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Anisotropy has a crucial effect on the mechanical response of polycrystalline materials. Polycrystal

anisotropy is a consequence of single crystal anisotropy and texture (crystallographic preferred

orientation) development, which can result from plastic deformation by dislocation glide. The

plastic behavior of polycrystals is different under varying hydrostatic pressure conditions, and

understanding the effect of hydrostatic pressure on plasticity is of general interest. Moreover, in the

case of geological materials, it is useful for understanding material behavior in the deep earth and

for the interpretation of seismic data. Periclase is a good material to test because of its simple and

stable crystal structure (B1), and it is of interest to geosciences, as (Mg,Fe)O is the second most

abundant phase in Earth’s lower mantle. In this study, a polycrystalline sintered sample of periclase

is deformed at �5.4GPa and ambient temperature, to a total strain of 37% at average strain rates of

2.26� 10�5/s and 4.30� 10�5/s. Lattice strains and textures in the polycrystalline sample are

recorded using in-situ synchrotron x-ray diffraction and are modeled with Elasto-Viscoplastic Self

Consistent (EVPSC) methods. Parameters such as critical resolved shear stress (CRSS) for the

various slip systems, strain hardening, initial grain shape, and the strength of the grain–neighborhood

interaction are tested in order to optimize the simulation. At the beginning of deformation, a

transient maximum occurs in lattice strains, then lattice strains relax to a “steady-state” value,

which, we believe, corresponds to the true flow strength of periclase. The “steady state” CRSS of

the 110f g 110h i slip system is 1.2GPa, while modeling the transient maximum requires a CRSS of

2.2GPa. Interpretation of the overall experimental data via modeling indicates dominant

110f g 110h i slip with initial strain softening, followed by strain hardening. This approach illustrates

the utility of combining EVPSC and experimental data to understand deformation of materials at

high pressures. Published by AIP Publishing. https://doi.org/10.1063/1.4999951

I. INTRODUCTION

Considerable work has been performed to understand

deformation mechanisms of materials under extreme condi-

tions, especially high pressure. This topic is relevant for con-

straining material behavior inside the Earth and planets. It is

also of general importance to understand the effect of hydro-

static pressure on the fundamentals of plasticity. Periclase

has emerged as a model material for extreme conditions plas-

ticity experiments (e.g., Merkel et al., 2002 and Girard et al.,
2012) due to its simple rocksalt crystal structure (B1) that is

stable to pressures in excess of 400GPa (Coppari et al.,
2013). In the geosciences, deformation behavior of periclase

is of importance because it is the magnesium end-member of

(Mg,Fe)O ferropericlase, the second most abundant mineral

in the Earth’s lower mantle (Ringwood, 1991). For a simple

oxide, periclase may exhibit complex deformation behavior

under pressure. Theoretical calculations (Amodeo et al.,
2012) and single crystal deformation experiments (Girard

et al., 2012) suggest a pressure-induced inversion in slip sys-

tem strength. Under high pressures, minerals deform plasti-

cally by dislocation glide over a wide range of conditions.

Dislocation glide leads to texture (crystallographic preferred

orientation) development, which results in anisotropic physi-

cal properties in polycrystalline materials. Much research in

Earth science has focused on deformation and texture devel-

opment in lithosphere and upper mantle materials, such as

quartz (Wenk et al., 2006), calcite (Barber et al., 2007), and
olivine (Zhang et al., 2000). In contrast, considerably less is

known about the deformation mechanisms of the materials in

the deep mantle. Due to its stability at ambient conditions,

deformation of ferropericlase (and periclase) has been stud-

ied in greater detail than other lower mantle phases (e.g.,

Stretton et al., 2001; Heidelbach et al., 2003; Uchida et al.,
1996; Uchida et al., 2004; Yamazaki and Karato, 2002;

Long et al., 2006; Merkel et al., 2002; and Marquardt and

Miyagi, 2015). From these studies, it has been inferred that

110f g 110h i and {100}h011i slip systems dominate in
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periclase and ferropericlase. Many studies, including both

experiments (Appel and Wielke, 1985; Sato and Sumino,

1980; Sinha et al., 1973; and Hulse and Pask, 1960) and the-

oretical calculations (Amodeo et al., 2011 and Cordier et al.,
2012), have investigated the yield strength of MgO single

crystals under varying temperature and pressure conditions.

