metals in compression with slip on
�111��110	,16 but could also be related to texture being trans-
mitted from the bcc to the fcc phase according to the
Kurdjumow–Sachs orientation relations.44

Textures obtained in hcp Fe seem different from those
reported before.5,16,34 Further study and modeling will be re-
quired for full interpretation, which goes beyond the scope of
this paper.

TABLE I. �Continued.�

Image
T

�K�

P

�GPa�

Fe �bcc� a

�Å�

Fe �fcc� a

�Å�

Fe �hcp�

a

�Å�

c

�Å�

89 313 36.2 3.410 2.402 3.855

(111) FCC-iron

(200) FCC-iron

(220) FCC-iron

(110) BCC-iron

(211) BCC-iron

B)

Fluorine Mica
Single Crystal Spots

(002) Graphite

A)

2-Theta (Degrees)

A
z
im

u
th

(D
e
g

re
e
s
)

(200) BCC-iron

FIG. 6. �a� Radial diffraction image and �b� unrolled diffraction image of fcc
iron at 12.5 GPa and 976 K and in the graphite resistive heated Mao–Bell-
type DAC. Besides diffraction peaks of fcc �111, 200, and 220� and bcc Fe
�110, 200, and 211�, one can see powder diffraction peaks of graphite �002�

and single crystal diffraction spots of fluorine bearing mica.
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D. Application of the instrumentation

One of the primary applications of radial diffraction

DAC experiments is the investigation of deformation mecha-

nisms and possible preferred orientation patterns of rocks in

the deep Earth, e.g., the lower mantle and the core. Today,

radial diffraction is the only direct method to probe plastic

processes at pressures of the Earth’s lower mantle. Until

now, an obvious limitation in using ambient temperature re-

sults of CPO formed in the DAC was the lack of tempera-

ture. It was therefore desirable to develop reliable heating

methods for radial diffraction. The technique presented here

will allow the investigation of deformation of minerals up to

temperatures of about 1500 K, a temperature at which diffu-

sion processes that are critical for plasticity can become ac-

tive.

The instrumentation presented here can also be used to

study the strength of newly designed superhard

materials.
25–27

Most of these studies are limited to measure-

ments of quasihydrostatic EOSs for extraction of isothermal

bulk moduli. This is insufficient to assess the strength and

behavior of the material under complex conditions. Using the

new instrumentation, one could study the strength and mi-

croscopic plastic deformation mechanisms under various

conditions of pressure and temperature. This will provide

valuable information for understanding the plastic behavior

of industrially relevant materials.

IV. CONCLUSION

We designed a DAC experimental setup that allows the

collection of x-ray diffraction data in a radial geometry from

samples plastically deformed at simultaneous high pressure

and high temperature. The setup was successfully tested up

to temperatures of 1100 K and pressures of 36 GPa.

Errors in temperature measurements are within + /

−30 K in the entire temperature range explored. Moreover,

temperatures measured at �1 mm away from the tip of the

diamond on the diamond facet show a temperature difference

of only + /−60 K, indicating that the gasket and tips of the

diamonds are heated very homogeneously.

The instrumentation allows the collection of radial x-ray

diffraction data of sufficient quality for the extraction of tex-

ture and stress information using the Rietveld refinement

program “MAUD.” Detailed analysis of the data presented

here will be discussed elsewhere. However, preliminary

analysis indicates the presence of a strong �110� texture in

fcc iron, compressed in the DAC between 7.1 and 12.5 GPa

at 970 K, after the transformation from bcc iron.

This new instrumentation can now be used for the study

of plastic properties of minerals and other materials at simul-

taneous high-pressure and high-temperature conditions.
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irradiations used in microscopy. So silicate
perovskite cannot be studied with the tech-
niques used to investigate the plastic proper-
ties of crustal or upper-mantle minerals, and
the microscopic processes controlling its
plasticity remain unknown.

To address this issue, experiments have
been carried out on analogues that have 
the perovskite structure. These studies led 
to the conclusion that, under lower-mantle
conditions, diffusive processes should 
dominate perovskite deformation. This in
turn implied that silicate perovskite could
not generate anisotropic structures in the
lower mantle3. But it has also been shown
that deducing the plastic properties of
perovskite-structured materials from ana-
logues can be misleading. So the analogue
approach has to be treated with caution4,and
direct investigations of silicate perovskite 
are necessary.

In recent years, techniques have been
developed that allow the experimental
deformation of minerals under pressures
and temperatures close to those of the lower
mantle. But analysing the properties of the
sample to identify the deformation mecha-
nisms involved is a further challenge.
Cordier et al. have overcome that challenge
by adapting an approach — X-ray peak
broadening analysis — developed in metal-
lurgy. As in electron microscopy, where 
dislocation contrast is strong or disappears
depending on certain conditions, X-ray dif-
fraction peaks become broader or narrower.
These peaks can be used to characterize 
dislocations within the material.

Taking full advantage of the new tech-
niques,Cordier et al.

1 have produced the first
experimental evidence that dislocations can
indeed be activated in silicate perovskite
under lower-mantle conditions. They were
also able to identify the most active slip
systems — that is, the plane and direction 
in which the slip occurs. Key questions, such
as the influence of grain size, strain rate 
or phase mixing, remain to be solved. Never-
theless, these new results force us to recon-
sider our thinking about lower-mantle
rheology. Seismological observations iden-
tify highly anisotropic patches at the bottom
of the Earth’s lower mantle, whereas the 
bulk of the deep mantle seems largely
isotropic5–7. But numerical modelling indi-
cates that other regions could also exhibit
anisotropy, for instance in the vicinity of
subducting slabs where the Earth’s crust is
driven back into the mantle8.

For many years, investigations of the
dynamics of the Earth’s lower mantle were
neglected because of the lack of appropriate
seismological and rheological data. Before
too long, however, the new interdisci-
plinary interactions between areas such 
as high-pressure mineralogy, studies of
mineral plasticity, engineering, seismology 
and geodynamics look set to revolutionize 
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Earth science

The mantle deformed 
Sébastien Merkel

What happens to minerals under the conditions characteristic of the
Earth at great depths? Experiments performed under such conditions
illustrate how the main constituent of the lower mantle may behave. 

U
ntil the middle of the twentieth cen-
tury, it was thought that the Earth is
a solid body and that no internal

movement of matter could occur. Then,
with the discovery of plate tectonics and
mantle convection, a whole new under-
standing of the planet’s dynamics emerged.
Matter can indeed flow within the seemingly
solid regions of the deep Earth, and these
processes often control the surface dynam-
ics. Yet the microsopic mechanisms control-
ling flow remain poorly understood. That is
scarcely surprising: it is no easy matter to
simulate the conditions to which materials
in, for example, the lower mantle or the
inner core are subject. So the plastic proper-
ties of those materials have remained largely
unknown.

On page 837 of this issue, however,
Cordier et al.

1 describe new results on the
plastic properties of the main constituent of
the lower mantle, a mineral known as silicate
perovskite (Fig. 1). They have exploited both
experimental and theoretical advances to
demonstrate that dislocations in silicate per-
ovskite can be activated under the conditions
of the lower mantle. This implies that silicate
perovskite could develop large-scale
anisotropic structures — that is, with physi-
cal properties that depend on the direction of
observation — and that it may be possible to
measure these structures using seismologi-
cal methods.

Materials inside the solid layers of the
Earth are not perfect crystals but rather
aggregates of crystalline grains — poly-
crystals — that are undergoing plastic de-
formation. The process is governed by the 
interaction between deformation within
individual grains (through the movement of
dislocations), sliding and diffusion along
grain boundaries, and the stress and strain
fields applied by the environment. Dislo-
cations are line defects within the crystal
structure and their motion in the lattice
causes slip and plastic deformation within
the grain. Depending on external conditions
such as pressure and temperature, and the
physical properties of the crystal, slip is
observed to occur in specific planes and
directions,known as slip systems.

If dislocations dominate the deforma-
tion, grains will deform preferentially in
certain directions and the polycrystal will
develop anisotropy in such physical proper-
ties as elasticity and electrical conductivity.
In the Earth, the anisotropic elastic proper-

ties can be studied using seismic techniques,
which measure the directional dependency
of seismic velocities. Thereafter, a combi-
nation of rheological and seismological
measurements can be used to interpret the
dynamic geological processes deep inside 
the Earth2.

The transformation of mantle minerals
into silicate perovskite (Mg,Fe)SiO3 and
magnesiowustite (Mg,Fe)O at a pressure of
about 23 gigapascals marks the limit
between the upper and lower mantle at a
depth of 660 km. On the evidence of high-
pressure experiments, seismological mea-
surements, geochemistry and numerical
modelling, perovskite is believed to account
for about 80% of the lower mantle. Under-
standing its properties is therefore essential
to understanding the physical and geological
processes that occur within this layer. Unfor-
tunately, silicate perovskite is unstable 
under low pressure and high temperature,
and it is also highly sensitive to the electron

Figure 1 The structure of silicate perovskite

(Mg,Fe)SiO3. Red circles represent oxygen atoms

and green circles magnesium or iron. The silicon

atoms are located at the centre of the blue SiO6

octahedra. Cordier et al.
1 add new data on how

this material deforms under the conditions of

the Earth’s lower mantle, and so on anisotropic

structures that might be evident with

seismological methods.

©  2004 Nature  Publishing Group
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switched on, it can cause cells to proliferate
wantonly, resulting in cancer.

Researchers have known for some time
that there are cancer-promoting mutations
in the RAS protein that keep it permanently
‘on’. Recently, large-scale genomic screens
have also detected mutations in one member
of the RAF family of proteins — B-RAF — 

news and views
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in 65% of malignant melanomas1 and many
colorectal2, ovarian3 and papillary thyroid4,5

cancers. How these mutations alter B-RAF’s
function is the topic of an elegant study,
published in Cell, by Wan and colleagues6.
The paper also provides structural informa-
tion that should help to guide the search 
for more effective inhibitors of this protein
family.

The RAF enzymes are central intermedi-
ates in this fundamental signalling cascade,
transmitting signals from RAS to the down-
stream enzymes MEK and ERK (Fig. 1a,
overleaf). In mammalian cells there are 
three members of the RAF family, A-RAF,
B-RAF and C-RAF. Working out how these
proteins are regulated has been a daunting
task, largely because of the complexity of
the process. There seem to be several mech-
anisms, including self-inhibition (involving 
a regulatory domain located at one end,
the amino terminus, of the proteins), inter-
actions with binding partners such as RAS 
and the 14-3-3 protein, and the phosphoryla-
tion of (covalent linkage of phosphate 
groups to) inhibitory and activating sites on
the proteins7,8.

The activation of RAF is typically 

understanding of our planet’s deeper layers.� 

Sébastien Merkel is at the Institute for Solid State

Physics, University of Tokyo, Kashiwanoha 5-1-5,

Kashiwa, Chiba, 277-8581 Japan.

e-mail: smerkel@issp.u-tokyo.ac.jp
1. Cordier, P., Ungár, T., Zsoldos, L. & Tichy, G. Nature 428,

837–840 (2004).

