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Abstract

Cylindrical polycrystalline MgO samples have been deformed with total axial strains up to 35% at pressures up to 8 GPa.

Hysteresis loops between elastic lattice strain and total axial strain were established by repeatedly shortening and lengthening

the samples at selected strain rates. The yield point was identified as the first deviation from linearity in the lattice strain versus

total strain curves. MgO samples yielded at low total strains (b1%) and the yield strength (ca. 0.5 GPa) was insensitive to

pressure. Beyond the yield point, MgO showed a strong strain-hardening behavior, characterized by an initial rapid increase in

flow stress, followed by a linear stage with a constant hardening parameter. At pressures below 5 GPa, lattice strains associated

with reflections 200, 220, and 222 diverged with increasing total strain. Above 5 GPa, these lattice strains converged,

suggesting a possible change in flow mechanism.

D 2004 Published by Elsevier B.V.
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OR1. Introduction

Because of the needs in understanding rheological

properties of the Earth’s interior, the yield strength of
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MgO at high pressure has been studied extensively in

the past decade using a variety of experimental

techniques, including measurements of radial pressure

distribution and final sample thickness in the diamond

anvil cell (DAC) [1,2], peak width of powder X-ray

diffraction patterns in a conventional DIA [3], and

distortion of the diffraction Debye rings recorded

perpendicular to the loading axis in the DAC ([4] and

the review therein). In all these studies, differential

stress was not an independently controllable param-

eter, but rather a consequence of either pressure

gradients or elasticity mismatch at grain contacts.
etters xx (2004) xxx–xxx
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Due to this inability to control differential stress, it has

not been possible to determine whether the sample is

within the elastic or plastic regime. As a result,

previous estimates on the byield strengthQ varied by

more than a factor of 10.

In this report, we present results obtained by

triaxial deformation experiments on cylindrical poly-

crystalline MgO samples using the deformation-DIA

(D-DIA) [5]. We demonstrate that (1) by advancing

(retracting) the differential rams in the D-DIA,

samples can be shortened (lengthened) as the differ-

ential stress levels are increased (decreased) at a given

pressure, allowing controlled experiments within

either the elastic or the plastic regime, (2) lattice

strains determined from distortion of the diffraction

Debye rings can be used as a stress gauge, as has been

demonstrated in previous radial diffraction experi-

ments ([4] and references therein), (3) the initial yield

point can be detected as the deviation from linearity in

a plot of lattice strain versus total axial strain, and (4)

the strength of MgO increases with total strain, with

significant work hardening. The hardening can be

quantified by a hardening parameter based on in situ

measurements up to 35% total axial strain and

possible change in flow mechanism may also be

detected from the different strain-hardening behavior

observed for various reflections.
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2. Experiment

2.1. Monochromatic X-ray diffraction methods

Details of the D-DIA apparatus have been

described elsewhere [5]. The D-DIA module is

compressed in the 250-ton press [6] installed at the

GSECARS 13-BM-D synchrotron radiation beamline

[7] at the Advanced Photon Source (APS). An

incident X-ray beam was monochromatized at an

energy of 65.0 keV (0.191 2 wavelength) by a Si

(111) monochromator. Two pairs of tungsten carbide

slits were placed in the beam path for diffraction to

aperture the incident X-rays to 100�100 Am. The

two-dimensional (2-D) diffraction patterns were col-

lected by a Bruker SMART 1500 X-ray charge-

coupled device (CCD) detector (1024�1024 pixels).

By driving the slits out of the beam path, radiographic

image of the cell assembly was taken to measure the
ED P
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sample length during deformation cycles with a 3�3

mm monochromatic X-ray beam. The X-ray imaging

system, adopted from the X-ray tomography setup at

GSECARS [8], was mounted on the press frame (e.g.,

[9]). The PentaMax CCD camera (1300�1000 pixels)

collected the visible-light image on a YAG scintillator

produced by the X-ray absorption contrast of the cell

assembly with 1.3 Am/pixel resolution.

The pressure medium (6 mm edge length cube)

was a mixture of amorphous boron and epoxy resin,

with a sample chamber of 1.6 mm diameter stacked

with the following materials (from top to bottom):

crushable Al2O3 cylinder, sintered Al2O3 piston,

packed MgO powder (1.5 mm initial height and 1.2

mm diameter, b10 Am grain size) surrounded by a

hexagonal BN sleeve, sintered Al2O3 piston and

crushable Al2O3 cylinder. In the high-temperature

cell, the sample column was surrounded by a graphite

heater tube (4 mm height) with platinum foils at the

top and bottom of the heater for electric contact.