In particular, numerical models of dislocation cores predict a

transition from 110f g 110h i to 100f g 011h i at pressures of

approximately 50GPa. Experiments on single crystals up to

8GPa showed a different effect of pressure on the strength

of the two slip systems, indicating that 100f g 011h i slip may

become easier than 110f g 110h i slip at a pressure of

�23GPa (Girard et al., 2012). The effect of this transition in

polycrystalline periclase remains under investigation (e.g.,

Amodeo et al., 2016). In general, deformation experiments

on periclase polycrystals (Kinsland and Bassett, 1977; Duffy

et al., 1995; Paterson and Weaver, 1970; Meade and Jeanloz,

1988; and Uchida et al., 1996; 2004) have found much

higher yield strength compared with that measured in single

crystals. Typically, single crystal deformation is accommo-

dated by a single system mode, while in aggregates, stopping

of dislocations at grain boundaries rapidly induces back

stresses and forces the activity of multiple slip systems. This

results in tangling of dislocations and rapid hardening caused

by an increase in defect density. This mechanism is not well

captured by current full crystal plasticity finite element mod-

els (Amodeo et al., 2016). As such, the plastic behavior of

polycrystalline periclase under confining pressure remains a

topic of general interest. Here, we report new results on tex-

ture and lattice strain evolution in polycrystalline periclase

deformed in the Deformation-DIA (D-DIA) up to 5.4GPa

at ambient temperature. We compare the experimental

texture and lattice strain evolution with results of Elasto-

Viscoplastic Self-Consistent (EVPSC) simulations (Wang

et al., 2010a) in order to obtain information about active

plastic deformation mechanisms as well as strength and

hardening parameters under the experimental conditions.

II. EXPERIMENT DETAILS

In this study, deformation of periclase was performed in

the D-DIA at the European Synchrotron Radiation Facility

(ESRF) beamline ID06 (Guignard and Crichton, 2015). The

x-rays pass through the anvil gap and diffraction images are

recorded on a linear x-ray detector covering an approximate

10� angle in 2h. The linear detector is rotated perpendicular

to the beam, allowing for full 360� azimuthal coverage. The

sample to detector distance was 2057mm with an x-ray

wavelength of 0.22542 Å. Detector geometry was calibrated

using a LaB6 standard. Sample dimensions and strains were

monitored using in-situ x-ray radiographs, as is typically per-

formed in D-DIA experiments (e.g., Wang et al., 2010b). A
typical diffraction pattern is shown in Fig. S1 (supplemen-

tary material).

The starting material, a commercial MgO powder from

Alfa Aesar (part #14684, 99.95% purity, 325 mesh), was

loaded in a cubic cell similar to that outlined in Guignard

and Crichton (2015). The dimensions of the sample are

3mm height� 2mm diameter. The D-DIA was closed and

pressure was increased up to 4GPa. The sample was then

sintered at 1000 �C over 90min in order to generate a

homogenous microstructure. After sintering, the pressure

was 2.2GPa. We then imposed a deformation by axial com-

pression to the sample by advancing the vertical anvils

toward the sample while retracting the horizontal anvils. The

overall duration of the deformation experiment was 264min

to a total macroscopic strain e33 of �37%. We impose an ini-

tial strain rate of 9.52� 10�6/s during which the hydrostatic

pressure stabilizes. Following this, the sample was deformed

at two successive strain rates of, 2.26� 10�5/s and 4.30

� 10�5/s (Fig. 1), with the aim of evaluating the stress expo-

nent of the rate sensitive power law equation.

The microstructure of the run-product was analyzed

using electron microscopy at the Centre Commun de

Microscopie of the Universit�e de Lille (Fig. 2). Thin sections

were extracted using a scanning electronic microscope

(SEM) equipped with a focused ion beam (FIB) column [Fig.

2(a)]. A Philips CM30 transmission electron microscope

(TEM), operating at 300 kV, was then used to investigate the

sample microstructures. The observed image and diffraction

demonstrate the homogeneous microstructure at the 10lm
scale [Fig. 2(b)]. At a finer scale, the diffraction image is

spotty and shows individual grains [Fig. 2(c)]. TEM images

were complemented by a map of crystal orientations in a sec-

ond JEOL JSM-8000F LV SEM equipped with a system

for transmission Kikuchi diffraction (TKD) allowing for

orientation mapping of small grains within a thin sample.

Representative higher resolution TEM image [Fig. 2(d)]

and TKD-SEM orientation mapping of the same region

[Fig. 2(e)] demonstrate that grain sizes range from �10 nm to

�600 nm. The grains are often elongated perpendicular to the

compression direction. Defect concentration is high and het-

erogeneous, indicating intense deformation by dislocation-

induced plasticity.