2. Wenk, H. R. Rev. Mineral. Geochem. 51, 291–330 

(2002).

Cancer

Enzymes play molecular tag
Deborah K. Morrison

The B-RAF protein is often mutated in human cancers, contributing 
to their development. Although most known mutations stimulate its
catalytic activity, others, surprisingly, impair it — yet still cause cancer.

L
ike most other cellular events, cell pro-
liferation is tightly regulated by signals
from the surrounding environment.

These cues are relayed from the cell surface
to the nucleus by defined signal-transduc-
tion cascades. The core components of one
such pathway are the RAS, RAF, MEK and
ERK proteins. If this pathway is constantly

Structures that occur in closely

related organisms and that look 

the same are usually considered 

to be homologous — their 

similarity is taken to arise from 

their common ancestry. Common

sense suggests that the more

complex such structures are, the

less likely they are to have evolved

independently and the more

valuable they should be for 

studying systematics. But what 

if ‘obviously’ identical organs 

have arisen through two mutually

exclusive developmental routes? 

Beverley Glover and colleagues

have revealed one such case 

(Gene 331, 1–7; 2004). It occurs 

in the floral organs of the genus

Solanum from the nightshade family.

In one group of these species, the

anthers — the flower’s pollen-

producing organs — are arranged

as a cone, which functions like a

‘pepperpot’ (see the yellow, cone-

like structures in a and b, right).

In the pepperpot of bittersweet 

(S. dulcamara), the anther surfaces

are held together by a glue-like

secretion (a). In another species

from the same group, tomato 

(S. lycopersicum), they are instead

linked by interlocking hairs, or

trichomes, along the edges of the

anthers (b).

Glover et al. find that tomato

trichomes are clearly required for

pepperpot formation. In one form,

the dialytic mutant, which lacks

them, the pepperpot fails to 

develop (d). In bittersweet, however,

trichomes surprisingly prevent

pepperpot formation. Glover et al.

show this using transgenic plants 

in which expression of a gene 

from snapdragon leads to the

development of hairs on bittersweet

anthers. The hairs push the glue-

bearing surfaces apart, preventing

pepperpot formation (c).

This result makes it unlikely that

the tomato-type pepperpot originated

from the bittersweet type, or vice

versa, because the development of

anther hairs in bittersweet-type

cones would probably have caused

the cone to fall apart, whereas the

addition of glue to tomato-type

cones already supported by

trichomes would probably have

carried no selective advantage.

So the most plausible conclusion 

is that pepperpots originated twice

independently in the lineages that

led to tomato and bittersweet.

Molecular systematic analysis

confirms that tomato and bittersweet

are closely related, and the traditional

view would be that their pepperpot

cones are obviously homologous. But

genetic tinkering and mutant analysis

show that they probably are not —

that they are convergent, having

taken different routes to the same

end. Life’s potential to invent complex

structures more than once may worry

systematists, who depend on reliable

characters to reconstruct relationships

between organisms. But it will please

anyone who admires nature’s

innovative power. Günter Theißen

Günter Theißen is at Friedrich Schiller

University, D-07743 Jena, Germany.
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A new high-pressure form of KAlSi3O8 under lower mantle conditions
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[1] In situ X-ray diffraction measurements have been made
on KAlSi3O8 hollandite using diamond anvil cell and
multianvil apparatus combined with synchrotron radiation.
Both of the measurements with different techniques
demonstrated that K-hollandite transforms to a new high-
pressure phase (hollandite II) at �22 GPa upon increasing
pressure at room temperature. The X-ray diffraction peaks
of the new phase were reasonably indexed on the basis of a
monoclinic cell with I2/m space group. Hollandite II was
also confirmed to be formed at high temperatures to 1200�C
and pressures to 35 GPa, which was quenched to room
temperature under pressure but converted back to hollandite
at about 20 GPa on release of pressure. The present result is
contradictory to earlier studies based mainly on quench
method, which concluded that hollandite is stable up to
95 GPa at both room temperature and high temperatures up
to 2300�C. INDEX TERMS: 1025 Geochemistry: Composition

of the mantle; 3630 Mineralogy and Petrology: Experimental

mineralogy and petrology; 3675 Mineralogy and Petrology:

Sedimentary petrology; 3924 Mineral Physics: High-pressure

behavior; 3954 Mineral Physics: X ray, neutron, and electron

spectroscopy and diffraction. Citation: Sueda, Y., T. Irifune,

N. Nishiyama, R. P. Rapp, T. Ferroir, T. Onozawa, T. Yagi,

S. Merkel, N. Miyajima, and K. Funakoshi (2004), A new high-

pressure form of KAlSi3O8 under lower mantle conditions,

Geophys. Res. Lett., 31, L23612, doi:10.1029/2004GL021156.

1. Introduction

[2] KAlSi3O8-rich feldspar is a major constituent mineral
in granitic continental crust, parts of which are believed to be
transported deep into the mantle via subduction of oceanic
lithosphere [Armstrong, 1981; Dupre and Allegre, 1983;
Hofmann, 1997; Sobolev and Shatsky, 1990]. KAlSi3O8

feldspar transforms to a high-pressure form with a hollandite
structure [Ringwood et al., 1967; Yamada et al., 1984] at
pressures greater than �9 GPa and at temperatures 1000–
1400�C via a mixture of K2Si4O9 wadeite + Al2SiO5

kyanite + SiO2 coesite, a reaction that has been confirmed
on the basis of both quench [Kinomura et al., 1975; Yagi
et al., 1994] and in situ X-ray diffraction experiments
[Urakawa et al., 1994]. The KAlSi3O8-rich hollandite
(K-hollandite, hereafter) has also been shown to be a major
phase in continental crust and marine sediment lithologies,
as well as in some basalts, at depths equivalent to the deeper

part of the upper mantle and throughout the mantle transition
region [Irifune et al., 1994; Schmidt, 1996;Ono, 1998;Wang
and Takahashi, 1999].
[3] Only few studies have been made on the stability of

K-hollandite under lower mantle conditions. Quench
experiments using multianvil apparatus (MA) on a K-rich
basalt demonstrated that K-hollandite is a major subsolidus
phase at pressures to 27 GPa and at 1700�C, equivalent to
the conditions of the uppermost lower mantle [Wang
and Takahashi, 1999]. These authors also suggested that
there is a possibility of occurrence of a phase transition in
K-hollandite at pressures of 20–22.5 GPa at 1700�C from
some indirect evidence.
[4] More recently, an experimental study with diamond

anvil cell (DAC) demonstrated that K-hollandite is stable at
pressures up to 95 GPa and temperatures to �2300�C,
leading to a conclusion that hollandite is the major host of
potassium down to a depth of 2200 km in the lower mantle
[Tutti et al., 2001]. However, this conclusion relies on the
results of quench experiments, and no in situ X-ray diffrac-
tion measurements under simultaneous high pressure and
high temperature corresponding to those of the lower mantle
have been conducted to date.

2. Experimental Method

[5] We made in situ X-ray diffraction observations using
both DAC and MA combined with synchrotron radiation.
We used a polycrystalline sintered piece of pure KAlSi3O8

hollandite, synthesized by MA, as the starting material for
the DAC experiment. This sample was polished to a square
block with sides of �80 mm and �25 mm thick. Helium
pressure medium was used and the pressure, as determined
by the changes in unit-cell volume of gold calculated with
an equation of state [Anderson et al., 1989], was also cross-
checked by the ruby scale [Mao et al., 1986]. While the
sample was maintained at high pressure, a monochromat-
ized (l = 0.4258 Å) and collimated (�30 mm) X-ray from
synchrotron source at the Photon Factory, Tsukuba, was
directed on the sample, and the diffracted X-ray was
acquired using an imaging plate, typically for 15 minutes
in each measurement. Further details of the experimental
set-up are given elsewhere [Yagi et al., 2001]. The X-ray
diffraction measurements were conducted every �2 GPa as
pressure was increased, and the phases present were iden-
tified on the basis of the diffraction profiles.
[6] In situ X-ray diffraction experiments at simultaneous

high pressure and high temperature were also conducted
using MA with sintered diamond anvils at SPring-8. The
cell assembly used in the present study was virtually the
same as that of our earlier study [Irifune et al., 2002]. An
energy-dispersive method was adopted for X-ray diffraction

GEOPHYSICAL RESEARCH LETTERS, VOL. 31, L23612, doi:10.1029/2004GL021156, 2004
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measurements with a white X-ray beam of �50 mm, and a
new 1500-ton MA (SPEED-MkII [Katsura et al., 2004])
was used for the experiments with sintered diamond anvils.
Temperature was measured with a W97Re3-W75Re25 ther-
mocouple and the pressure was evaluated by the volume
change in gold [Anderson et al., 1989]. The starting material
was a glass of pure KAlSi3O8 composition with some minor
quench crystals, which had previously produced single
phase K-hollandite in earlier quench experiments performed
at 15 GPa and at 1200�C in the MA.

3. Experimental Results

[7] Figure 1 shows the variations of the X-ray diffraction
profile for the KAlSi3O8 sample as a function of pressure at
room temperature in the DAC. The overall pattern of the
diffraction peaks for hollandite did not change with increas-
ing pressure to about 20 GPa (Figures 1a and 1b), but some
peaks started to split or broaden at�22–23 GPa (Figure 1c),
and a diffraction pattern quite different from that of the
hollandite structure was obtained at higher pressures
(Figure 1d). The diffraction peaks were found to be
reasonably indexed on the basis of a monoclinic symmetry
with I2/m space group, as listed in Table 1. The cell
parameters obtained by least-square fitting of the observed
diffraction data at 27.5 GPa were; a = 9.146 (3) Å, b = 2.640
(1) Å, c = 8.725 (3) Å, b = 91.54 (3) deg., and V = 210.6(1)
Å3, giving a density of 4.39 g/cm3 under this pressure.
Further detailed studies of the crystal structure and the

compressibility of this phase are currently being pursued
(T. Ferroir et al., manuscript in preparation, 2004).
[8] Variations of the X-ray diffraction profile in a run

using MA (run M080) are depicted in Figure 2. K-hollandite
was first synthesized from the glass starting material at
18 GPa, at 1200�C for one hour, and then further pressurized
at the room temperature (Figure 2a). Upon compression, the
diffraction peaks clearly became broader at pressures above
�22–23 GPa (Figure 2b), and some of the original single
peaks began to split at the highest pressure of 31.4 GPa at
room temperature (Figure 2c). This observation is consistent
with the results in the DAC experiment, although much
clearer peak splitting was noted in the latter experiment at
room temperature because of the use of the helium pressure
medium, which provides a quasi-hydrostatic environment
for the sample at high pressure.
[9] Temperature was then increased gradually at fixed

press load, and the X-ray diffraction data were collected for
5–10 minutes at a number of specific temperatures up to
1200�C. Upon increasing temperature, the diffraction peaks
became sharper and were completely split into several peaks
above �800�C. The whole X-ray diffraction pattern
obtained at 33.4 GPa, 1200�C (Figure 2d), was virtually
the same as that observed in the DAC experiment with
helium pressure medium at similar pressures and at the
room temperature (Figure 1d). The high-pressure phase
was preserved upon decreasing temperature under pressure
(Figure 2e), and the lattice parameters (a = 9.123 (1) Å, b =
2.644 (1) Å, c = 8.686 (2) Å, b = 91.55 (2) deg., and V =
209.4(1) Å3) measured at 29.4 GPa at the room temperature
were consistent with those obtained in the DAC experiment.
The new phase, however, converted back to the hollandite
structure at about 20 GPa during decompression, and the
diffraction profile at ambient conditions was that of the
hollandite structure (Figure 2f).
[10] Another MA run (run M039) was made with the

same glass starting material, by pressurizing the sample to
35.4 GPa without first synthesizing the hollandite phase at
lower pressure, and temperature was then increased to
1200�C at fixed press load. The same diffraction peaks that
were observed in the run using the K-hollanite starting
material were present. This indicates that the new phase
(hollandite II, hereafter) is indeed stable under these pres-
sure and temperature conditions, because the same phase
was obtained from the different starting material (glass and
K-hollandite), an important criterion in testing the thermo-
dynamic stability of the new phase. Again, hollandite II was
preserved in run M039 at the room temperature under
pressure after quenching, but it transformed to the hollandite
structure at the ambient pressure.