Prior to an experiment, detector orientation relative

to the incident X-ray beam was calibrated using the

diffraction pattern from a standard (CeO2). The

sample assembly was then loaded in the D-DIA and

the sample–detector distance was determined from the

diffraction pattern of MgO at ambient conditions.

Under pressure, the differential rams were advanced

(retracted) at constant speeds to shorten (lengthen) the

sample, while diffraction patterns and radiographic

images were repeatedly recorded with 300 and 100 s

of exposure times, respectively, at the vertical center

of the sample.

We report results from two experiments (D0466

and D0471). In run D0466, the sample was exposed to

four compression–extension cycles at each of four

pressures (0.5, 1.0, 2.0 GPa and back to 0.5 GPa). In

run D0471, pressure was first increased to 4.9 GPa

and then the sample was shortened and lengthened

under an average pressure of about 6.4 GPa (4.9–7.9

GPa). After the deformation cycle, the sample

temperature was increased, but in the present paper,

we will focus on room temperature deformation

results only.

2.2. Data analysis

Theory describing elastic lattice strain under

uniaxial compression has been developed for various



ARTICLE IN PRESS

126
127
128
129
130
131
132

133
134
135
136
137
138
139

T. Uchida et al. / Earth and Planetary Science Letters xx (2004) xxx–xxx 3
crystallographic systems (cubic by [10], hexagonal by

[11], and all others by [12]) and the results have been

applied to radial diffraction experiments in the DAC

(e.g., [4,13]). Our data reduction technique is similar

to that of [4]. After spatial and flat field corrections,

each 2-D diffraction pattern (Fig. 1(a)), which is

plotted in polar coordinates of reciprocal d-spacing
UNCORRECT
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Fig. 1. (a) An example of diffraction Debye ring recorded parallel to

compression axis, collected in the second-stage hardening. Solid

and dashed arrow indicates the direction of Debye ring distortion.

When the sample is shortened (lengthened), Debye ring distorts in

the direction of solid (dashed) arrow. (b) A bcakeQ form, converted

from polar coordinates of reciprocal d-spacing versus detector

azimuth v using the software package FIT2D by binning data at 18
steps. The vertical axis is detector azimuth angles, from 08 to 3598
(from bottom to top), of the Debye rings, with zero degree

arbitrarily defined as diffraction vector being horizontal (parallel

to the minimum principal stress axis), and the horizontal axis is 2h,
from 08 to 108 (left to right). Intensity variation is caused by

absorption of cubic-BN anvils. In the vertical direction (azimuth

v~908 and 2708), X-ray does not go through cubic-BN anvil and

therefore intensity is stronger.
ED P
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versus detector azimuth v, is converted into Cartesian

coordinates (A bcakeQ form; Fig. 1(b)) using the

software package FIT2D [14]. In our case, v=0 is

arbitrarily defined in the horizontal direction, parallel

to the minimum principal stress axis. The diffraction

data in Cartesian coordinates are then converted into a

series of 1-D (intensity versus 2h) diffraction patterns,

by binning the data in 18 intervals of the detector v
angle. Each of the 1-D patterns is fit by an automated

curve-fitting program to obtain 2h values for the

peaks, so that the peak positions (in d-spacing) are

determined as a function of true azimuth angle u,

which is modified based on the dependence of the

detector azimuth v on the 2h angle: sinu=coshsinv
(see [4] or [15] for details).