III. EXPERIMENT DATA ANALYSIS

A. Stress and lattice strain

Due to the axial compression geometry in the D-DIA

and the axial symmetry of the initial texture, the average

FIG. 1. Macroscopic strain e33 evolution with time, as deduced from the

x-ray radiographs of the sample.
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sample stress tensor can be decomposed into hydrostatic and

deviatoric components as
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where rp ¼ 2r1þr3
3

is the hydrostatic stress and t ¼ r3 � r1.
The value of t can be used to infer the flow strength of the

material. Under a deviatoric stress superimposed on the

hydrostatic pressure, the measured d-spacing varies as a

function of the angle between the diffraction plane normal

and the compression axis, v. The measured d-spacing can be

expressed as (Singh, 1993)

dm hklð Þ ¼ dp hklð Þ 1þ 1� 3 cos2v
� �

Q hklð Þ� �
; (2)

where hklð Þ are the Miller indices indicating the diffraction

plane, dm is the experimentally measured d-spacing, and dp is
the d-spacing under hydrostatic stress rp. Q hklð Þ describes

the shift in dm from dp for diffraction plane hklð Þ due to

deviatoric stress. When Q hklð Þ is 0, the polycrystals are

under pure hydrostatic stress. Q hklð Þ and dp can be obtained

by fitting dm and v in Eq. (2) from the experimental data.

The expression in Eq. (2) was derived from an elastic model

that does not account for plastic relaxation. Experiments

have shown, however, that it remains an efficient method for

expressing the effect of deviatoric stress and comparing the

experimental results to numerical models in the presence of

plastic relaxation (Merkel et al., 2009; 2012). A typical fit of

the diffraction data to Eq. (2) is shown in Fig. S2 (supple-

mentary material).

The hydrostatic stress can be calculated from dp through
the use of an appropriate Equation of State (EoS). Using the

measured dp, we calculate the unit cell volume of the mate-

rial and use a 3rd order Birch-Murnaghan Eos (Birch, 1947)

P Vð Þ ¼ 3
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3
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4
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3
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where V0, K0; and K0
0 are the unit cell volume, bulk modulus,

and pressure derivative of the bulk modulus of periclase at

room pressure, respectively, and V is the measured unit cell

volume. To determine pressure in periclase, we use the EoS

FIG. 2. SEM and TEM images of the recovered sample. (a) SEM image of the whole recovered sample. The region with a FIB section extracted for TEM and

SEM-TKD is highlighted with a circle. Macroscopic compression direction is vertical. (b) Overview TEM image of the FIB section with the corresponding dif-

fraction image in the inset. (c) TEM image at a finer scale and corresponding diffraction image. (d) Representative higher resolution TEM image. (e) TKD-

SEM orientation mapping of the same region as (d). Grains are colored according to their orientation relative to the compression direction. Number 1–4 in (d)

and (e) indicate grains that can be seen in both images.
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parameters of Zha et al., (2000). In this study, hydrostatic

stress and Q-factors are calculated using the POLYDEFIX

package (Merkel and Hilairet, 2015). A first estimate of the

differential stress t is given by the empirical relation (Singh

et al., 1998)

t hklð Þ ¼ 6GQ hklð Þ; (4)

where G is the shear modulus of the aggregate. For this study,

we use the single crystal elastic properties for periclase from

Zha et al., (2000). Note, however, that an estimate of t based

on elasto-plastic models (see later) is a more physically

grounded method of determining t (e.g., Li et al., 2004).

B. Texture

Synchrotron diffraction images are analyzed using the

Rietveld method as implemented in the Materials Analysis

Using Diffraction (MAUD) software package (Lutterotti

et al., 1997). Refinement generally follows the procedure for

high pressure data as outlined in Wenk et al., (2014) with the

addition that an intensity correction is used to account for

the D-DIA anvil shadows (Miyagi et al., 2008). Systematic

variations in intensity along diffraction rings indicate the

existence of texture. The Orientation Distribution Function

(ODF) is computed using the Extended Williams, Imhof,

Matthies, and Vinel (E-WIMV) algorithm which is similar to

the WIMV method (Matthies and Vinel, 1982). The ODF is

then exported from MAUD and smoothed with a 7.5� Gauss
filter using the program Beartex (Wenk et al., 1998). In the

case of axial compression, cylindrical symmetry about the

compression axis can be assumed and textures are compactly

represented with an Inverse Pole Figure (IPF) of the com-

pression direction. IPFs show the relation between the com-

pression direction and the crystal axes. Pole densities are

expressed in multiples of random distribution (m.r.d.), where

an m.r.d. of 1 corresponds to a random distribution, and in

the case of a perfectly oriented sample or a single crystal, the

m.r.d. would be equal to infinity for the orientation of the

crystal and 0 elsewhere. A typical refinement is shown in

Fig. S3 (supplementary material).

