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X-ray strain analysis at high pressure: Effect of plastic deformation in MgO
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The factors that control the stress—strain state of a polycrystal under differential stress depend on
whether or not plastic deformation has occurred in the solid. If not, then the elastic properties with
the constraints of the Reuss—Voigt bounds limit this relationship. If plastic deformation becomes
important then the Taylor and Sachs models are relevant. These models assume that the plastic
process is enabled by dislocation flow on specific lattice planes and specific Burger’s vectors. Then,
the relationship between stress and strain is controlled by the orientation of an individual grain with
respect to the stress field, von Mises criterion, and the critical resolved stress on the dislocation that
is necessary for flow. We use a self-consistent model to predict the flow stress during the plastic
deformation of polycrystalline MgO with a slip system {£10}(110), {111}(110), and {100

x(011) at different critical resolved shear stress ratios for the different slip systems. The prediction
of the models is correlated with the results of x-ray diffraction measurements. Uniaxial deformation
experiments on polycrystalline and single-crystal MgO samples were condocid using white

x-ray diffraction with a multielement detector and multianvil high-pressure apparatus at a pressure
up to 6 GPa and a temperature of 500 °C. A deformation DIA was used to generate pressure and
control at a constant deformation rate. Elastic strains and plastic strains were monitored using x-ray
diffraction spectra and x-ray imaging techniques, respectively. The correlation of the data and
models suggests that the plastic models need to be used to describe the stress—strain observations
with the presence of plasticity, while the Reuss and Voigt models are appropriate for the elastic
region of deformation, before the onset of plastic deformation. The similarity of elastic strains
among different lattice planes suggests that{ftid} slip system is the most significant slip system

in MgO at high pressure and high temperature. 2@4 American Institute of Physics.

[DOI: 10.1063/1.1738532

I. INTRODUCTION located aty=0° and y=90°%7 These measurements have

been possible with the use of x-ray transparent gaskets, usu-

The relationship between the stress and strain fields in gy, o for the diamond cefl,and x-ray transparent anvils,
polycrystalline system that is undergoing elastic or pIaSt'Csuch as cubic boron nitridefor the multianvil system.
deformation has been the focus of many materials science Data obtained in this manner have been used to define

studies since the late 1920's?Recently, it has become rou- the sample differential stress in the case that the single-

tine to measure the elastic differential strain field in bothCrystal elastic moduli are knowhEundamental to the inter-

diamond anvil cell$* and _mult|anV|I cellS using synchro retation of the relative strain parallel and perpendicular to
tron x rays. In these experiments, the x rays pass through t - o ) -
. . . Ihe stress axis is the realization that the x-ray defined strain is
sample along a path perpendicular to the compressive axis Q . . . :
s ' : - : an elastic strain. Processes, such as dislocation movement,
a cylindrical stress field as illustrated in Fig. 1. The diffracted P . - o
) . atom diffusion, grain-boundary sliding, and recrystallization,
x rays sample the lattice spacings both parallel and perpen-

dicular to the maximum stress. Detection can be by means (\g/lll cause plastic strain, but will not alter the distance be-

a two-dimensional system, such as an imaging plate or vyffeent!att|c(e) plgahnes tznd,r;[huz, th not bﬁ sanlplg:dt bBt/ X;Lay
charge coupled devic€CCD) detector with monochromatic tfiraction. ©n the other hand, stress will contribute 1o the

X rays, where the Debye rings are recorded as a function q[ |st(|)_rt|_c:nt_of theflﬁ‘tt'ce v:a tthe.teqtlr"]'I'br'umt.fI?.St'C'ty' Wwithin ¢
the azimuthal angley. Then, the lattice spacings parallel to € limitations ot lin€ar elasticity, the quantitative measure o

the maximum stress axis at=0° can be compared with stress is derived from the strain measurement following

) 5
those parallel to minimum stress axisya90°. White x rays ~ 10CKE’S law?

provide the same results with multiple solid-state detectors, '€ Polycrystalline sample exhibits a complex stress—
used in conjunction with a conical slit in a multianvil press, elastic strain field. The relationship between them is con-

trolled by the elastic anisotropy in the elastic regime. In this
case, stress can vary from point to point as the neighboring
dElectronic mail: lili@notes.cc.sunysb.edu grains present varying boundary conditions to each grain.
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/ stressed regime, and in a plastically deforming polycrystal at
the sameP, T conditions. The stress distribution among the

different grain populations is drastically changed with plastic
deformation. We also present a result of a self-consistent
model for analyzing the stress relationships in a deforming
solid.