As in conventional deformation experiments, we

denote the uniaxial stress field at the center of the

sample as (modified from [10]),

rij ¼
r1 0 0

0 r3 0

0 0 r3

0
@

1
A

¼
rp 0 0

0 rp 0

0 0 rp

1
Aþ

2t=3 0 0

0 � t=3 0

0 0 � t=3

1
A;

0
@

0
@

ð1Þ

where r1 and r3 represent the maximum and

minimum principal stresses, respectively, with com-

pression being positive. Hydrostatic and differential

stresses are defined as rp (=(r1+2r3)/3) and

t(=r1�r3), respectively. The lattice strain e(u,hkl)

of any d-spacing with Miller index (hkl) in a

polycrystalline sample with random grain orientation

is expressed as

e /; hklð Þ ¼ ep � et hklð Þ 1� 3sin2/
� �

; ð2Þ

where ep is hydrostatic strain and et(hkl) the

bdifferential lattice strainQ due to the differential

stress. The magnitude of et(hkl) is obtained by fitting

each reflection distortion in the cake form (Fig. 2). We

assume a simple elastic relation:

t hklð Þ ¼ 6G hklð Þet hklð Þ; ð3Þ
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Fig. 2. An example of the azimuthal distortion of lattice strain e t(hkl) for 200, 220 and 222 taken from the deformation cycle at 1.0 GPa. The

legend shows the data file number with total axial strain in brackets. Data 065 were collected at the onset of deformation, 071 at the yield point,

086 in the first-stage hardening, and 107 in the second-stage hardening. Because the deformation cycle at 0.5 GPa was completed with

extension, the lattice strain was negative to begin with (65). Depending on C(hkl)(=(h2k2+k2l2+l2h2)/(h2+k2+l2)2), magnitude of lattice strains

are systematically different. Note the change in the direction of lattice strain modulation (indicated by arrow in 200 and 220), due to reversing

differential ram directions (positive: compression; negative: extension).
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where G(hkl) is the shear modulus. For MgO, the

t(hkl)’s are expressed as

t 222ð Þ ¼ 3et 222ð Þ= S44=2�;½ ð4Þ

t 200ð Þ ¼ 3et 200ð Þ= S11 � S12�;½ ð5Þ

and

t 220ð Þ ¼ 3et 220ð Þ= 1=4 S11 � S12Þ þ 3=8S44�:ð½ ð6Þ

Note that here we do not assume either iso-stress or

iso-strain models and differential stresses t(hkl) are

not necessarily identical. We consider certain diffrac-

tion plane (hkl) and assume stress=elastic constant�
strain on the plane of interest.

Beyond the yield point, the sample starts plastic

deformation and stress distribution becomes hetero-

geneous. It is not so obvious whether the elastic

constants in Eqs. (4)–(6) are still applicable in the

plastic regime. However, lattice strain observed in

diffraction Debye ring is elastic and it essentially

returns to zero when both pressure and stress are

released. In this report, we use the elastic lattice strain

to compute differential stress using Eqs. (4)–(6), even

after the sample yields, and then discuss feasibility of

lattice strain as stress gauge rather than justify the

applicability of the elastic constants in Eqs. (4)–(6) in

plastic regime.

Hydrostatic stress (pressure) is obtained from the

hydrostatic strain ep,

rp ¼ KT � 3ep ¼ 1=S11 þ 2S12Þep;
�

ð7Þ
ED P
RO

where KT is isothermal bulk modulus. At high

pressures, the hydrostatic strain is finite and

therefore Eq. (7) needs to be extended according to

the third-order Birch–Murnaghan equation of state

(EOS)

rp ¼
3

2

� �
KT

�
1� ep
� ��7 � ð1� epÞ�5

�

� 1� 3

4

�
4� KTVð Þ 1� ep

� ��2 � 1
	 
� �

;

�

ð8Þ

where KTV is the pressure derivative of KT. In the

present study, both KT and Sij are taken from [17].

The total axial strain of the sample is defined as

e total ¼ l0 � lÞ=l0;ð ð9Þ

where l0 and l are the sample lengths measured

from radiographic images in the vertical direction

(parallel to both the cylindrical axis of the sample

and r1) at a reference point and under a given

differential stress during deformation cycles, respec-

tively. The reference point is arbitrarily chosen at

the very first point of the first deformation cycle.

Note that while X-ray lattice strains are elastic and

are a manifestation of volumetric (pressure) and

differential stresses, the total axial strain contains

significant plastic component. This will be denoted

as btotal strainQ to be distinguishable from the

lattice strains.
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3. Results

Fig. 3 plots differential lattice strains et(hkl) against
total axial strain etotal. As can be seen in the azimuth

dependence of lattice strain shown in Fig. 2, peak

position of each diffraction line is fit by Eq. (2). The

error bar in Fig. 3, representing one standard deviation

in the least-squares fit, indicates the magnitude of

scattering in Fig. 2 and indirectly the error in curve-

fitting result of peak position. Intensity of 111

reflection is fairly weak compared to 200 and 220

reflections, resulting in large scatter of lattice strain

(peak position) in azimuth dependence (Fig. 2). Thus,

the error bar of 111 reflection is larger than that of

other two reflections in Fig. 3. Intrinsic lattice strain

change is more significant than the size of the errors

for all reflections.