4. Discussion

[11] Figure 3 summarizes the present experimental con-
ditions and the results in a P-T diagram. We recently made
measurements of the P-V-T relations in K-hollandite using
MA at pressures up to 25 GPa and temperatures up to
�1500�C (N. Nishiyama et al., manuscript in preparation,
2004). These experiments confirmed that the hollandite
structure is stable under these conditions, as shown in
Figure 3 (for run M044), although notable broadening of
some diffraction peaks is apparent at temperatures below

Figure 1. X-ray diffraction profiles of KAlSi3O8 in DAC
with increasing pressure at room temperature. Only the
diffraction peaks of K-hollandite, in addition to those of Au
and Al2O3 as the pressure scales and Re gasket, were
observed at ambient conditions (a) and at 20.1 GPa (b). The
diffraction profile started to change at �22–23 GPa (c), and
hollandite II was formed at higher pressures (d).
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�700�C, indicative of the commencement of the phase
transition to hollandite II. Thus it is most likely that the
boundary between K-hollandite and hollandite II has a steep
positive slope and locates at about 24 GPa at high temper-
ature as shown by the dashed line in Figure 3, although
further study is needed to define the phase boundary more
quantitatively.
[12] It was reported that K-hollandite is stable at pres-

sures and temperatures far exceeding those of the present
study, on the basis of quench experiments with DAC [Tutti
et al., 2001]. In this study, in situ X-ray diffraction measure-
ments were also made after laser heating under high
pressure and at room temperature. No structural changes
were apparent at pressures up to at least 50 GPa, except
for possible amorphization at higher pressures, although
no detailed descriptions on the diffraction profiles, the
P/T conditions, and heating durations were reported for
these in situ X-ray measurements.
[13] These results are totally inconsistent with our results

based on in situ X-ray observations using both MA and
DAC. It is understandable that these authors [Tutti et al.,
2001] concluded that K-hollandite does not transform to any
other structures based on the analyses of the recovered
sample, because, as we found in our experiments, hollandite
II converts to the hollandite structure at ambient conditions.
The transition could have been overlooked due to relatively
poor resolution in the observed diffraction profiles, because
of the use of a small CCD detector and/or the effect of the
non-hydrostatic stress produced in the sample without

pressure medium in their experiments. Alternatively, the
presence of small amounts of other cations, such as Na, Ba,
Mg, and Ca, in the natural K-feldspar that was used as the
starting material [Tutti et al., 2001] might affect the stability
of hollandite II under pressure.
[14] On the other hand, the presence of a phase transi-

tion in K-hollandite at 20–22.5 GPa and 1700�C was
suggested, on the basis of abrupt changes in both the
chemical composition of this phase and in melting relations
of a K-rich basaltic composition [Wang and Takahashi,
1999]. Although the pressure range for the proposed phase
transition is slightly lower than that of our study (�24 GPa),
the discrepancy may be due to difference in estimates of
pressure at high temperature between the two studies. Thus it
is likely that the predicted phase transition in K-hollandite
observed in the K-rich basalt corresponds to the K-hollandite
to hollandite II transition discovered in the present study. A
significant change in the Hugoniot data on KAlSi3O8 was
noted at pressures of 12–30 GPa in shock compression
experiments, and this was interpreted as proposed being due
to the formation of a mixed phase assemblage [Ahrens and
Liu, 1973]. This may also be explained by the K-hollandite
to hollandite II transition at about 24 GPa, taking into
account the uncertainty of the pressure estimation in these
experiments.

Table 1. X-ray Diffraction Data of Hollandite II at 27.5 GPa, at

Room Temperaturea

h k l dobs (Å) dcal (Å) (dobs/dcal) � 1

2 0 2 4.566 4.571 �0.0011
0 0 2 4.359 4.361 �0.0003

�2 0 2 3.195 3.199 �0.0012
2 0 2 3.118 3.114 0.0013

�3 0 1 2.903 2.901 0.0005
3 0 1 2.8529 2.8531 �0.0001

�1 0 3 2.7912 2.7924 �0.0004
1 0 3 2.7473 2.7492 �0.0007
1 1 0 2.5330 2.5360 �0.0012
2 1 1 2.2033 2.2039 �0.0003
0 0 4 2.1839 2.1804 0.0016
3 1 0 1.9937 1.9952 �0.0007
0 1 3 1.9550 1.9543 0.0004

�3 1 2 1.8276 1.8266 0.0006
3 1 2 1.8001 1.8023 �0.0012
2 1 3 1.7853 1.7853 0.0000

�4 1 1 1.7024 1.7016 0.0005
4 1 1 1.6892 1.6884 0.0005

�1 1 4 1.6581 1.6595 �0.0008
1 1 4 1.6462 1.6473 �0.0006

�4 0 4 1.6009 1.5994 0.0010
6 0 0 1.5254 1.5238 0.0011

�5 1 2 1.4555 1.4536 0.0013
5 1 2 1.4121 1.4114 0.0005

�2 1 5 1.3952 1.3958 �0.0004
2 1 5 1.3763 1.3778 �0.0008
0 2 0 1.3210 1.3198 0.0009

�6 1 1 1.3080 1.3093 �0.0010
�5 1 4 1.2498 1.2506 �0.0006
5 1 4 1.2252 1.2249 0.0002
4 1 5 1.2148 1.2153 �0.0003
aMonoclinic symmetry with I2/m space group. a = 9.146 (3) Å, b = 2.640

(1) Å, c = 8.725 (3) Å, b = 91.54(3) deg., V = 210.6 (1) Å3, r = 4.39 g/cm3.

Figure 2. Variations of X-ray diffraction profile of
KAlSi3O8 in MA with increasing pressure (a–c), and at
high temperature under the maximum load (d). Hollandite II
was quenchable to room temperature under pressure (e), but
converted to the hollandite structure when the pressure was
released (f).
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[15] It has been demonstrated that K-hollandite is present
near the liquidus in both K-rich basalt and continental crust
materials at pressures above �20 GPa [Irifune et al., 1994;
Wang and Takahashi, 1999]. K-hollandite has a peculiar
crystal structure possessing relatively large tunnels sur-
rounded by four double chains of edge-shared octahedra
along the c-axis, and has been demonstrated to retain some
trace elements with large ionic radii, such as La, Pb, K, and
Sr, whereas Nb and U are excluded. It follows that
chemical fractionation due to partial melting in the pres-
ence of K-hollandite may introduce some distinctive geo-
chemical signatures in the deep mantle, which are
inconsistent with the characteristics of enriched mantle
reservoirs for EMI, EMII, and HIMU ocean island basalts
[Irifune et al., 1994]. The present results suggest that such
arguments are invalid for chemical fractionation at the
lower mantle depths, because the transition of K-hollandite
to the new structure should change the element partitioning
and melting behaviors under these conditions. Abrupt
enrichments of Ca and Na components in K-hollandite,
presumably converted from hollandite II on release of
pressure, were indeed noted in a K-rich basaltic composi-
tion coexisted with the melt at pressures 22.5 and 25 GPa
[Wang and Takahashi, 1999]. Thus further studies on
partitioning of the key trace elements between hollandite
II and the coexisting melts in continental crust or basaltic
lithologies should provide important constraints on the
origin of distinctive geochemical components in the deep
mantle.
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Figure 3. P-T conditions of the present in situ X-ray
diffraction measurements using DAC (squares) and MA
(circles). The diamond symbols are those of an earlier study
[Tutti et al., 2001] based mainly on quench experiments
using DAC. Open symbols denote glass starting material,
while filled symbols represent the P-T conditions where
hollandite II was formed and the shadow symbols are those
where K-hollandite was formed. The dashed line indicates
the possible phase boundary between K-hollandite and
hollandite II.
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INTRODUCTION

KAlSi3O8 hollandite, orthoclase, is one of the abundant miner-

als found in the crust. It is an important host mineral of potassium 

at near-surface conditions of the Earth and is transported into the 

deeper part of the mantle as one of the components of subduct-

ing slab. However, the nature of potassium-bearing minerals 

in the deep mantle is still a matter of debate. When KAlSi3O8 

hollandite is subjected to high pressure, it Þ rst decomposes into 

a three-phases assemblage (wadeite-type K2Si4O9 + Al2SiO5 

kyanite + SiO2 coesite) at ~6 GPa and then recombines to form 

a hollandite-structured phase (KAlSi3O8, hereafter) above ~9 

GPa. For depths lower than 100 km, Wendland and Eggler (1980) 

suggested that kalsilite (KAlSiO4) is stable instead of sanidine (a 

high-temperature form of orthoclase, KAlSi3O8) based on their 

study of the K2O-Al2O3-SiO2 system. On the other hand, Som-

merville and Arhens (1980) argued that KAlSi3O8 hollandite is 

a more plausible potassic phase under lower mantle conditions 

because Si and Al atoms are octahedrally coordinated and hence 

the hollandite structure has higher density. More recently, Gil-

let et al. (2000) identiÞ ed a KAlSi3O8 hollandite phase, which 

crystallized at around 23GPa in two Martian meteorites, show-

ing that KAlSi3O8 hollandite can actually be synthesized under 

�natural� conditions.

Since the Þ rst synthesis of KAlSi3O8 hollandite (Ringwood et 

al. 1967), several studies have been made to clarify its stability 

Þ eld (Kinomura et al. 1975; Liu 1978; Yagi et al. 1994; Urakawa 

et al. 1994) and crystal structure (Yamada et al. 1984). Recent 

experimental study in the diamond anvil cell demonstrated that 

KAlSi3O8 hollandite is stable up to pressures of 95GPa (Tutti et 

al. 2001), leading to the conclusion that KAlSi3O8 hollandite is a 

major host for potassium in the deep mantle. However, because 

this study relied mainly on the analysis of quenched samples, 

pursuing in-situ measurements under mantle pressures are still 

necessary.