This type of analysis will enable a more thorough under-
standing of deformation experiments conducted at high pres-
sure. The average stress on the sample may simply be esti-
mated by averaging the stresses defined for all of the
subgrain populations. A more accurate estimate of the aver-
FIG. 1. Diffraction geometry for stress analysis. X rays travel perpendicularagge stress will require forward modeling including specify-
to the maximum compressive stress,, and are diffracted by an angle of ¢ the s|ip systems and their constitutive relations.

26. Lattice spacing is measured as a functionyofl spacing is measured . . o .
either by @ for monochromatic x rays or by energy at a fixelfar white This SIUdy illustrates that it is not reliable to measure
x rays. They=0° value corresponds to lattice planes whose normal aresingle-crystal elastic properties in a material that is undergo-
nearly parallel to the maximum stress direction while }¥€90° measure- ing plastic deformation using the method suggested for high
ments yield lattice dimensions parallel to the= o5 directions. pressure studigsThat method requires that the Reuss bound
be the correct bound for the solid. Thus, the variation of

Stress can also vary systematically with different subpopulaStrain among the different populations indicates a variation in
tions of grains that are defined by their orientation relative tof/astic properties since all grains are at the same stress. The
the stress field. In this case, the elastically stiff axis will OPServations reported here indicate that this assumption is
typically exhibit a larger stress and smaller strain than the@dly violated once plastic deformation begins. Furthermore,
elastically soft directions. Each diffraction line will give rise ©Nc€ the solid has plastically deformed, the stress field may
to a measure of the stress field in the sample, giving streontinue to reflect the effects of the Taylor-Sachs bounds.
measures for distinct populations of grains, namely those
whose orientations meet the necessary diffraction conditiond!- ELASTICALLY DEFORMED POLYCRYSTALS
Singh°’ indicates the relationship between the strain field and  Stress is directly related to the elastic strain at any point
the average stress field using the parameter] to indicate  within a polycrystalline aggregate by the well-known
a “Reuss” solid (uniform stress*** and =0 indicating a  Hooke’s law as in Eq(1):
“Voigt” solid (uniform strain.!° A value between 0 and 1
indicates a mixed boundary condition solid. The variation of i~ Cij €} » (1)
stress and strain all fall within the broad bounds of thewhere repeated indices imply summatien,and ¢; are the
Reuss—\oigt limits. However, even the assumption of thesgector representations of stress and strain, wabileis the
bounds in the uniaxial compression will be challenged whematrix form of the elastic stiffness tensor. If one could define
plasticity plays a role. When the polycrystal is plastically the entire elastic strain field at any point in the sample, then
deformed, several important changes occur. First, the x-raghe stresses can be specified through this relation. X-ray dif-
diffraction is only sampling a portion of the total strain field. fraction supplies some of the components of strain for sub-
It does not reflect the plastic portion. Second, once the plagsopulations of the polycrystals, namely those that are in dif-
tic deformation initiated, plastic properties may dominate thefracting condition for the specific value of where an
stress—strain state. In a single crystal, the Schmid factogbservation is made. Each diffraction peak is derived from a
which represents the ratio of resolved shear stress on the slififferent subpopulation of grains. The strain represents the
plane versus the applied stress, becomes the dominatiniifference between the observed lattice spacing and that
measure of anisotropy and the stress fields in the differeni/hich would be produced by hydrostatic pressure. In a sys-
grain populations now evolve to maintain the necessargem with a uniaxial stress field, we defimg as the maxi-
stress on the dislocations to enable plastic deformation. Imum compressive stress and= o5 as the minimum com-
polycrystalline aggregates, five independent slip systems aigressive stress. We can then define a strain metric for a
required to accommodate the five independent strain compgarticular diffraction peak by"™*'= (e, — €3)"¥'. The strains,
nents for plastic deformatiolf. This is the von Mises crite- €; and e3, measured ay=0° and 90°, respectively, are also
rion. The minimum Taylor factor is used to identify the ac- from different subpopulations of grains. If we assume that all
tive combination in multiple slip systems in a similar fashion of the grains of this subpopulation feel, on average, the same
as the Schmid factor in single slip case. The Taylor—Sachstress field, then/"¥' becomes the differential strain for the
bounds(for details see Sec. lll Areplace the Reuss—\Voigt grain subpopulation corresponding to the particular diffrac-
bounds. In general, the stress field of the various populationgon peak, fikl). From this, we can define the subpopulation
of grains will change radically. In a system with as high differential stress as in
symmetry as face-centered cubic with 12 independent slip hkl_ —=hkl_ hkl
systems, the Taylor model predicts that the stress will vary = (o= o) =BT )
by as much as 50% among the different grain populations.whereE"<! is Young’s modulus corresponding to thik{)