The hysteresis loop identifies the total strain

threshold for the elastic regime, i.e., the initial linear

segment after the differential rams are reversed. Note
UNCORRECT

Fig. 3. Lattice strain (elastic) versus total axial percent strain. The referenc

first deformation cycle. For each lattice strain, the linear relationship betw

(b1%). Above the linear (elastic) regime, the slope changes with increasi

difference in lattice strain between 200 and 222 increases with total strain at

increasing total strain at 6.4 GPa. Pressure is labeled with the sample stra
ROOF

that after the first compression–extension cycle, the

lattice strains for different subsets of grains contribu-

ting various hkl reflections do not return to zero at the

same total strain level, due to the build up of residual

strain after plastic deformation.

The initial yield point is identified as the

deviation from the linear lattice strain versus total

strain relation in Fig. 3. The yield point is more

clearly and accurately detected by examining the

derivatives of the curve. Fig. 4 shows details of the

lattice strain change during the second deformation

cycle (for 200, 220, and 222 reflections), as well as

the derivative of the lattice strain versus total strain

curve (only for 220 reflection). In an ideal elasto-

plastic material, the derivative curve should start out

as a flat line (constant slope corresponding to elastic

constants for the given crystallographic direction),

then become zero beyond the yield point (ideal

plasticity, with no strain hardening). The elastic flat

line in the derivative is observed in our data (Fig.
ED P

e sample length was arbitrarily chosen at the very beginning of the

een lattice strain and total strain is limited to very small total strains

ng total strain, indicating significant work hardening. Note that the

low pressures (up to 2 GPa), whereas the difference diminishes with

in rates (in s�1) for sample shortening in brackets.
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Fig. 4. An example of (a) detail lattice strain change during the deformation cycle at 1.0 GPa, and (b) derivative of lattice strain versus total

strain curve in 220 reflection, taken from the deformation cycle at 1.0 GPa. Yield point is defined as the initial deviation from linearity in (a) or

abrupt change (indicated by arrow) from elastic to elasto-plastic regimes in the derivative in (b). The sample reaches steady-state at around 14%

total strain, where lattice strain linearly increases with total strain. The dashed curves are guide to the eye. (c) Differential stress computed from

Eqs. (4)–(6). For comparison, stress data of Paterson and Weaver [14] are plotted by normalizing the horizontal scale with jacketing material

(rubber or latex) indicated. (d) Schematic illustration of stress–strain relation. Initial yield point is identified as the first deviation from linearity.

Yield strength is the differential stress at initial yield point. Flow stress is differential stress after the sample yields and therefore flow

stressNyield strength. Because of multiple deformation cycle, lattice strain contains residual strain at the reference point. To normalize the stress

level, yield strength is computed from net strain change shown in (a).
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4(b)), followed by an abrupt change in slope

(indicated by arrow in Fig. 4(b)), corresponding to

the initial yield point. Beyond the initial yield point,

however, the derivative first decreases rapidly and

then becomes a non-zero constant (Fig. 4(b)), while

the lattice strain increases linearly (Fig. 4(a)). This is

the direct observation of strain hardening in MgO

under high pressure. To distinguish differential

stresses at different stages during deformation, we

will refer to the differential stress of the initial yield

point as binitial yield strengthQ, and the differential
stress beyond the initial yield point as bflow stressQ
as shown in Fig. 4(d).