The study of the KAlSi3O8 hollandite compression curve is 

also very important to the understanding the dynamics of sub-

ducted continental slab. To constrain the mineralogy and density 

of subducted slabs through the 670 km discontinuity, the equation 

of state (EOS) and physical properties of their main constituents 

must be known. The isothermal bulk modulus of KAlSi3O8 hol-

landite was measured by Zhang et al. (1993) using single-crystal 

X-ray diffraction; however, their study was limited to pressures 

up to 4.5 GPa, which is too low to make reliable extrapolations 

to the deep mantle. 

In the present paper, we present new high-pressure mea-

surements performed up to 32 GPa in the diamond anvil cell at 

room temperature, using hydrostatic pressure transmitting media 

These measurements provide new constraints on the KAlSi3O8 

hollandite EOS. We also report the Þ rst evidence of a structural 

phase transition occurring at ~20 GPa.

EXPERIMENTAL METHOD

Powder X-ray diffraction data were collected at both at the Institute for Solid 

State Physics, University of Tokyo, using MoK! radiation (rotating anode) and at 

the BL13-A beam line of the Photon Factory, KEK (synchrotron source). We used 

modiÞ ed Mao-Bell type diamond anvil cells, with anvils having culet diameters of 

450 µm. Rhenium gaskets were pre-indented to 11 GPa and drilled to a diameter 

of 180 µm. Experiments below 10 GPa were carried out using a methanol-ethanol 

(4:1) mixture as a pressure-transmitting medium. For higher pressure, He gas was 

loaded using a system similar to the one described by Yagi et al. (1996). Starting 

sample was a pure KAlSi3O8 hollandite with hollandite structure. It was prepared 

from an isochemical mixture of K2CO3, Al2O3, and SiO2, Þ red in air for degassing 

and then converted to hollandite structure at 20 GPa and 1500 °C in a �Kawai-type� 
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ABSTRACT

 The tetragonal hollandite structure (KAlSi3O8 hollandite) has been studied up to 32 GPa at room 

temperature using high-pressure in-situ X-ray diffraction techniques. A phase transformation from 

tetragonal I4/m phase to a new phase was found to occur at about 20 GPa. This transition is revers-

ible on release of pressure without noticeable hysteresis and hence this new high-pressure phase is 

unquenchable to ambient conditions. The volume change associated with the transition is found to 

be small (not measurable), suggesting a second order transition. The diffraction pattern of the high-

pressure phase can be indexed in a monoclinic unit cell (space group I2/m), which is isostructual 

with BaMn8O16 hollandite. The " angle of the monoclinic unit cell increases continuously above the 

transition. A Birch-Murnaghan equation of state Þ t to pressure-volume data obtained for KAlSi3O8 

hollandite yields a bulk modulus K0 = 201.4 (7) GPa with K'0 = 4.0. 
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multi-anvil apparatus at the Ehime University. For experiments below 10 GPa, a 
polycrystalline sintered piece of synthesized sample was polished to a 50 µm thick 
square block ~80 µm on a side. For the higher pressure runs, we used samples 
with a 20 µm thickness. In the sample chamber, a square block of sample, several 
ruby chips, and a small piece of gold foil were placed together with the pressure-
transmitting medium. To precisely calibrate the pressures in the experiments, we 
used the ruby ß uorescence technique (Mao et al. 1986) and the EOS of gold (Shim 
et al. 2002). In all cases, pressures determined by the ruby ß uorescence method 
and the EOS of gold did not differ by more than 0.2 GPa. Unit-cell volumes of 
gold calculated from (111) and (200) diffraction lines coincide well within the 
experimental error in all the experiments, which guarantees hydrostatic nature of 
the applied pressure. To look for any hysteresis in the unit-cell parameters of the 
sample, which can be caused by the existence of non-hydrostatic pressure, X-ray 
patterns were collected both on compression and decompression. 

Experiments MET was performed using a MoK! laboratory X-ray source 
with a beam size of ~100 µm. Patterns were collected on an imaging plate for 
~12 h. Experiments He1, He2, and He3 were performed at the Photon Factory 
synchrotron source using a monochromatic X-ray beam of wavelength 0.4258 Å 
collimated to 30 /m diameter. At the Photon Factory, X-ray patterns for the sample 
and gold pressure marker were collected separately in ~5 to 15 min using a Rigaku 
imaging plate system (R-AXIS IV). Sample to detector distance was calibrated 
with an Ag sample.

Figure 1 represents typical 2-D diffraction patterns obtained in run He1 at 17.1 
GPa and 30.1 GPa. As shown in the Þ gure, the diffraction lines from the sample 
are spotty but very clear, indicating that the number of grains was sufÞ cient for 
a basic structural analysis. Figure 2 shows an example of a series of integrated 
1-D X-ray patterns obtained with increasing pressure. These integrated diffraction 
patterns were indexed using the structural parameters and atom positions described 
in Yamada et al. (1984) and reÞ ned using the Le Bail algorithm as found in the 
GSAS package (Larson and Von Dreele 1994). 

RESULTS

Equation of state of KAlSi3O8 hollandite  

For pressures below 20 GPa, the overall diffraction patterns 
did not change signiÞ cantly and consistently matched the re-
Þ nements performed assuming a tetragonal crystal symmetry. 

ReÞ ned cell parameters, pressures and their uncertainties are 
summarized in Table 1. EOS parameters were calculated using 
the software EoSFit5.2 and a second order Birch-Murnaghan 
equation, 

P = 3 K0 fE (1 + 2fE)5/2 [1 + 3/2 (K'0  � 4) fE]

where K0 and K'0 are the room temperature bulk modulus and 
its Þ rst pressure derivative, respectively, and fE is the Eulerian 
strain deÞ ned as 

fE = 0.5 [(V/V0)2/3 �1]

where V and V0 are volume at pressure P and zero pressure, 
respectively. To determine K'0, Eulerian strain obtained in all the 
runs was plotted as a function of F, which is deÞ ned as

F = P/ [3 fE (2 fE + 1)5/2].

 It is clear that the data are Þ t reasonably well by a horizon-
tal line and, therefore, K'0 was Þ xed to 4.0 for the rest of the 
analysis (Fig. 3) The zero pressure volume V0 was measured 
at each run after complete release of pressure, and V/V0 ratios 
were calculated using those measured V0 values. Since these V0 
values were measured using different X-ray systems, they are 

FIGURE 1. X-ray diffraction patterns of KAlSi3O8 hollandite obtained 
in the run He1 at (a) 17.1GPa, and (b) 30.1 GPa. Diffraction patterns 
from gold pressure marker are overlapped and some strong peaks from 
hollandite are indexed for the comparison with Figure 2.

FIGURE 2. Integrated X-ray diffraction patterns of KAlSi3O8 
hollandite measured with increasing pressure. Many peaks start to 
split at about 20 GPa as a result of the transformation to hollandite-II. 
Patterns were indexed in I4/m (below 20 GPa) and I2/m space groups 
(30.1 GPa). Not all the indexed peaks are shown. Helium was used as 
pressure-transmitting medium. Some non-indexed peaks are from either 
the gold pressure marker or from the gasket material.
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rather scattered as shown in Table 1. However, V/V0 values are 
much less scattered as shown in Figure 4. The bulk modulus K0 
was reÞ ned from these measured pressures and volumes and 
yielded K0 = 201.4(7) GPa with K'0 = 4.0. The zero pressure 
volume, determined from the average of the four runs, was V0 = 
237.01(33) Å3. The V/V0 values determined in the present study, 
those reported by Zhang et al. (1993) from single-crystal analy-
sis, and the Birch-Murnaghan Þ t for the present data are shown 
in Figure 4. The zero pressure volume we have obtained is in 
reasonable agreement with previously published data, as sum-
marized in Table 2. However, we Þ nd that KAlSi3O8 hollandite 
seems to be slightly less compressible than reported by Zhang 
et al. (1993), as will be discussed later. 

Evidence for a phase transition

Above ~21 GPa, many diffraction peaks started to broaden 
and split into two or more peaks upon further compression. 
It is known that some of the hollandite-type structures have 
monoclinic unit cells with I2/m space group symmetry (Cheary 
and Squadrito 1989; Post et al. 1982; Miura 1986). To inves-
tigate the crystallographic structure of the new high-pressure 
phase (hereafter referred to as hollandite-II), we tried to Þ t a 
monoclinic cell to the data obtained at 27.5 GPa. The indexing 
of diffraction peaks was performed by comparing the observed 

2# values of some strong peaks with those calculated for the 
possible reß ections for the group I2/m based on the �tentative� 
unit-cell parameters. With the aid of the newly obtained unit-cell 
parameters, reÞ ned by least square method, the diffraction peaks 
were re-indexed. Repeating this process until all the observed 
diffraction lines were properly indexed, we obtained good 
agreement between the observed and calculated peak positions 
with the following unit-cell parameters: a = 9.1556 (2) Å, b = 
8.7084 (5) Å, c = 2.6407 (2) Å, " = 91.46 (1)°, V = 210.48(2) Å3 
(Table 3). Although we have observed splitting of some peaks 
there is no evidence for the appearance or disappearance of any 
peaks associated with the transition. Intensities of the observed 

TABLE 1.  Cell parameters of KAlSi3O8 and hollandite-II obtained in 
the present study

Data no.*  P/GPa   a/Å   b/Å   c/Å  "/°.  V/Å3

MET-1 0.0   9.331(1)   –  2.727(1) 90.0  237.5(1)
MET-2 1.7   9.300(1)  – 2.723(1) 90.0  235.5(1)
MET-3 2.8   9.277(2)   – 2.718(1) 90.0  233.9(1)
MET-4 4.3   9.260(2)  –  2.712(2) 90.0  232.5(2)
MET-5 5.7   9.237(1)   – 2.711(1) 90.0  231.3(1)
MET-6 6.5   9.225(1)   – 2.709(1) 90.0  230.5(1)
MET-7 7.5   9.205(1)   –  2.705(1) 90.0  229.2(1)
MET-8 8.9   9.192(1)   – 2.700(1) 90.0  228.1(1)

He1-1 0.0   9.322(4)   –  2.725(1) 90.0  236.8(1)
He1-2 3.7   9.266(2)   – 2.715(1) 90.0  233.1(1)
He1-3  10.2   9.165(3)  – 2.695(2) 90.0  226.4(1)
He1-4  12.7   9.125(5)   –  2.687(2) 90.0  223.7(1)
He1-5  15.2   9.098(3)   – 2.680(1) 90.0  221.8(1)
He1-6  17.1   9.077(5)   – 2.673(1) 90.0  220.2(1)
He1-7  25.6   9.121(4)   8.812(3)  2.650(1) 91.1(2) 212.9(7)
He1-8  27.0    9.144(3)   8.756(4)  2.647(1) 91.3(3) 211.9(10)
He1-9  30.1   9.145(3)   8.673(3)  2.633(1) 91.7(2) 208.7(8)