C. Experimental results

After the quasi-hydrostatic loading and sintering stage,

the pressure was 2.2GPa. Upon deforming the sample with

the differential rams, the pressure reached �5GPa within a

few % strain, increased up to 5.4GPa for 20.4% strain, and

then remained constant (Fig. 3). Q-factors increased elasti-

cally up to a strain of �2.4%. Past this point, there was a pro-

nounced drop of Q(200), which decreased from a value of

0.006 to 0.004. There were also minor decreases in Q(111)

and Q(220). After the strain reached 7%, Q-factors increased

steadily, likely due to strain hardening. When the strain rate

was doubled at around 20.4% strain, there was no large jump

in Q-factors. Since Q-factors were indicative of a macro-

scopic stress on the sample, this suggested a relatively large

stress exponent (Fig. 4). Indeed, a sample in dislocation

creep should deform according to

_e ¼ A P; Tð Þtn; (5)

where AðP;TÞ is a factor depending on P and T, t the differ-
ential stress, and n the stress exponent. For t to be weakly

dependent on the strain rate, n must be large. A stress expo-

nent of n¼ 30 was used in EVPSC simulations of experi-

ment data.

Four IPFs were selected from the whole deformation pro-

cess at various strains in order to demonstrate the evolution of

the experimental texture (Fig. 5). At the start of deformation,

the texture was essentially random with a maximum m.r.d. of

1.1. When the macroscopic strain was below �4%, the hydro-

static stress increase was rapid (Fig. 3). Texture development

was slow while the measured lattice strains were still increas-

ing (Figs. 4 and 5). With increasing strain, periclase gradually

developed a strong (100) texture with a fiber toward (110),

reaching a maximum m.r.d. of 4.0 at �37% strain.

IV. EVPSC SIMULATION

EVPSC (Wang et al., 2010a) is an effective medium

self-consistent method, which treats each grain in

FIG. 3. Hydrostatic stress evolution with macroscopic strain e33. Circles
indicate the experiment data. The solid line is the path followed by the opti-

mized EVPSC simulation. The dashed lines indicate strain rate changes dur-

ing the experiment.

FIG. 4. Q-factors evolution with macroscopic strain e33 as measured in the

experiment.
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polycrystals as an inclusion in a homogeneous but aniso-

tropic medium. The properties of the medium are determined

by the average of all the inclusions. At each deformation

step, the inclusion and medium interact and the macroscopic

elasto-plastic properties are updated iteratively until the

average strain and stress of all the inclusions equal the mac-

roscopic strain and stress. In this study, a step increment of

0.002 strain is used. The advantage of EVPSC as compared

with other self-consistent methods like the Elasto-Plastic

Self-Consistent (EPSC) code (Turner and Tom�e, 1994) and
Visco-Plastic Self-Consistent (VPSC) code (Lebensohn and

Tom�e, 1994) is that EVPSC can account for both the elastic

and viscoplastic behavior of the material. Calculations

account for elastic stress, grain rotation, and relaxation due

to plasticity, and strain rate dependence of the plastic behav-

ior. In each grain, the EVPSC code accounts for elastic strain

and orientation, which can be used to reconstruct both lattice

strains and textures, as one would measure in an experiment.

For EVPSC simulations, one needs to impose the defor-

mation rate matrix applied to the overall sample. In our case,

we optimized the deformation rates by accounting for the

measured macroscopic axial strains (Fig. 1) and the evolu-

tion of hydrostatic stress (Fig. 3). Due to the shape of the

anvil gap in D-DIA experiments, only the strain and strain

rate in the compression direction (_e33) can be measured. The

volume change is the trace of the deformation matrix and

can be calculated from Eq. (3). Due to the geometry of axial

compression in the D-DIA, _e11 ¼ _e22; and knowing the evo-

lution of the hydrostatic stress vs. macroscopic axial strain,

all components of the deformation matrix can be determined

(Fig. 6). A good fit is obtained when the evolution of pres-

sure vs. e33 is the same as measured in the experiment.

In EVPSC, the rate-sensitive constitutive law for plastic

deformation is given by

_eij ¼ _c0
X
s

ms
ij

ms
klrkl

ss

� 	n

; (6)

where _c0 is the reference shear strain rate, ss is the resolved

shear stress of a slip system s at the reference strain rate, ms
kl

is the symmetric Schmid factor for the slip system s, n is an

empirical stress exponent for a given slip system. rkl is the

local stress tensor. Strain hardening/softening of each plastic

mechanism is represented using an extended Voce hardening

law (Tom�e et al., 1984)

:ŝs ¼ ss0 þ ss1 þ hs1C
� �

1� exp �C
hs0
ss1












 ! !
; (7)

FIG. 5. Experiment texture evolution

with macroscopic strain e33. 1% strain

(a); 4% strain (b); 20% strain (c); 37%

strain (d). Equal area projection.

Linear scale expressed in m.r.d.

FIG. 6. Sample volume evolution with axial strain e33 in the EVPSC optimi-

zation. The dashed lines indicate strain rate changes during the simulation.