When the direction of differential rams is

reversed, the observed lattice strain is in elastic

regime with significant residual strain (reference

point in Fig. 4(d)). To measure the initial yield

strength, we first normalize the strain level,

determining the net lattice strain change of the

linear segment between the first point of each

compression cycle and the yield point, as indicated

by the arrow in Fig. 4(a). The same process is also
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t1.1 Table 1

Initial yield strengtht1.2

Deformation Cycle Pressure Strength

200

Strength

220

Strength

222t1.3
(GPa) (GPa) (GPa) (GPa)t1.4

Compression D0466 2 0.36 0.29(1) 0.29(1) 0.32(2)t1.5
D0466 3 0.91 0.58(1) 0.60(1) 0.63(3)t1.6
D0466 4 0.13 0.76(1) 0.79(1) 0.80(2)t1.7
D0477 5.08 0.50(2) 0.54(3) 0.54(8)t1.8

Average 0.53 0.56 0.57t1.9
Extension D0466 2 0.79 0.57(1) 0.61(1) 0.65(3)t1.10

D0466 3 1.21 0.79(1) 0.84(1) 0.80(3)t1.11
D0466 4 0.32 0.39(1) 0.43(1) 0.50(2)t1.12
D0477 7.16 0.80(1) 0.84(3) 0.87(11)t1.13

Average 0.64 0.68 0.71t1.14

Numbers in parenthesis indicate standard deviation.t1.15
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applied to the linear segment for each extension

cycle. There is no systematic difference in the net

strain change for both compression and extension

cycles, because extensive yield is achieved by

compression by surrounding material in radial

direction (r3Nr1), which is one of the critical
UNCORRECT

Fig. 5. Comparison of differential stress data. Only the initial yield points

axial strain. Solid and open symbols in our data indicate the data collected d

horizontal line is a fit to our yield stress data. Any differential stress abov

strengthQ [1–3]. Two other heavy dashed lines indicate differential stress

M&J: Meade and Jeanloz [2]; P&W: Paterson and Weaver [14].
PROOF

differences between high pressure deformation

experiment and conventional extension test (r3=0).

In our measurement, the net total strain change

includes both extensive and compressive compo-

nents, and the extensive strength should be equal to

compressive strength under pressure. Thus, the net

total strain change is divided by 2 and the initial

yield strength is computed from the half of net

lattice strain change using Eqs. (4)–(6). The yield

strength thus calculated is summarized in Table 1 and

plotted in Fig. 5, together with previous differential

stress data for comparison.

Both samples, even after exposed to 35% total

strain, showed no systematic X-ray intensity variation,

exhibiting no direct evidence for texture development.

Intensity variation observed in Fig. 1 is due to the

absorption of the cubic-BN anvils, which may have

overshadowed the intensity variations caused by

preferred orientation. An intensity correction scheme

is under development to analyze the effect of preferred

orientation.
ED 

 

from our data are shown, as the flow stress varies greatly with total

uring compression and extension cycles, respectively. Heavy dashed

e this dashed line should be called bflow stressQ rather than byield
level at 5% and 10% total strains. K&B: Kinsland and Bassett [1];
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4. Discussion

Our yield stress data are rather insensitive to

pressure and, within the resolution, can be regarded

as a constant at pressures from 0.5 to 7 GPa (Table

1)). On the other hand, all previous differential stress

measurements in the DAC and multianvil apparatus,

which could not quantify the total sample strain,

yielded values much higher (Fig. 5). Our results

indicate that these previous high pressure deformation

data do not reflect initial yield strength, but rather

certain flow stress at some unknown total strain,

although some of those studies claimed that they

measured byield strengthQ [1–3]. This explains the

wide scatter in those measurements: Flow stress of

MgO depends strongly on total strain, due to strain

hardening (Fig. 3). From our results, we can estimate

total strain level (dashed line in Fig. 5) in the previous

studies. Over 10% total strain should have achieved.

Our results show that strain hardening of MgO is

characterized by two different stages (Fig. 4). In the

first stage, from immediately after the initial yield

point to about 5% total strain, the flow stress rapidly

increases with total strain. The second stage, where

lattice strain linearly increases with increasing total

strain, may be quantitatively characterized by a

hardening parameter Bet hklð Þ=BetotalÞðorðBt=Betotalð Þ
if lattice strain can be converted to stress). The

hardening parameter is insensitive to pressure below

2 GPa (Fig. 3, D0466). Even after the sample went

through compression and extension cycles at several

different pressures, lattice strain in the second stage

hardening almost linearly increases with increasing

total strain, following a unique trend for each hkl. In

D0471 (higher pressure), hardening parameter is

larger than that in D0466 even when arbitrariness in

reference point of sample length is taken into account,

implying possible change in flow dynamics. This

second-stage hardening has similarities with the

elastic regime in that differential stress linearly

increases with increasing total strain and that the

magnitude of lattice strain is greatest for 200 and least

for 222. To distinguish these two stages, one must

carefully examine the relationship between lattice

strain and total strain.