In this article, we report data for polycrystalline MgO direction in the crystal. Young’s moduli, as a function of
illustrating the effects of stress fields in a nonplastic, but(hkl) for different crystal symmetries, are given by Nye.
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In the last decade, these analysis techniques have bestrate that the differential stresses for different diffraction
applied to determine single-crystal elasticity from polycrys-vectors differ considerably from this assumptisee Sec.
talline x-ray diffractioft®*4 for MgO, iron, FeO, and other V).
materials. The details of elastic moduli analysis have been
described elsewhefen this approach, the differential stress Ill. PLASTICALLY DEFORMING POLYCRYSTALS

is the difference between the two principle stresses in the

radial and axial direction, while the hydrostatic pressuige
is the average of the three principle stress, as shown in

t:(Tl_O'3,

)

Up:(20'1+ 0'3)/3

t differs from 7"¥! given above in that represents the aver-

age differential stress and is independentloklj. The azi-

Strain studies using Bragg scattering of conventional x
rays® and neutron® are well established. Due to the small
penetration depthseveral microj early x-ray diffraction
techniques were limited to the surface of the sample, and not
able to represent the deformation and grain interaction inside
the sample. On the other hand, the penetration depth of neu-
trons (on the order of crhmakes it possible to measure a
bulk average of the elastic strains within subsets of grains. It

muthal angley is 0° when parallel to the unique stress axishas been recognized that residual stress and strain will be
and 90° when parallel to radial stress axis, as shown in Figouilt up inside a plastically deformed matetiznd the over-

1. Thed spacing is a function of, given by
d(hkl)=dp(hkD)[1+(1-3 cog x)y"/3], (4)

whered(hkl) is the measured spacing andip(hkl) is the
d spacing under the hydrostatic pressure. Equation(4)
provides the basis for defining'¥' from measurements af

at least two values of. For cubic symmetryy"¥ is ex-
pressed as
y(hkl)=3[my—3m,I'(hkD)],
I'(hkl)=(h2k?>+Kk?1%2+1%h?)/(h?+ k2 +12)?,
)

Mo = (t/3)[S11— S12l,

my = (t/3)[S11— S1o— S44/2],

wheres;; are single-crystal elastic compliances, angland
m, are combination elastic constants that reflect thil)
dependence. In fact, the variation gt' with (hkl) enables
the determination oimy and m;. Unless the stresq, is

all result of the deformation process is a balance between
elastic and plastic anisotrop§.Neutrons have been widely
applied to study the residual stress in materiaié? The
elastic strains can be determined for differehkl) reflec-
tions as described above. Different levels of lattice strain for
different diffraction planes are a result of the anisotropic de-
formation process.