Volume is chosen to match the change of hydrostatic stress in the experi-

ment. Compression strain and volume reduction is positive.
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where C is the accumulated shear strain in the grain,

ss0; h
s
0; h

s
1; ðss0 þ ss1Þ are the initial critical resolved shear

stress (CRSS), initial hardening rate, asymptotic hardening

rate, and back-extrapolated CRSS for the slip system s.
Under the self-consistent scheme, the rate-sensitive equation

needs to be linearized. There are several homogenization

schemes possible, namely, secant, affine, and tangent, which

represent increasing medium compliance vis-a-vis the inter-

action with the grain (e.g., Castelnau et al., 2008). The tan-

gent assumption allows more heterogeneity of strain from

grain to grain and tends to predict a uniform stress state for

large values of n. The secant assumptions are stiff and tend

to predict a uniform strain-rate from grain to grain when n is

large. On the other hand, the affine model is intermediate

between secant and tangent bounds, and better suited when

the exponent n is large [see Figs. 1(a) and 1(b) in Lebensohn

et al., 2007]. The absolute values and the ratios of CRSS of

different slip systems affect their plastic response and activ-

ity. In addition to CRSS values and work hardening/soften-

ing, the initial grain shape and the linearization assumption

in EVPSC can also be chosen and affects the resulting lattice

strain and texture evolution.

A. Lattice strain and texture simulations

In this study, three slip modes, 110f g 110h i, 100f g 011h i,
and 111f g 110h i are assumed in periclase. By modifying the

CRSS, strain hardening parameters, and exponent n of the

rate-sensitive law for different slip systems, Q-factors and

texture evolution are simulated with increasing macroscopic

strain.

1. Single active slip system test

In order to understand how the slip systems affect Q-

factors and texture evolution, only a single dominant slip

mode is activated in the following EVPSC simulations. The

deformation process follows the solid lines in Fig. 6 with the

same strain rate as in the experiment. For simplicity, only

the initial CRSS and the initial grain shape are treated as var-

iables here. The initial grain shape is represented using the

ratio of three principal ellipsoid axes in the sample system.

In these simulations, initial grain shapes of (1.0, 1.0, 1.0) and

(1.0, 1.0, 0.6) are chosen. The former indicate spherical

grains at the start of the simulation, while the latter (1.0, 1.0,

0.6) indicate an oblate grain in the compression direction.

The pressure dependence of single crystal elastic constants

reported by Zha et al. (2000) is used to calculate the varia-

tion of MgO elastic constants with increasing pressure. By

modifying the initial CRSS of the three different slip modes

(Table I), we can force each slip mode to accommodate all

strain. Imposing different slip system activities results in a

different ordering of the Q-factors. The ordering of the Q-

factors for dominant slip on 110f g 110h i [Fig. 7(a)] is most

similar to the experimental results (Fig. 4). Changes in the

initial grain shape result in only slight changes in Q-factors.

When the dominant slip system is 100f g 011h i or

111f g 110h i, the effect of initial grain shape on Q-factors is

negligible, but is slightly more pronounced when the

110f g 110h i slip system is dominant [Figs. 7(a) and 7(d)].

Thus, in addition to strain hardening/softening, initial grain

shape can have a small effect on the simulated Q-factors.

Different dominant slip systems lead to different and

characteristic textures (Fig. 8). When only the 110f g 110h i
slip system is active, a (100) texture component develops.

The experimental compression texture of periclase closely

resembles this simulation. Textures for 100f g 011h i slip are

characterized by a (110) texture with a fiber toward (100).

Slip on 111f g 110h i results in a strong texture component

at (110). In contrast to the Q-factor evolution, the initial

grain shape does have a significant effect on the texture

evolution. In simulations with initially flat grains, the tex-

ture tends to evolve more quickly and is stronger at a given

strain (Fig. 8). This effect is pronounced for dominant

slip on 110f g 110h i [Figs. 8(a) and 8(b)]. For slip on

110f g 110h i, this is likely due to the fact that for this slip

mode, each slip system has a symmetric variant with an

identical Schmid factor but with an equal and opposite

rotation [e.g., 110ð Þ 110½ � and ð110Þ 110½ �]. Thus, for

110f g 110h i slip, the spins of the symmetric variants cancel

each other’s rotation. This results in slow texture evolution

until strain is large enough to cause enough flattening of

the grains that the rotation of the ellipsoid adds to the crys-

tallographic rotation (Wenk et al., 1989). By starting the

simulation with initially flat grains, the texture evolution

can proceed more rapidly.