He2-1  12.9   9.1272(6)   –  2.6860(2) 90.0  223.76(3)
He2-2  20.1   9.0453(8)   –  2.6671(2) 90.0  218.21(4)
He2-3  23.4   9.1335(2)   8.8583(2)  2.6533(1) 90.92(1) 214.65(1)
He2-4  27.5   9.1556(2)   8.7084(5)  2.6407(2) 91.46(1) 210.48(2)
He2-5  25.1   9.1468(14)   8.7833(18)  2.6514(4) 91.23(2) 213.00(6)
He2-6  20.3   9.0303(7)  – 2.6665(1) 90.0  217.45(3)
He2-7  0.0   9.3261(6)   – 2.7262(2) 90.0  237.11(3)

He3-1  4.2   9.2497(4)   – 2.7113(2) 90.0  231.97(3)
He3-2  8.8   9.1827(2)   – 2.6973(1) 90.0  227.44(2)
He3-3  10.8   9.1539(4)   – 2.6908(2) 90.0  225.47(2)
He3-4  15.8   9.0891(4)   –  2.6764(1) 90.0  221.10(2)
He3-5  20.0   9.0373(7)  –  2.6641(2) 90.0  217.58(4)
He3-6  18.7   9.0473(9)   –  2.6673(3) 90.0  218.33(5)
He3-7  13.1   9.1215(4)   –  2.6848(2) 90.0  223.38(3)
He3-8  9.0   9.1775(3)   –  2.6967(1) 90.0  227.13(2)
He3-9  0.0   9.3195(4)   – 2.7246(2) 90.0  236.63(3)

*Seven data obtained between 20.1 GPa and 23.4 GPa are not listed in this 
table because unit-cell parameters were not determined at these pressures (see 
text). 

FIGURE 4. Volume compression of KAlSi3O8 at room temperature. 
Solid line is an isothermal compression curve with K0 = 201 GPa and K'0 = 
4 obtained by Þ tting a Birch-Murnaghan EOS to the volume compression 
data up to 20 GPa. Open circle = KAlSi3O8, solid circle = hollandite-II, 
solid triangle = (Zhang et al. 1993).

FIGURE 3. F-fE plot from the volume compression data of KAlSi3O8 
up to 20 GPa, where F = P/ [3 fE (2 fE + 1)5/2] and fE = 0.5 [(V/V0)2/3 �1]. 
From this Þ gure, the value of K0' was determined to be 4. 
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diffraction peaks were compared with those calculated from the 

hollandite structure with I2/m space group symmetry. Since the 

observed diffraction lines from the sample were spotty and the 

relative intensities change from run to run, it is difÞ cult and 

meaningless to make detailed comparisons; however, the general 

agreement between observed and calculated intensities is good. 

Lower pressure data above 23.4 GPa were also investigated using 

the same indexing scheme and the resultant unit-cell parameters 

are summarized in Table 1 and Figures 5 and 6. Although we 

have made many observations near the transition pressure, the 

unit cell of the high-pressure phase was calculated only for the 

data above 23.4 GPa, where the splitting of the peaks become 

large enough so that they can be identiÞ ed as separate peaks. On 

decompression, the high-pressure phase reverts to the starting 

low pressure phase. From the careful observation of the broad-

ening of diffraction peaks, we can conclude that the transition 

occurs reversibly without any noticeable hysteresis. Zero pres-

sure volumes measured after each experiment did not have any 

meaningful difference among the runs with or without the phase 

transformation. Thus, this phase transformation is completely 

reversible at room temperature.

DISCUSSION

Existence of the phase transition

This report of a new phase of KAlSi3O8 hollandite at high 

pressure contrasts with the results of Tutti et al. (2001) who 

studied the high-pressure behavior of KAlSi3O8 hollandite up to 

50 GPa with in situ X-ray experiments and up to 95 GPa with 

quench samples. They reported that the hollandite-type KAlSi3O8 

TABLE 2. Summary of V0 and K0  for KAlSi3O12 hollandite

Reference  V0/Â3 K0/GPa K0 ‘

Ringwood et al. (1967) 241.06  – 
Yamada et al. (1984) 236.73(3)  – 
Zhang et al. (1993) 236.26(36) 180(3) 4.0 
ibid.  – 191(6) * 4.0 
Yagi et al. (1994) 237.2(1)  –
This study 237.01(33) 201.4(7) 4.0 

* Bulk modulus obtained without constraining V0.

TABLE 3. Observed and calculated d-values of hollandite-II at 27.5 GPa 

h k l dobs/Å dcal */Å (dobs/dcal)–1

200 4.5660 4.5713 –0.0011
020 4.3594 4.3608 –0.0003–
220 3.1948 3.1987 –0.0012
220 3.1176 3.1137 0.0013–
310 2.9030 2.9014 0.0005
310 2.8529 2.8531 –0.0001–
130 2.7912 2.7924 –0.0004
130 2.7473 2.7492 –0.0007
101 2.5330 2.5360 –0.0012
211 2.2033 2.2039 –0.0003
040 2.1839 2.1804 0.0016
301 1.9937 1.9952 –0.0007
031 1.9550 1.9543 0.0004–
321 1.8276 1.8266 0.0006
321 1.8001 1.8023 –0.0012
231 1.7853 1.7853 0.0000–
411 1.7024 1.7016 0.0005
411 1.6892 1.6884 0.0005–
141 1.6581 1.6595 –0.0008
141 1.6462 1.6473 –0.0006–
440 1.6009 1.5994 0.0010
600 1.5254 1.5238 0.0011
060 1.4555 1.4536 0.0013–
521 1.4311 1.4308 0.0002
521 1.4121 1.4114 0.0005–
251 1.3952 1.3958 –0.0004
251 1.3767 1.3778 –0.0008
002 1.3210 1.3198 0.0009–
611 1.3080 1.3093 –0.0010–
541 1.2498 1.2506 –0.0006
541 1.2252 1.2249 0.0002
451 1.2148 1.2153 –0.0003

*a = 9.1556(2) Å, b = 8.7084(5) Å, c = 2.6407(2) Å, " = 91.46(1)°, V = 210.48(2) Å3

FIGURE 5. Change in unit-cell parameters (a/a0, b/b0, and c/c0) as 

a function of pressure. Open and solid symbols are for KAlSi3O8 and 

hollandite-II, respectively. Solid and dotted lines are not best-Þ ts to the 

data and are for visual purposes only.

FIGURE 6. Change in "-angle as a function of pressure. Lines are 

for visual purposes only.
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hollandite  was stable up to the highest pressures and there was no 

phase transition over the entire pressure range studied. However, 

no comparison can be made between our high-pressure results 

and those of Tutti et al. (2001) because no X-ray diffraction pat-

tern of their high-pressure in situ experiment was published in 

their study. As shown in Figure 1, the overall diffraction pattern 

does not differ much between the low and high-pressure phases 

and the differences can be detected only when the patterns have 

adequate resolution. Tutti et al. (2001) used a small CCD detector 

for which the resolution is rather limited for their in situ X-ray 

measurements. Furthermore, the splitting of the peaks can only 

be seen in a hydrostatic environment. The use of a solid pres-

sure-transmitting medium in their experiment could explain why 

they did not observe the phase transition. Another possibility is 

that they used a natural sample as starting material and that the 

existence of small amount of minor elements could affect the 

transition. Tutti et al. (2001) used two natural samples and they 

contained some Na, Ba, and Mg.

The new phase transition presented in this article has recently 

been investigated at high pressure and high temperature using 

multi-anvil presses combined with synchrotron X-rays (Sueda 

et al., pers. comm.) These authors carried out high-pressure and 

high-temperature in situ X-ray studies of pure, polycrystalline 

KAlSi3O8. First, they observed that the diffraction peaks became 

broad with decreasing temperature at around 22 GPa. Above 30 

GPa, the transition could be clearly observed at elevated tempera-

ture and after heating, even by directly compressing the powder 

sample. By combining our present result with that of Sueda et al., 

it is clear that the monoclinic phase of KAlSi3O8 hollandite has 

wide stability range under the conditions of the deep mantle. 

Nature of the phase transition 

It is known that hollandite structure can adopt either mono-

clinic or tetragonal symmetry, depending on the ratio of the av-

erage ionic radius of the octahedral cations to that of the tunnel 

cations (Post et al. 1982). BaMn8O16 hollandite adopts monoclinic 

symmetry while KAlSi3O8 hollandite adopts tetragonal symmetry 

at ambient condition. Zhang et al. (1993) have predicted, based on 

their studies of the compressional behavior of various polyhedra 

in KAlSi3O8, that it will transform from tetragonal to monoclinic 

symmetry at high pressure. Present results are consistent with 

their prediction.

Figure 5 shows the change of axial ratio associated with the 

transition. The original a axis of the tetragonal unit cell splits into 

the long a and short b axis of the monoclinic cell. The c axis, on 

the other hand, compresses almost continuously across the phase 

transformation. As shown in Figure 4, no discontinuous change 

in volume was found associated with this transition but, in the 

pressure range from 23 to 30 GPa, the structure became more 

compressible than the low-pressure phase. All these facts suggest 

that this phase transition is a second order transition caused by the 

onset of distortion of large open tunnels in the hollandite structure. 

This means that although this transition has a small effect on the 

bulk density of the crystal, it may affect signiÞ cantly the nature 

of the large open tunnels in the structure at higher pressures. It 

has been reported, based on the quench experiments, that vari-

ous properties of KAlSi3O8 hollandite change at ~20 GPa. Yagi 

et al. (1994) reported that in the system KAlSi3O8-NaAlSi3O8 

the solubility of Na in KAlSi3O8 hollandite increases with pres-

sure up to a maximum at around 22 GPa and 1000 °C and then 

decreases at higher pressures. Wang and Takahashi (1999) also 

reported a change of the melting curve of KAlSi3O8 hollandite 

at around 20�22.5 GPa and 1700 °C. All of these changes of the 

physical properties of KAlSi3O8 hollandite at about 20 GPa may 

be related to the onset of this transition, which was not detected 

by the previous quench experiments.

It has been suggested that KAlSi3O8 hollandite might be a 

common minor phase in the upper and lower mantle but with 

important implications, as it may be a major host for potassium 

and other geochemically important elements (i.e., Ba, Sr, and 

Pb) in those regions. For example, Irifune et al. (1994) showed 

that KAlSi3O8 hollandite strongly retains Pb, is a host for La and 

selectively excludes U. These features are, however, derived 

from the experiments in the stability Þ eld of KAlSi3O8. This new 

phase transition in KAlSi3O8 hollandite may affect considerably 

the chemistry in multi-component system containing hollandite 

structure and, thus, further study will be required to clarify the 

geochemical behavior of KAlSi3O8 hollandite in the stability Þ eld 

of hollandite-II. 

Bulk modulus and compressibility of KAlSi3O8 hollandite 

and hollandite-II

The bulk modulus of KAlSi3O8 hollandite measured in the 

present study is 201.4(7) GPa, which is slightly larger than the 

value [180(3) GPa] previously reported by Zhang et al. (1993) 

from single-crystal measurements under hydrostatic conditions. 