More recently, neutron studies have been conducted on
samples undergoing tensile plastic deformatibf. Using
very similar diffraction geometries, elastic strains can be
similarly observed varying withHkl). Since they use stan-
dard deformation equipment, they are able to define the ap-
plied stress and macrostrain. Typical results are that elastic
strains reflect elastic anisotropy at low stress, but can become
highly nonlinear in the plastic region. For example, Ref. 20
reports the ratio of strain between tf#00) and(111) peaks
of stainless steel at 1.85 in the elastic region, and over 2.25
after 1% plastic strain. This increase reflects the failure of the
weaker population of grains and thus increased stress on the

known, then the most that one can determine about the elastronger grains.

tic properties comes from the ratio af, and m; that can
yield the elastic anisotropy.

We assert that the Reuss—\Voigt bounds limit the stresses
and strains in the low stress elastic region with elastic anisot-

Assuming the stresses are uniform in the polycrystatopy defining the strain anisotropy. In the plastic region, the

(Reuss bounykl the differential stress is given as
t=2G(y(hkl)), (6)

where G is the aggregate shear modulusagt. A further

stress—strain state is bounded by the Taylor—Sachs bounds,
which reflect the plastic anisotropy arising from specific slip
systems. In this latter region, the subpopulations of grains
defined by tkl) vary considerably. In the following sec-

constraint on the elastic moduli comes from knowledge oftions, we discuss these models and the predictions of the

the isothermal bulk moduluk at op through

A combination of Eqgs(1)—(5) and the measurement of

spacings on differenthkl) will be enough to derive the three

stress fields. Once in this plastic region, the assumptions for
defining elastic properties are no longer valid.

A. Plasticity models

In addition to the information from neutron experiments,

independent elastic constants for cubic crystal with knowrextensive work has been done in modeling the aggregate
shear and isothermal bulk moduli. This analysis is based odeformation and studying the mechanisms of texture. Among
an assumption of the Reuss bound for the elastic state of thtbose models, three are most common: Taylor—Hill model,
material. Uncertainties result from the lack of knowledge ofSachs model, and self-consistent models. The Taylor nifodel

the actual elastic state of the aggregate.

for calculating the uniaxial stress—strain relation for an ag-

The above analyses of the elastic properties relate thgregate requires five independent slip systems to accommo-

anisotropy in measured strain with anisotropy in elastic propdate the five independent strain components for plastic de-
erties. If the anisotropy in strain is caused by properties otheformation, known as Von Mises Criteria. The plastic strain is

than elastic anisotropy, such as plasticity as discussed in tHeomogeneous and independent of grain orientation in the
next section, then this method will fail. In particular, the Taylor model. Stresses are related to the geometry of the
experimental data obtained from the multianvil press demongrains relative to the stress field and the slip systems. The
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Sach model, which is also called the extreme lower bound, In the self-consistent model, the deformation of the poly-
regards the aggregate as having the same stress for all graimsystalline aggregates is prescribed by the overall steain
Again, the stress—strain field is governed by the geometralong the compression direction, the stress and straiand
and strength of the active dislocation orientations. €. can be calculated for all grains as well as the polycrystal-
The self-consistent mod@lis placed in between the line stressr. 2000 randomly oriented grains, defined by their
upper-bound Taylor model and the lower-bound Sachd$ulerian angles, are used to represent the inclusions in the
model. In the self-consistent model, both the elastic and plasaggregates. The stress and strain states for each individual
tic anisotropy can be incorporated into the plastic deformagrain are calculated independently then grouped according to
tion process. This model is governed by the single-crystatheir contribution to the elastic strain ohKl) lattice planes.
slip mechanisms. The controlling parameters are the critical'he elastic strain and stress on eablklj lattice plane, as
resolved stress and the hardening t&## The predicted well as the applied stress can thus be deduced. This model
strain and stress for differenihkl) lattice planes can be used has its limitation in that the hardening laws are difficult to
to compare with the measured stress and strain for relateabtain for multiple slip in a single crystal, thus are empirical.
(hkl) diffractions.
In the self-consistent model, the stress in each grain is .
found from the strain statee,, and the instantaneous 5 Predictions for MgO