2. D-DIA experiment simulation

Based on the order of the Q-factors and the texture evo-

lution, we conclude that 110f g 110h i is dominant in our

experiment. Consequently, the CRSS of 110f g 110h i slip

system is assigned to be small compared with 100f g 011h i.
Theoretical calculations indicate that it is difficult to activate

111f g 110h i slip at a low temperature (Amodeo et al., 2016).
Thus, in the following simulations, it is assumed that

111f g 110h i is not activated and so it is assigned a relatively

high CRSS to suppress its activity. For the best fit simula-

tion, an initial grain shape (1.0, 1.0, 0.8) is used. A parabolic

shape Voce hardening gives a rapid drop and then increase

of Q-factors as is observed in the experiment (Fig. 4). In

addition to the “best fit” model, we performed simulations to

match the high Q-factors (transient, without strain softening)

as well as the low Q-factors (quasi-steady state, back extrap-

olation of strain hardening). A linear Voce hardening is used

to simulate both the high and low Q-factors (Fig. 9).

Optimized parameters for different scenarios are shown in

TABLE I. CRSS for different slip systems in one slip system EVPSC test.a

Slip system CRSS (GPa)b CRSS (GPa)c CRSS (GPa)d

110f g 110h i 2.0 15.0 15.0

{100}h011i 15.0 2.0 15.0

{111}h1–10i 15.0 15.0 2.0

aTangent assumption, exponent n¼ 10.
bCRSS values used for activating only 110f g 110h i.
cCRSS values used for activating only {100}h011i.
dCRSS values used for activating only {111}h1–10i.
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Table II. It is worthy to note that the CRSS used in EVPSC

corresponds to polycrystals, which is much higher than the

single crystal CRSS due to grain–grain interactions and

boundary effects. In EVPSC, this effect is represented by the

interaction between the Homogenous Effective Medium

(HEM) and inclusions. Here, we test the so-called tangent

and affine linearization assumption to determine the effect

on Q-factors evolution and texture development.

For the low Q-factors simulation, the best fit is achieved

with the affine assumption [Figs. 10(c) and 10(d)]. The

CRSS of the 110f g 110h i slip system starts at 1.2GPa and

then increases by a linear strain hardening with a slope of 0.4

(Fig. 9). The CRSS of the 100f g 011h i slip system starts at

3.2GPa. A strain hardening/softening effect is not obvious

for the 100f g 011h i slip system. For the high Q-factors simu-

lation, a better fit is obtained when using the tangent

FIG. 7. Q-factor evolution with macroscopic strain e33 for single active slip mode, predicted using the tangent approximation. Initial grain shape of (1.0,

1.0, 1.0) [(a), (b), (c)] and (1.0, 1.0, 0.6) [(d), (e), (f)]. Simulations with dominant slip on 110f g 110h i [(a), (d)]; 100f g 011h i [(b), (e)]; and 111f g 110h i
[(c), (f)].
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assumption. The CRSS of 110f g 110h i starts at 1.9GPa and

then increases with a slope of 0.2 (Fig. 9). The CRSS of the

100f g 011h i slip system must be high enough to suppress this

slip system in order to obtain a good fit. A characteristic (100)

texture is developed in all scenarios (Fig. 11). The texture is

stronger and more focused in (100) for the high Q-factors sim-

ulation (tangent) and weaker in the low Q-factors simulation

FIG. 8. Inverse pole figure (equal area

projection) of the simulated sample

textures after 37% axial strain pre-

dicted using the tangent approxima-

tion, with round grain shapes [(a), (c),

and (e)] and flat grains [(b), (d), and

(f)]. Dominant slip on 110f g 110h i [(a)
and (b)], 100f g 011h i [(c) and (d)] and

111f g 110h i [(e) and (f)].

FIG. 9. Optimized Voce strain softening/hardening curves of 110f g 110h i in
simulations accounting for the full variation of {200} lattice strains (red

line), high values of lattice strains (blue line), and quasi-steady state lattice

strains (green line).

TABLE II. Parameter used in EVPSC modeling.

Slip system s0 (GPa) s1 ðGPaÞ h0 (GPa) h1 (GPa) n

High Q-factor (tangent) 110f g 110h i 1.9 0 0.2 0.2 30

100f g 011h i 10.0 0 0 0 30

111f g 110h i 15.0 0 0 0 30

Low Q-factor (affine) 110f g 110h i 1.2 0 0.4 0.4 30

100f g 011h i 3.2 0 �0.2 �0.2 30

111f g 110h i 15.0 0 0 0 30

Parabolic hardening

(affine)

110f g 110h i 2.2 �1.2 �18.0 0.65 30

100f g 011h i 3.1 0 �0.1 �0.1 30

111f g 110h i 15.0 0 0 0 30
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(affine). The uniaxial stress t evolution with macroscopic strain

calculated for different scenarios in EVPSC is similar to each

other. The value of t for the parabolic hardening is very close

to the average of tðhklÞ deduced from empirical equation (4)

(Fig. 12). The supplementary material (Figs. S4–S7) contains

additional modeling predictions for varying initial grain shape

and linearization assumption scheme.