However, their pressure range was limited to 4.5 GPa. They re-

ported in their study that the resulting bulk modulus was quite 

sensitive to the choice of V0; if the bulk modulus is calculated 

without constraining V0, their bulk modulus becomes 191(6) GPa 

with K'0 = 4.0. Therefore, the actual difference in the volume is 

very small, as can be seen in Figure 4.

We have made four independent runs using two different 

pressure-transmitting media and measurements were made 

during both increasing and decreasing pressure cycles. All these 

data are quite consistent and can be Þ tted by a single compression 

curve, as shown in Figure 4. Therefore, we believe that this is 

the most reliable compression curve of KAlSi3O8 hollandite at 

room temperature. 

The volume compression of hollandite-II is also shown in 

Figure 4. Although the phase transition starts at about 21 GPa, 

no discontinuous change in volume was detected in the present 

study. The hollandite-II is, however, more compressible compared 

to the extrapolated compression curve of KAlSi3O8. As noted 

above, the compressibility of each axis of the unit cell does not 

differ signiÞ cantly before and after the transition. Rather, it is 

the change of the angle " that is related primarily to the rapid 

decrease in volume. The "-angle starts to deviate rapidly from 

90° with the onset of the transition and it is still increasing even 

at about 30 GPa, as shown in Figure 6. Further experiments to 

higher pressures are required to evaluate the actual change of " 

under deep mantle conditions. The pressure range of the present 

measurement is not large enough to properly constrain the equa-

tion of state of hollandite-II but it is clear that this phase becomes 

slightly denser than indicated by the simple extrapolation of the 

compression curve of KAlSi3O8. 
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Dramatic technical progress seen over the past decade now allows the plastic

properties of materials to be investigated under extreme pressure and

temperature conditions. Coupling of high-pressure apparatuses with synchro-

tron radiation significantly improves the quantification of differential stress and

specimen textures from X-ray diffraction data, as well as specimen strains and

strain rates by radiography. This contribution briefly reviews the recent

developments in the field and describes state-of-the-art extreme-pressure

deformation devices and analytical techniques available today. The focus here is

on apparatuses promoting deformation at pressures largely in excess of 3 GPa,

namely the diamond anvil cell, the deformation-DIA apparatus and the

rotational Drickamer apparatus, as well as on the methods used to carry out

controlled deformation experiments while quantifying X-ray data in terms of

materials rheological parameters. It is shown that these new techniques open the

new field of in situ investigation of materials rheology at extreme conditions,

which already finds multiple fundamental applications in the understanding of

the dynamics of Earth-like planet interior.

Keywords: materials; plastic deformation; high pressure; high temperature; rheology;

synchrotron X-ray; diffraction; imaging; stress; strain; strain rate.

1. Introduction

Recent technical advances in high-pressure devices coupled

with synchrotron radiation allow investigation of materials

rheology at pressure (P) and temperature (T) in excess of

135 GPa and 1870 K, respectively. Specimens of a few cubic

millimeters in multi-anvil apparatuses, or of thousands of

cubic micrometers in the diamond-anvil cell, can now be

deformed at pressures corresponding to those existing

hundreds or thousands of kilometers within Earth-like planets.

During deformation, the applied differential stress (t) and

resulting specimen strain (") and strain rate ( _"") are quantified

in situ by time-resolved X-ray diffraction and radiography.

Although the basic principles of these measurements are

straightforward, i.e. t is deduced from diffraction peak shifts

arising from polycrystalline materials within the cell, and " is

measured optically on a fluorescent YAG crystal placed

downstream with respect to the specimen, carrying out these

measurements at extreme conditions has been challenging.

This has required adapting the high-pressure devices to allow

deformation of specimens and collection of the diffracted

beams in specific orientations with respect to the principal

stress directions, as well as developing the tools to quantify the

stress tensor from small d-spacing variations between different

populations of grains within deforming aggregates.

These new techniques renewed interest in research invol-

ving the in situ investigation of materials rheological proper-

ties at extreme conditions. They have multiple potential

applications in Earth sciences when investigating the dynamics

of planet interiors, as well as in materials science for the search

for new super-hard materials or for quantifying armor resis-

tance during shell explosions. Here we review the state-of-the-

art of the high-pressure devices available today for these types

of measurements, the techniques involved, and their resolu-

tions to quantify stress, texture, specimen strain and strain

rate, whether using a monochromatic or a white X-ray beam to

collect the data.

2. Extreme-pressure deformation devices

We focus here on apparatuses which allow deforming mate-

rials at pressure largely in excess of 3 GPa. Until recent years,

controlled deformation experiments in Paterson-type gas

medium apparatuses or Griggs-type solid medium apparatuses

(e.g. Bistricky et al., 2000; Jung & Green, 2009) were limited to

typically 3 GPa pressure. Previous attempts to use the

diamond anvil cell (DAC) or the multi-anvil large-volume
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press to quantitatively deform specimens at higher pressure,

by using specific cell assembly geometry (e.g. Bussod et al.,

1993; Zhang & Karato, 1995; Karato & Rubie, 1997; Cordier et

al., 2003; Raterron et al., 2004), were limited to relaxation

deformation upon heating and often ‘cook and look’-type

experiments, i.e. without in situ rheological measurements [see

Durham & Rubie (1998) for a review]. In the DAC, rheolo-

gical parameters, such as the applied stress, could not be

quantified since only axial diffraction (along the compression

axis) was available. Over recent years, the development of

radial diffraction in the DAC and the Drickamer press, as well

as the parallel developments of the deformation-DIA appa-

ratus and the rotational Drickamer apparatus, drastically

changed this picture.

2.1. Radial diffraction in the DAC

DAC experiments allow experimental investigations in the

whole pressure range typical of the Earth’s lower mantle, i.e.

at P in excess of 135 GPa which is far beyond the range

accessible with other static devices. The use of uniaxial loading

results in significant pressure gradients and differential

stresses, despite the efforts devoted to reduce this effect.

Nevertheless, one can take advantage of this situation to

achieve plastic deformation. For deformation experiments,

measurements are performed in the radial geometry (Fig. 1).

In this geometry, the X-ray beam passes through the DAC

perpendicular to the axis and, in this case, Debye rings in

diffraction patterns record a whole range of orientations, with

lattice planes from parallel to almost perpendicular to the

DAC and deformation axis. The diffraction pattern illustrates

elastic deformation effects expressed in elliptical distortions of

Debye rings and intensity variations that signify texture.

The confining gasket must thus be made of a material

transparent to X-rays. In the first DAC deformation experi-

ments (Kinsland & Bassett, 1976), no gasket was used and the

sample was simply compressed between the two diamond

anvils. This limited greatly the pressure range, resulted in

radial flow of the sample towards the edges of the diamond

anvils, and introduced tremendous pressure gradients. Later,

other approaches were introduced for gaskets, such as the use

of a mixture of amorphous boron and epoxy, a low-Z material

such as beryllium, or a proper combination of kapton sheet

and boron epoxy. Nowadays, the most convenient techniques

involve the use of Be gaskets for pressures above 80 GPa and

up to multi-megabar pressures (Hemley et al., 1997; Mao et al.,

1998) and combinations of kapton sheets, amorphous boron

and epoxy for pressures below 60 GPa (Merkel & Yagi, 2005).

High-temperature experiments have been performed up to

1700 K using laser-heating techniques (Kunz et al., 2007;

Miyagi et al., 2008 [Miyagi, Kunz et al., 2008 or Miyagi,

Nishiyama et al., 2008?]). However, temperature gradients in

samples of those experiments were tremendous and this limits

the applicability of the technique for deformation experi-

ments. External heating techniques are also being developed

for working up to temperatures of 1300 K with a much better

control of temperature within the sample. This technique is

under development and should become usable in routine in

the near future (Liermann et al., 2009).

In the DAC, deformation geometry is purely axial, with no

decoupling between pressure increase and plastic deforma-

tion, and very limited control of strain rate. Finite-element

modeling indicates that, at best, plastic strain is of the order of

20% in the DAC (Merkel et al., 2000).

2.2. Deformation-DIA apparatus

The DIA apparatus is a multi-anvil apparatus consisting of

six anvils squeezing a cubic pressure medium. The top and

bottom anvils are mounted onto symmetrical upper and lower

guide blocks, while the four lateral anvils are mounted on the

side faces of four wedge-shaped thrust blocks. Moving the

guide blocks forward (towards each other) promotes the

forward motion of the lateral anvils, hence symmetrical

compression of all six faces of the cube at the center of the

apparatus. The DIA apparatus has been modified to accom-

modate deformation at high pressure, and became the defor-

mation-DIA apparatus [see Durham et al. (2002) and Wang et

al. (2003)]. In the D-DIA, deformation

of the cubic medium is promoted at a

given pressure by moving top and

bottom anvils forward, both mounted

onto small individual inner rams, while

maintaining constant the oil pressure in

the apparatus main ram. This allows the

lateral anvils to slowly retract in

compensation of the forward motion of

the top and bottom anvils, hence main-

taining constant the medium volume

and pressure.

Such geometry allows deforming in

axisymmetric compression at constant P

and T samples of a few cubic milli-

meters in dimension, with a maximum

strain of about 40%. Cycling deforma-

tion by moving top and bottom anvils

research papers
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Figure 1
Experimental set-up for diamond anvils experiments. The sample is confined between two opposed
anvils (diamond single crystals). In radial diffraction geometry, the direction of the monochromatic
X-ray beam is perpendicular to the anvil axis and the data are collected on an area detector
orthogonal to the incoming beam. The position and intensity of the diffraction lines are analyzed as
a function of the azimuthal angle �.
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alternatively forward and backward

(e.g. Li et al., 2006a) is also possible in

the D-DIA, which allows for instance

investigating materials strain hardening.

One of the remarkable features of the

D-DIA is its ability to promote constant

specimen strain rate usually corre-

sponding at high temperature to

constant applied stress (within uncer-

tainties), i.e. steady-state deformation

conditions, which is critical when

investigating materials deformation

laws. The typical P and T ranges acces-

sible in the D-DIA at control conditions

are, respectively, 2 to 19 GPa and room-

T to 1873 K, for steady-state strain rates

typically in the range 10�6 to 10�4 s�1.

For on-line experiments, the back

lateral anvils of the D-DIA must be

transparent to the X-ray beam, i.e. made of sintered diamond

or cubic boron nitride (cBN), in order to allow lateral

diffraction (see x3).

2.3. Rotational Drickamer apparatus

The Drickamer apparatus consists of two opposed anvils

contained in a cylindrical sleeve. The anvil ends facing each

other are cut at a low angle (20�) to form a conical surface

which is supported by gasket material, while the flat tips of the

anvils define the top and bottom surface of the confined

medium. This apparatus can reach pressures and temperatures

of 30 GPa and 1700 K, respectively (Gotou et al., 2006). It has

been used for axial deformation of samples under high pres-

sure and measurements with polychromatic beam (Funamori

et al., 1994; Uchida et al., 1996), and recently adapted for

monochromatic beam and X-ray radiography (Nishiyama et

al., 2009). It was also modified (Yamazaki & Karato, 2001; Xu

et al., 2005) in order to accommodate shear deformation of the

confined medium, and became the rotational Drickamer

apparatus (RDA, Fig. 2). Shearing of the confined material is

promoted by rotating the bottom anvil (connected to a

servomotor and a gear box) relative to the top anvil.