elastic—plastic grain stiffness,., aso.=L .. The strain Here, we adapted self-consistent models to predict stress
in a specific grain is related to the strain average of all grainand elastic strain states for MgO under uniaxial
by fourth-order concentration tensoks, as shown in compregsioﬁf"zs Three  slip systems {110}(11)),
o.=B.o, {11_]}(110_), and{lO@(ll(_)) are proposed as the possible
active slip systems with different CRSS for each
e.=Ace, (8)  systemt*?5-29 At room temperature, thé110(110) slip
systems are reported to dominaté®2° while at a higher
Be=LcAc(L) Y, temperature slip ofi111) and(100) may become activé’~=?

We included these three slip systems in the self-
consistent model with variable CRSS, which allows different
yielding criteria for the initiation of plasticity on these sys-
L., andL*, which are the overall stiffness, the grain stiff- tems. Stress and elastic strains for differenkl) are then

ness and the constraint stiffness tensor, respectively, see gj€dicted for a uniaxial load with 1% total strain. Elastic
(19) in Ref. 23.L, is a function of the orientatiofi.e., the constants for MgQRef. 33 are incorporated into the model.

three Euler angldsthe elastic stiffness tensor, and the activeReSUIts of these calculations are illustrated in Table |. The
slip systemsL* is a function of the overall stiffness tensor values of the CRSS, the calculated stress, and calculated

and the Eshelby tensor, see E§1) in Ref. 23. elastic strain indicated in Table | represents the ratio of these
Among these four variables, the constituent shear streé}yam't!es for the slip planel11}, {100, and{ll()} and the
and strain are expressed in diffraction vectorsi(111), (200), and(220), respectively. The
T absolute values of the stresses, as illustrated in Table |, are

whereo is the resolved constituent stressjs the average
stress for the aggregate, is the constituent strain, andis
the averaged strain for the aggregaie.is a function ofL,

oc=Lcec=Cc(e.—€l), arbitrary. Thus, the ratios of stress and strain among different
o (9)  diffraction peaks are significant while their magnitudes de-
€c=Mco=Scoct €, pend on the assumed yield strength in the model. These cal-

culations vyield identical stresses whether the anisotropic
elastic moduli are used or an isotropic modification are used,
while the elastic strain changed considerably.

where M. is the elastic—plastic compliance for the single
crystals.C; is theelastic stiffness ands, is the compliance

0 . . T
tensors., is the plastic part of the strain, which is the sum Seven combinations of CRSS are given here demonstrat-

of weighted strain on active slip systems. ing the effects of each slip system or combination of them on
On the other hand, the critical resolved shear stress g Y P sy

) . . . the elastic strain and stress for each subpopulation of grains.
the ith slip systems; is related to the shear stress¥ia This combination of CRSS values shows that) always

o has the highest stress among all the diffraction peaks. In fact,
Ti:Ei h' ), (10 the stress fof111) is generally more than twice as high as
the stress foK200) for all the possible combinations of slip

where y/ is the shear stress of each slip systems. When theystems. The elastic strain for diffraction pedi?) is also
resolved shear stress on the ith slip system is larger than ththe highest among the three subpopulations, with the strain
critical resolved shear stress, the ith slip system is an for peak(220 intermediate in value. On the basis of these
active slip system and its action will contribute to the overallmodels, we conclude that, in the plastic regime, ¢h&l)
strain and stress of the aggregate; otherwise, it is an inactivdiffraction peak is expected to have both the highest stress
slip system and is elastic. The critical resolved shear stresand the highest elastic strain for all combinations of slip
(CRSS on each slip system is weighted by its own CRSSsystems that have been considered. This is in contrast to the
ratio. The CRSS ratio is controlled by the plastic anisotropyelastic case, wher@11) will exhibit the maximum stress and
of the material and can be characterized by experiments ominimum strain. In addition, the stresses reflected in the dif-
single crystal. ferent diffraction peaks vary by a factor of 2, far from being
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TABLE |. Calculated differential elastic stress and strain for the diffraction p€2d@ and(220) relative to that for(111). Seven combinations of CRSS on

the three slip systems are used. The CRSS values correspond to the relative strength of the three slibli}a{ié30}, and{110. All systems share th€10)