V. DISCUSSION

A. Lattice strains relaxation after yielding: Effect
of pinning due to impurities?

The evolution of Q-factors with deformation is some-

what unexpected, particularly in the case of Q(200) for

which a drop is observed after a few percent deformation.

FIG. 10. EVPSC simulation of Q-factors and slip system activities. Open shape represents experiment Q-factors. High Q-factors (tangent) (a) and (b), low

Q-factors (affine) (c) and (d), and parabolic shape strain hardening (affine) (e) and (f).
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This seems to indicate that after initial yielding, dislocations

become more mobile, thus reducing the flow strength. An

increase in grain size upon deformation can reduce the flow

strength. However, in this experiment, periclase was

deformed at room temperature, and thus, recrystallization is

unlikely to occur. This is confirmed with the electron micros-

copy observations of the run-product that indicate a typical

grain size on the order of �200 nm (Fig. 2).

Another possibility is that the initial peak in Q-factors is

due to pinning of dislocations by impurities. A similar

behavior has been found in a previous experiment (Paterson

and Weaver, 1970), which may be caused by Li and F

impurities. Indeed, upon recovery and sectioning of the sam-

ple, it was observed that the sample is darker than the start-

ing material. This is likely due to carbon contamination

(Freund, 1986), presumably from the graphite heater used

for in-situ sintering of the sample. Pinning effectively

increases the CRSS, which causes the Q-factors to reach the

peak value. When the local stress is high enough, disloca-

tions unpin from the carbon solute cloud. The carbon will

not have enough mobility at room temperature to “follow”

the dislocation motion. The CRSS needed for dislocation

motion will drop rapidly and large deviatoric lattice strains

due to pinning are relaxed. The Q-factors decrease to a value

close to that of a sample with no pinning. Hence we suspect

that the lowest Q-factor values represent the true flow curve

of polycrystalline periclase at 300K while the maximum

values represent deformation with the effects of pinning

(Fig. 4).

B. Effect of the linearization assumption of the
self-consistent scheme

In EVPSC, the linearization scheme has an influence on

the simulation results. The tangent assumption allows more

strain heterogeneity between grains, which results in lower

Q(111) and Q(220) compared with other assumptions. In the

simulation using the tangent method, when the CRSS of the

110f g 110h i slip system is low enough to fit the low Q(200)

value (“steady-state” value), the maximum value of Q(220)

and Q(111) are too low to fit the experiment (Fig. S6, supple-

mentary material). Interestingly, the tangent approximation

fits the experimental Q-factors well when fitting the high

Q(200) value (transient maximum) [Figs. 10(a) and 10(b)].

On the other hand, the affine assumption does a better

job when fitting low Q(200) values (“steady-state”) (Figs.

10(c) and 10(d)]. For the high Q-factors value, the affine

approximation results in a larger separation between Q(220)

and Q(111) than is found in the experiment [Fig. S6(c), sup-

plementary material]. Indeed, the affine model, where strain

compatibility is prioritized, results in higher stresses and

more activation of auxiliary slip systems. Q-factors predicted

by the affine model (for “steady-state”) are sensitive to the

CRSS of the 100f g 011h i slip system. Both 110f g 110h i and
100f g 011h i need to be activated at �70:30 ratio to have

enough slip systems to accommodate macroscopic strain

while achieving a satisfactory fit to the experimental “steady-

state” Q-factors. Instead, when using a tangent model, more

strain heterogeneity is permitted and the 110f g 110h i slip sys-

tem can be fully activated while completely suppressing the

100f g 011h i slip system.

The general features of the simulated texture are simi-

lar to the experiment (Fig. 5) when using affine; however,

the intensity of the (100) texture component is much closer

to the experiment when using tangent [Figs. 11(a) and

11(b)]. As shown in the single slip system simulations, a

higher 110f g 110h i activity yields a more concentrated

(100) component. For the simulation using the tangent

approximation, the activity of 110f g 110h i is much higher

than in those using an affine approximation, thus resulting

in a stronger texture.

FIG. 11. EVPSC simulation of texture. High Q-factors (tangent) (a); low

Q-factors (affine) (b); and parabolic strain hardening (affine) (c).
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C. Strength and plasticity of MgO at high pressure

According to Fig. 12, the calculated yield strength of

MgO is around 5GPa at 300K at pressure around 5.4GPa,

which is about 2 or 3GPa higher than the experimental

results from Bridgman (1937), Kinsland and Bassett (1977),

Weidner et al. (1994), and Uchida et al. (1996) but is in

good agreement with Merkel et al. (2002) (Fig. 13). This

could be due to grain size hardening described by the Hall-

Petch effect (Hall, 1951 and Petch, 1953). Generally, smaller

grain size results in higher yield strength. The average grain

size of the MgO in this experiment is �200 nm as estimated

from SEM and TEM imaging of the run-product (Fig. 2).