Such geometry allows near simple shear deformation of disc

-shaped samples less than 1 mm thick and�4 mm in diameter.

In the RDA, samples also undergo some uniaxial compression

and its component increases with the sample thickness. In

order to avoid the radial pressure gradient present within disc-

shape samples, and to promote homogeneous deformation of

the specimen, ring-shape samples are usually used in the

RDA. The remarkable feature of the RDA is its ability to

allow specimen large strain deformation (exceeding � ’ 6).

The typical P and T accessible in the RDA are, respectively,

16 GPa and 1873 K, for steady-state equivalent strain rates of

the order of 5 � 10�5 s�1 (e.g. Nishihara et al., 2008).

3. Stress, texture and strain measurements

3.1. Stress measurement with a monochromatic beam

In diffraction, polycrystalline samples subjected to stress

show distortions of Debye rings. For instance, Fig. 3 presents

the unrolled diffraction image obtained for a sample of h.c.p.-

Co at 42.6 GPa in the DAC (Merkel et al., 2006b). Stress

appears as sinusoidal variations in d-spacings that are smaller

(and correspondingly diffraction angles � are larger) perpen-

dicular to the compression direction (dark arrows). The

changes in d-spacings depend upon the applied compressive

stress, elastic properties and the plastic deformation of the

sample. Plastic deformation is also expressed in intensity

variations that signify preferred orientation, attained, for

example, through dislocation glide, and can be fully inter-

preted based on microscopic deformation mechanisms (Wenk

et al., 2006).

Interpretation of the sinusoidal variations in d-spacings

(lattice strains) has been a matter of debate. Elastic theories

have been developed to relate the measured lattice strains to

stress and elastic properties (Singh et al., 1998). In axial

geometry, the stress applied to the sample can be expressed as

� ¼

P 0 0

0 P 0

0 0 P

2

4

3

5þ

�t=3 0 0

0 �t=3 0

0 0 2t=3

2

4

3

5; ð1Þ

where P is the hydrostatic pressure and t = �33 � �11 is the

differential stress. For a polycrystal, a diffraction line is the

sum of the contribution of all crystallites in the condition of

diffraction: crystallites whose normal to the diffracting plane

(hkl) is parallel to the scattering vector. Their d-spacings

depend on the local environment and their elastic properties.

The measured value is then the arithmetic average of all those

individual d-spacings.

In the elastic model, one can show that, for a polycrystal

free of lattice preferred orientations, the measured d-spacings

can be expressed as
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Figure 2
Schematic cross section of a typical cell assembly in the rotational Drickamer apparatus (RDA,
after Nishihara et al., 2008). Dimensions are approximate. The outer cylindrical sleeve, made of a
hard Al-alloy almost transparent to high-energy X rays, is not represented. Gasket materials consist
of polyether ether ketone (PEEK), which has low X-ray absorption, and pyrophyllite (dark hatched
when fired). The white rectangle in between top and bottom anvils shows the disc-shape pressure
medium (�1 mm thick), while the black rectangle at its center represents a disc-shape sample. In
the RDA, rotation of the bottom anvil with respect to the top anvil promotes shear deformation of
the sample. See text for more explanations and for details: Yamazaki & Karato (2001), Xu et al.

(2005) and Nishihara et al. (2008).
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dmðhkl;  Þ ¼ dPðhklÞ 1þQðhklÞ 1� 3 cos2  
� �� �

; ð2Þ

where dm is the measured d-spacing of the hkl line, dP is the d-

spacing of the hkl line under hydrostatic pressure P,  is the

angle between the diffracting plane normal and the maximum

stress direction, and Q(hkl) is the lattice strain parameter.

Q(hkl) is a measure of the amplitude of the sinusoidal varia-

tions in d-spacings for the hkl diffraction line (Fig. 3) and, in

this model, is a function of the single-crystal elastic moduli and

the differential stress t. For materials with known elastic

properties, the lattice strain parameters Q(hkl) fitted to the

measured d-spacings can be used to evaluate the differential

stress t using the mathematic expressions of Singh et al. (1998).

Elastic theories that include effects of lattice preferred

orientations have also been developed (Matthies et al., 2001).

In this case, the measured d-spacings are not linear with (1 �

3cos2  ), but one can still find a relation between the differ-

ential stress, measured d-spacings and single-crystal elastic

moduli. It should be noted, however, that, in the elastic theory,

effects of lattice preferred orientations on the measured lattice

strains are small and can be difficult to distinguish experi-

mentally.

However, elastic theories are based on lower or upper

bound assumptions and have shown severe limitations. In

particular, it was shown that stresses deduced from diffraction

images on h.c.p.-Co (Fig. 3a) were inconsistent, ranging from

1.7 to 4.3 GPa depending on the diffraction line used for the

analysis (Merkel et al., 2006b). This issue was also previously

observed on MgO (Weidner et al., 2004) and was recently

solved by introducing elastoplastic self-consistent (EPSC)

models for the analysis (Li et al., 2004a; Burnley & Zhang,

2008; Merkel et al., 2009). EPSC models represent the aggre-

gate by a discrete number of orientations with associated

volume fractions. The latter are chosen such as to reproduce

the initial texture of the aggregate. EPSC treats each grain as

an ellipsoidal elastoplastic inclusion embedded within a

homogeneous elastoplastic effective medium with anisotropic

properties characteristic of the textured aggregate. The

external boundary conditions of stress and strain are fulfilled

on average by the elastic and plastic deformations at the grain

level. The self-consistent approach explicitly captures the fact

that soft-oriented grains tend to yield at lower stresses and

transfer load to plastically hard-oriented grains, which remain

elastic up to rather large stress. The model uses known values

of single-crystal elastic moduli and parameters associated with

each active plastic deformation. The simulated internal strains

are compared with experimental data by identifying the grain

orientations which, in the model aggregate, contribute to the

experimental signal associated with each diffracting vector.

Parameters controlling the nature of the plastic behavior of

the polycrystal (choice of deformation mechanisms, their

strength, and hardening parameters) are optimized to repro-

duce the measured d-spacings in the calculation.

For instance, Fig. 3(b) presents the average stress versus

pressure in a Co polycrystal plastically deformed in the DAC

obtained by adjusting EPSC calculations to experimental

lattice strain measurements (Merkel et al., 2009). The average

differential stress and t = �33� �11 is well constrained. Fig. 3(b)

also presents the local stress for eight randomly selected

orientations in the polycrystal. Although the average stress in

the polycrystal follows the symmetry expected for DAC

experiments (�11 = �22 and �33 > �11), stresses in individual

grains do not agree with this geometry and show considerable

heterogeneities. Elastic models completely overlook this

phenomenon and, therefore, should be avoided for data

interpretation.

EPSC models treat each orientation as an ellipsoidal elas-

toplastic inclusion embedded within a homogeneous elasto-

plastic effective medium. As such, local interactions from

grain to grain and heterogeneities within the grains themselves

are not accounted for. Three-dimensional full-field poly-

crystalline models can predict local-field variations (e.g.

Castelnau et al., 2008). These calculations show important

heterogeneities within grains and a strong localization of stress

and strain near the grain boundaries. However, the precision

of those models comes with large computational cost and

complexity, and they cannot be systematically applied for
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Figure 3
(a) Example of an unrolled radial diffraction image for a sample of h.c.p.-
Co at 42.6 GPa in the diamond anvil cell. The image shows the diffraction
as a function of the Bragg angle 2� and the azimuth angle on the image
plate � (Fig. 2). The sinusoidal variations in positions of the diffraction
lines are due to elastic deformation and stress in the sample; intensity
differences along lines indicate preferred orientation caused by plastic
deformation. The compression direction is indicated by the dark arrows.
(b) Average stress (thick solid lines) and local stress components in single
grains (thin dashed lines) versus pressure for a Co polycrystal plastically
deformed in the diamond anvil cell. Results of EPSC calculations
optimized to lattice strains measured experimentally (Merkel et al., 2009).
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interpreting experimental results. Moreover, input parameters

are not always known for high-pressure materials. Self-

consistent models such as EPSC could also be improved to

account for grain rotations and viscous relaxation, which could

influence the interpretation of high-pressure experiments.

Those are under development and should be available in the

near future.

3.2. Stress measurement with a white beam

The principle of this measurement is identical to that

described in the previous section. The differential stress t is

deduced from d-spacing variations among different popula-

tions of grains of a given aggregate (often the specimen),

which translates into shifting of X-ray diffraction peaks,

measured here using energy-dispersive X-ray (EDX) spec-

trometry. This requires using a conical back slit which imposes

the diffraction angle (e.g. 2� ’ 6�), and behind the conical slit

a multi-detector (Fig. 4). The position of a given EDX detector

along a section of the diffraction cone defines the azimuthal

angle � of the corresponding spectrum (see Fig. 2), which is

related to the angle  between the diffracting plane normal

and the maximum stress direction. Hence, using equation (2),

the lattice strain parameters Q(hkl) fitted to the measured d-

spacings can be used to evaluate the differential stress t in

materials with known elastic properties (e.g. Funamori et al.,

1994; Uchida et al., 1996; Chen et al., 2004; Li et al., 2004b;

Weidner et al., 2005; Burnley & Zhang, 2008).

In reality, the number of EDX detectors along the diffrac-

tion cone is limited (Fig. 4), which limits the accuracy on the

determination of t in the case of complex stress field, e.g. with

unknown principal directions and/or with radial stress

gradient within the aggregate. Using a white beam is, however,

well adapted for determining stress in simple geometry

experiments (e.g. uniaxial compression in the D-DIA). The

conical slit also defines the diffracting volume as the inter-

section between the diffraction cone and the incident X-ray

beam. Therefore, when the specimen is properly centered at

the tip of the cone, this allows filtering of unwanted contri-

butions to the EDX spectra, as for instance that of the

confining medium. This characteristic is particularly useful for

experiments in a large-volume press (D-DIA and RDA),

where the specimen is often buried under layers of diffracting

materials which constitute the confining medium.

Using this technique, for each set of diffraction spectra (one

spectrum per EDX detector) one can deduce the hydrostatic

pressure P, calculated from the average volume of the material

unit cell at run T using the corresponding equation of state,

and a set of stress values (using the material known elastic

constants) arising from the measured d-spacing of the obser-

vable hkl peaks (Fig. 5). Part of the discrepancy on stress

values within each set arises from the accuracy on d-spacing

measurement, which depends on both diffraction-angle and

spectrum-energy resolutions. Yet, a significant part of stress
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Figure 5
(a) Differential stress versus time as measured with a white X-ray beam
within the alumina pistons compressing a forsterite sample in the D-DIA
at the indicated P and T conditions. Exploitable alumina hkl peaks are
indicated. Discrepancy in stress measurements at a given time results
from both accuracy on the measurement and the properties of the
stressed alumina polycrystal. Average differential stress t values are
indicated for each steady-state regime of deformation. (b) Corresponding
strain versus time plots as measured by X-ray radiography (x3.4) of the
forsterite sample. Steady-state deformation translates here by constant
strain rates (indicated slopes).