Burger’s vector. The absolute values of the stress, which result from work hardening, are arbitrary. The stress and strain are calculatedrton atdi%,s

using the elastic properties of Mg@Bee Ref. 38and for an isotropic modification of the MgO properties. In both cases, the calculated stresses are nearly
identical. The elastic strains ratios are given here for both anisotropic and isotropic cases. In all cases represented hbreiffitaetion peak exhibits the
greatest elastic strain and the greatest differential stress.

Relative elastic strain Relative elastic strain
;rt?;?:] Relative CRSS Relative stress (Anisotropig (Isotropig

1% {111 {100 {110 (111 (200 (220 (112 (200 (220 (111 (200 (220

1% 1 1 1 1 0.5 0.7 1 0.8 0.8 1 0.5 0.7
1% 1 1 10 1 0.6 0.8 1 0.9 0.8 1 0.6 0.8
1% 1 10 1 1 0.5 0.8 1 0.7 0.9 1 0.5 0.8
1% 1 10 10 1 0.5 0.8 1 0.8 0.9 1 0.5 0.8
1% 10 1 1 1 0.2 0.5 1 0.3 0.6 1 0.2 0.6
1% 10 1 10 1 0.6 0.6 1 0.9 0.7 1 0.6 0.7
1% 10 10 1 1 0.1 0.8 1 0.2 0.8 1 0.2 0.8

equal as is generally assumed for the Reuss state. In genersgmple temperature. Temperature gradients within the speci-
when{111} has a high CRSS ratio, the elastic strains for allmens were less than 10 K/mm, as calibrated previously in
diffraction peaks span a wide range. THd 1 slip system similar cell assemblies. The data presented here are all for
needs to be an active slip system for the strains to be close &00 °C. In the MgO42 run, the pressure was 5.7 GPa and the
equal for the different diffraction peaks. As we see later, weTa02 experiment operated at two pressures: 2.3 and 4.5 GPa.
observe that the strains for the diffraction peaks are quit&he cell pressure precision was estimated within 0.5 &Pa

close. situ using the MgO equation of state.
In these experiments, the pressure is increased to the first
IV. EXPERIMENTAL OBSERVATIONS FOR MgO loading pressure, temperature is then increased to 500 °C,

after which the deformation piston is activated providing a

The recent development of stress measurement techielatively constant strain rate between “£67! and
niques using synchrotron x-ray radiation provides the oppor40-5s=1 for a period of 1 to 2 h. In the Tan02 experiment,
tunity to measure the stress in a millimeter-sized Sample of the deformation was halted, temperature quenched' and pres-
polycrystalline material at high pressure and high temperasyre increased to the second point where the heating and
ture while it is being actively deformed. We have conductedjeformation cycle was repeated. In the MgO42 experiment,
uniaxial deformation experiments on both polycrystallinefyrther deformation was carried out at a higher temperature,
MgO and single-crystal samples oriented withll) and  put will not be discussed here as the differential stress de-
(100 parallel to the maximum stress axis. The experimentgreased below the measurement threshold.
were conducted using a large volume press with the defor-  pyring both the Tan02 run and the MgO42 run, both
mation DIA (DDIA)*** equipped with the 250 ton press specimen lengths were monitored bysitu x-ray radiogra-
(SAM 85) at the superconductor wiggler beam li2€17B2)  phy (describe in detail elsewher@® using the thin metal
of the National Synchrotron Light Source. Details onfojls, placed at the specimen ends which are opaque to the
SAM8S5 and the DDIA apparatus can be found elsewfi&?é. y_ray beam, as strain markers. Transmitted x rays were con-