The yield strength we estimate is in good agreement with a

room temperature, unconfined, in-situ TEM compression

experiment on nanocrystalline MgO with a similar grain

size, where yield stresses around 3–5GPa were reported

(Issa et al., 2015). Therefore, at ambient T, pressure might

have a much smaller effect than the grain size on MgO

strength, in this pressure and grain size range.

Both our Q-factor evolution and texture development

are consistent with dominant 110f g 110h i slip, similar to pre-

vious work on periclase in the Diamond Anvil Cell (DAC)

(Merkel et al., 2002). Interestingly, a previous D-DIA exper-

iment to 8GPa at ambient condition found a different

Q-factor order than this study (Uchida et al., 2004). This
prior work found the largest Q factor to be Q(200) and the

lowest to be Q(111), an order consistent with a high activity

of the 100f g 011h i slip system. It is possible that differences

in deformation conditions or sample synthesis could account

for differences in slip system activities. A pressure-induced

slip system transition from 110f g 110h i to 100f g 011h i
between 20 and 50GPa is suggested for single crystal peri-

clase by both experiment and theoretical calculations (Girard

et al., 2012; Amodeo et al., 2012; 2016). If a change in slip

system occurs at high pressure, a shift in the texture maxi-

mum from (100) to (110) would be predicted. However, in

previous DACs experiments on periclase and ferropericlase,

this is not observed (Merkel et al., 2002; Tommaseo et al.,
2006; and Marquardt and Miyagi, 2015). It is possible that in

the DAC, there is insufficient strain after the slip system

transition to erase the low pressure (100) texture.

In contrast to DAC experiments, a mixture of (100) and

(110) compression texture for ferropericlase has been

observed at 300MPa and temperatures of 1200–1400K

(Stretton et al., 2001). This is attributed to increased activity

of {100}h011i at high temperature, consistent with theoreti-

cal work by Amodeo et al. (2012; 2016) and experiment-

s.(e.g., Copley and Pask, 1965 and Day and Stokes, 1966).

These previous studies seem to indicate that {100}

h011i could become more active in periclase and ferroperi-

clase both with higher pressure and with higher temperature.

Thus, in the Earth’s lower mantle, it is possible that

100f g 011h i slip is dominant in ferropericlase as opposed to

110f g 110h i, which has been widely assumed. In the future,

D-DIA deformation experiments over a range of pressure

and temperature conditions should be performed. EVPSC

FIG. 12. Uniaxial stress t evolution with macroscopic strain e33. (a) Values calculated from the empirical equation (4) from the Q-factors measured for each lat-

tice plane families; (b) values deduced from the EVPSC simulations (see details in the text).

FIG. 13. Yield strength in this study compared with previous work per-

formed under similar pressure. Bridgman (1937) (orange dash line); Uchida

et al. (1996) (green dash line); Weidner et al. (1994) (blue dash line);

Kinsland and Bassett (1977) (red dash line); Merkel et al. (2002) (black

dash line).
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modeling of these data would provide constraints on the vari-

ation in polycrystals CRSS values, slip system activities, and

yield strength.

VI. CONCLUSION

In this work, the EVPSC simulation using an affine line-

arization assumption fits the D-DIA experiment results well,

both in Q-factor and in texture evolution. From the simula-

tion results, approximate CRSS of 110f g 110h i (1.2GPa) and
110f g 011h i (3.2GPa) slip systems can be attained if using

an affine linearization assumption. However, the texture

does not evolve as quickly as in the experiment. If using a

tangent assumption, then we can only constrain the CRSS of

the 110f g 110h i slip system. The ratio of the CRSS of

100f g 011h i to 110f g 110h i is high for the tangent approxi-

mation. All parameters including CRSS, strain hardening

parameters, rate-sensitive stress exponent, initial grain shape,

and linearization assumption play a role and need to be com-

bined in order to obtain a description of lattice strain and tex-

ture evolution compatible with the ones measured in the

experiment. We explain a rather unconventional dip in the

evolution of the Q-factor of the {200} planes by a mecha-

nism of dislocations unpinning from C atoms and consequent

reduction in the CRSS’s. Experiments and simulations for

multiple D-DIA datasets under varying pressure and temper-

ature conditions should be performed to constrain the plastic

behavior of periclase under high pressure and temperature

conditions. These will allow us to test predictions based on

numerical modeling and to infer the plastic behavior of peri-

clase in the deep interior of planets.

SUPPLEMENTARY MATERIAL

See supplementary material for diffraction data analysis

and initial grain shape and linearization effect on the EVPSC

modeling.
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