Figure 4
Experimental set-up for measuring the differential stress using a white X-
ray beam. Diffraction at fixed angle (2� ’ 6�) is obtained using a conical
slit with the specimen placed at the tip of the cone. Energy-dispersive
spectra are recorded using a multi-detector placed behind the conical slit.
Approximate detector positions which define the azimuthal angles � (see
Fig. 1) are indicated by small circles (not to scale). During uniaxial
compression, a measure of the differential stress t can be obtained using
only two detectors (e.g. detectors 1 and 3, or 1 and 4), although four
detectors (1 to 4) are often used. Specimen images are collected on the
fluorescent YAG, magnified and recorded using a CCD camera.
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discrepancy arises from stress heterogeneity between different

populations of grains within the aggregate, as explained above

(x3.1). If enough hkl peaks are exploitable (typically more

than ten peaks), it is assumed that a reasonable value for the

differential stress t is obtained by averaging the stress values of

a given data set; EPSC modeling (see above) is a more accu-

rate way of deducing the actual differential stress (Burnley &

Zhang, 2008) and should be used more routinely in the future.

As of today, the reported uncertainties on t values measured

at high P by X-ray diffraction are still large, i.e. typically

�50 MPa for low applied stress (e.g. Fig. 5) and as high as

hundreds of MPa for high stress levels.

3.3. Lattice preferred orientation and texture

Lattice preferred orientation (LPO) can be quantified with

the intensity variations along the Debye rings. Information can

be extracted from either monochromatic or white beam

measurements if enough orientations have been measured (i.e.

with enough azimuthal angles �), although monochromatic

data are in practice more adapted for quantifying LPO.

Typically, it is assumed that measurements every 5 or 10� in  

are sufficient for the analysis.

LPO arises from the plastic deformation of the sample. The

observed LPO can be compared with polycrystal plasticity

simulations to obtain information about slip systems operating

in the sample. This is particularly relevant for mineral physics

since seismic anisotropy in the deep Earth arises from the

LPO of minerals owing to the convection flow. The first in situ

LPO measurements at high pressure using synchrotron

radiation were performed on the h.c.p. phase of Fe (Wenk et

al., 2000). Since then, the technique has been applied

numerous times, both on metals and minerals [see Wenk et al.,

(2006) for a review].

The LPO can be represented by an orientation distribution

function (ODF). The ODF is required to estimate anisotropic

physical properties of polycrystals such as elasticity or plasti-

city (Kocks et al., 1998). The ODF represents the probability of

finding a crystal orientation, and it is normalized such that an

aggregate with a random orientation distribution has a prob-

ability of 1 for all orientations. If LPOs are present, some

orientations have probabilities higher than 1 and others lower

than 1. The ODF can be calculated using the variation in

diffraction intensity with orientation using tomographic

algorithms such as WIMV (Matthies & Vinel, 1982) as

implemented in the BEARTEX package (Wenk et al., 1998) or

in the Maud Rietveld refinement program (Lutterotti et al.,

1999). This technique has been successfully applied to

measure textures and deduce active high-pressure deforma-

tion mechanisms (Wenk et al., 2006).

3.4. Strain measurements

For large-volume apparatuses (e.g. D-DIA and RDA),

specimen plastic strain is measured in situ on time-resolved

X-ray radiographs (absorption contrast imaging) collected on

a fluorescent YAG crystal placed downstream with respect to

the cell assembly (e.g. Vaughan et al., 2000; Raterron et al.,

2007). For this measurement the X-ray front slits are removed,

which in the RDA results in exposing the whole section of the

cell assembly to the beam. In the D-DIA, the sample is usually

only visible through the gap in between the front lateral anvils

(Fig. 6), classically made of tungsten carbide (WC); for on-line

D-DIA, X-ray-transparent lateral anvils (sintered diamond or

cBN) are thus preferred. With dense specimens promoting

enough contrast, images can be directly observable on the

YAG crystal and ultimately recorded on a CCD camera after

magnification. In case of insufficient contrast, strain markers

(e.g. thin X-ray absorbent metal foils which appear as dark

lines on the radiographs) are placed within the cell in order to

visualize sample strain during deformation. In the D-DIA,

strain markers are placed horizontally at sample ends (Fig. 6),

while in the RDA one vertical strain marker is placed within

the disc- or ring-shaped sample (e.g. Nishihara et al., 2008).

For a large enough strain, specimen images are treated with

commercial software to measure strain and strain rate. This

operation can be performed live, i.e. during the experiment. In

the D-DIA, sample strain "(t) can be deduced from sample

length l(t) using the well known relationship: "(t) = ln l0 /l(t)

[here in compression "(t) � 0], where l0 is the initial length of

the specimen at given conditions. Strain rates ( _"") and their

uncertainties are then deduced from "(t) versus time plots

(Fig. 5b). Given the resolution of the image (one pixel

corresponds to a few micrometers), the size of the specimen

and the usual strain rate condition, and taking into account the

limited amount of beam time for each experimental point (a

few hours), uncertainty is about 10�6 s�1 or better on the

strain rate. In the RDA, sample equivalent strain is deduced

from the rotation of the vertical strain marker during defor-

research papers

6 of 9 Raterron and Merkel � Rheological measurements J. Synchrotron Rad. (2009). 16

Figure 6
Two radiographs of an Mg2SiO4 forsterite sample taken at different times
during deformation at 7 GPa pressure and 1673 K, as obtained through
the gap in between the lateral anvils of the D-DIA that equips beamline
X17-B2 of the NSLS (Upton, NY, USA). The black horizontal lines are
the image of thin Re foils placed at sample ends and used as strain
markers. White arrows indicate the sample shortening (�10% strain).
Note the anvil gap opening during deformation while lateral anvils are
moving backwards.
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mation. This rotation is a function of both specimen shear

strain and uniaxial compression (details in Nishihara et al.,

2008). Conversion of the marker rotation to specimen

equivalent strain and strain rate is not straightforward.

Consequently, the uncertainty on the absolute equivalent

strain rate can be fairly large in the RDA, i.e. about 40% of the

strain rate.

In the DAC, samples are less than 30 mm thick and typically

too small for recording X-ray radiograph images. In this case,

samples dimensions are estimated by moving the DAC in front

of the incident X-ray beam and analyzing the transmitted

intensity. High-density samples such as Co or Fe have a high

contrast compared with their environment (diamonds and

gaskets) and their dimensions can be measured (e.g.Merkel &

Yagi, 2005). Low-density samples cannot be distinguished

from their environment. In this case, sample strain cannot be

evaluated. Besides, steady-state strain rate conditions at

constant P are not achievable in the DAC since increasing

strain also results in increasing P. In the DAC, the imaging

system is, thus, mostly used to evaluate the sample strain

during deformation (and not to quantify the strain rate).

4. Applications and concluding remarks

These recent technical developments in on-line high-pressure

deformation apparatus have been largely driven by the Earth

sciences community, with the aim to better understand the

dynamics of planet interiors where extreme conditions of P

and T are prevailing. Consequently, a large majority of the

studies published so far find applications in the mineral

physics field. Drickamer presses under uniaxial loading have

been used to study the mechanical properties of NaCl

(Funamori et al., 1994), MgO and Mg2SiO4 (Uchida et al.,

1996). The DAC in a radial diffraction geometry has been used

to investigate the plastic properties of common metals such as

iron and tungsten (Hemley et al., 1997), gold, rhenium and

molybdenum (Duffy et al., 1999a,b), platinum (Kavner &

Duffy, 2003), copper (Speziale et al., 2006a), h.c.p.-cobalt

(Merkel et al., 2006b) or osmium (Weinberger et al., 2008),

core and mantle phases such as h.c.p.-Fe (Wenk et al., 2000;

Merkel et al., 2004; Miyagi et al., 2008 [Miyagi, Kunz et al.,

2008 or Miyagi, Nishiyama et al., 2008?]), olivine (Wenk et al.,

2004), hydrous and anhydrous ringwoodite (Kavner & Duffy,

2001; Kavner, 2003; Wenk et al., 2004), stishovite (Shieh et al.,

2002), MgO (Merkel et al., 2002), silicate perovskite (Merkel et

al., 2003; Wenk et al., 2004), calcium silicate perovskite (Shieh

et al., 2004; Miyagi et al., 2009), magnesiowustite (Tommaseo et

al., 2006), calcium oxide (Speziale et al., 2006b), garnet

(Kavner, 2007) and silicate post-perovskite (Merkel et al.,

2007), as well as other materials such as boron suboxide (He et

al., 2004), cubic silicon nitride (Kiefer et al., 2005), argon (Mao

et al., 2006), MgGeO3 post-perovskite (Merkel et al., 2006a) or

calcium fluorite (Kavner, 2008). The D-DIA has been used to

investigate the plasticity of Earth mantle minerals such as

olivine and its high-pressure polymorph ringwoodite (Wenk et

al., 2005; Li et al., 2006b; Nishiyama et al., 2007; Raterron et al.,

2007, 2009; Durham et al., 2009), pyrope (Li et al., 2006a),

serpentine (Hilairet et al., 2007) which forms in subduction

zones by oceanic lithosphere alteration, the CaIrO3 analogue

of silicate post-perovskite (Miyagi et al., 2008 [Miyagi, Kunz et

al., 2008 or Miyagi, Nishiyama et al., 2008?]; Walte et al., 2009),

as well as MgO, quartz and iron (Uchida et al., 2004; Nish-

iyama et al., 2007; Burnley & Zhang, 2008; Mei et al., 2008),

three materials which have long received attention in both

earth sciences and materials science. The D-DIA has also been

used to quantify energy dissipation induced by high-pressure

phase transformation in materials, and its implication for

seismic wave dissipation in the Earth’s mantle (Li & Weidner,

2007, 2008). The RDA, to our knowledge, has so far been used

to investigate the plastic properties of olivine and its high-

pressure polymorph wadsleyite (Nishihara et al., 2008;

Kawazoe et al., 2009).

Recent efforts have been devoted to improving the accu-

racy and relevance of the measurement: external heating in

the DAC (Liermann et al., 2009), specific conical slits and

multi-detector to improve the diffraction angle resolution for

the D-DIA and the RDA at the NSLS and the APS, and

numerical modeling of stress and strain in polycrystalline

samples (Burnley & Zhang, 2008; Merkel et al., 2009). In the

near future, a new D-DIA system will be available at the

ESRF, while new apparatuses are being developed such as the

future deformation-TCup, a Kawai-type multi-anvil press with

deformation capability up to 20 GPa pressure (see Wang et al.,

2007). These improvements will allow exciting new experi-

ments, and a better understanding of the effect of pressure on

materials plastic properties, with likely more fundamental

implications in both deep earth minerals physics and material

sciences.
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