Hulse et al. [18] and Paterson and Weaver [19]

deformed cylindrical polycrystalline MgO samples

using a gas-medium deformation apparatus. The
ED P
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achievable pressure range was limited to 1 GPa and

yet their differential stress data are comparable to our

low pressure data at 0.5 and 1.0 GPa (Fig. 5). In

addition to the strength data, our data also agree with

these conventional deformation results in that the

sample reaches initial yield point within 1% of total

strain, and that the sample shows strong strain

hardening (Figs. 3 and 4(c)). If one converts the net

lattice strain change from the 15% to 20% total strain,

using the 220 reflection as a stress gauge, the flow

stress increases by 0.4 GPa, resulting in a hardening

parameter Bt/Bqtotal to be 0.08 GPa per percent strain.

For comparison, data of [19] gave a hardening

parameter of 0.05 GPa per percent strain. Part of the

discrepancy may be attributed to the choice of l0. If l0
is chosen at the very beginning of the second

deformation cycle, the hardening parameter becomes

smaller. The differential stress computed from differ-

ent reflection may give varying estimates within about

10–15% in the plastic regime (Fig. 4(c)). This

difference is actually smaller than the data presented

by [19], using different jacketing materials in their

experiments. Allowing these errors, lattice strain

works as bstress gaugeQ.
Fig. 3 also shows that at lower pressures, lattice

strains become more anisotropic with increasing total

strain. The magnitude of lattice strain is greatest for

200 and least for 222 in the plastic regime below 2

GPa. At higher pressure (6.4 GPa), the absolute values

of lattice strain are still largest for 200 because the

first-stage hardening for 200 appears to continue up to

6% total strain. The second-stage hardening parame-

ters are almost the same for 220 and 222, both of

which exceed that for 200 at total strains above 5%

(Fig. 3). As a result, the three lattice strains converge

at 10% total strain. It is expected that the lattice strain

for 200 will be below that for 220 and 222 above 10%

axial strain. The change in hardening behavior at

higher pressure (6.4 GPa) suggests a possible change

in flow mechanism. This strain-hardening behavior

can also explain the discrepancy in elastic anisotropy

observed in previous diffraction experiments and

elasticity measurements. Elasticity measurements

such as ultrasonics and Brillouin scattering show that

elastic anisotropy S(=S11�S12�S44/2) of MgO

decreases only modestly with pressure, and predict

that S will become zero (isotropic) at a pressure of 11

GPa [17], 19 GPa [20], 21 GPa [21], and 21.5 GPa
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[22]. On the other hand, X-ray diffraction studies

based on lattice strains concluded that anisotropy

diminished at pressures between 2 and 4 GPa in the

Drickamer cell [23], around 25 GPa in the DAC [24],

or about 8 GPa in the DAC [4]. We attribute the

discrepancy to various stress conditions and unknown

total strains in previous diffraction studies, owing to

the strain-hardening behavior observed in Fig. 3. In

previous diffraction experiments, it was assumed that

all grains were under identical stress conditions, hence

equal lattice strain was interpreted as elastic isotropy

(identical G(hkl) in Eq. (3)).

Magnesiowqstite (Mg,Fe)O is believed to coexist

with (Mg,Fe)SiO3 perovskite in the Earth’s lower

mantle, and the rheological property of an end-

member MgO are of fundamental importance to

infer flow behavior of mantle minerals (e.g., [2,4]

and references therein). The strong strain hardening

observed in MgO is unlikely to persist under high

temperature, because hardening is generally con-

trolled by interactions of dislocations when they are

less mobile in the low temperature plastic regime

(e.g., [25]). Once the dislocation climb is activated

at high temperatures, flow stress is expected to

diminish. On the other hand, our results also show

that the hardening parameter appears to increase

with pressure. Pressure and temperature effects on

flow mechanism are therefore of fundamental

importance to infer the Earth’s mantle dynamics.

We have established new experimental technique in

conducting high pressure deformation using mono-

chromatic diffraction, and high temperature defor-

mation experiments are underway to quantify the

flow models of MgO under simultaneous high

pressure and temperature.
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