Here, we report results from two experiments, Runyerted into visible light by the x-ray fluorescence of a YAG

Tan02 and Run MgO42. In the Tan02 run, two samples, &rystal placed downstream with respect to the cell assembly.
tantalum rod, and a presintered MgO powder, each 1.5 mm

in length and 1 mm in diameter, were loaded into the cell

assembly. In the MgO42 run, three samples, a thin layer of

MgO powder, and two MgO single crystals, oriented along Alumina
(111) and (100 respectively, each 1.5 mm in length and 1 end ’2"“95
mm in diameter, were used. Specimens were stacked on top 2)
of each other in the center of a BN sleeve, while separated
from each other by a thin Ni foil or Au foilabout 20um
thick). The BN sleeve was placed within a cylindrical graph-
ite furnace, as shown in the cell assembly diagi&ig. 2)

for the DDIA apparatus. Opposed hard-alumina pistons were
placed on both ends of the specimens to transmit the uniaxial
stress from the driving anvils. These two pistons are sepa- BN sample

rated from the specimens by thin metal foils. A mixture of Thermiocouple chamber

amorphous boron and epoxy was used as pressure mediu . .
AWS3ERe-W25%Re thermocouple, Stuated next 10 he inn G o' A Shemate dedan of e ool seertly used n e D011
terface between the specimens, was used to measure thiesamples.

Graphite Gold
heater foil (3)
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AlL,0; TABLE IlI. Elastic parameters for MgO.
M"‘g‘;f“ . P=0T=300K ac;; 19T (GPa/K) aci; 1P
g0 Pow
MgO<111> C11 297.4 —0.062 8.6
Cio 95.57 0.011 1.3
MgO<100> Cas 156.2 —0.013 1.2

Cij =Cij(P=0,T=300 K)+ P(?Cij 1oP
+(T—300)dc;; /T (11)

The elastic properties for MgO are given in Tablé4These
FIG. 3. Selected x-ray images for ti&L1) and(100 oriented single crys-  data are substantially in agreement with those of otffets.
tgls o_f MgO_ln run MgOle. The metql foils separating the samples are dark The stress is illustrated in Fig. 5 for the two grain popu-
lines in the image. The images are given for different pressure and temper?- . . .
ture conditions. ations corresponding t@11) or (200 parallel to the maxi-
mum stress direction. The stress supported by (tHH)
population of grains is over 50% greater than the stress sup-
The obtained images were magnified and then captured usimmprted by the(200) population of grains. This stress—strain
a CCD camera. Typical x-ray images are shown in Fig. 3combination are outside of the Reuss—Voigt limits for an
The dark lines visible in each image of Fig. 3 are the metaklastically stressed media. These bounds would require the
foil markers at the top, or middle, and bottom of each specistress on thé111) samples to be greater than that @00
men. Specimen time-resolved digital images were then proand the strain to be greatest for tf#00) population. The
cessed using the method summarized elsewliersulting  combination of stress and strain, however, is quite compat-
in the high-pressure situ measurements of specimen mac- ible with the plastic self-consistent model discussed above.
roscopic strains and strain rates. In these uniaxial deformation experiments, elastic strain
and stress were generated in the early stages of the deforma-
tion. Plastic flow should initiate once one of the slip systems
The observations in the Tan02 run at both 2.3 GPa an@eaches its yield point. The variations of thespacing are
4.5 GPa are quite similar. The MgO sample length changestill controlled by the elastic properties of and the stresses on
during the two deformation periods, illustrated in Fig. 4, the grains. However, the stress state of the aggregate is also
yield strain rates of a few parts times 105~ * in the sample.  affected by the plastic anisotropy and the total strain in the
Elastic strain, determined from two energy dispersive detecsample is the sum of the plastic and elastic strain. The strain,
tors located ay=0° and 90°, yieldy"¥!, as defined above, measured through the imaging technique, represents the total
for the (111) and(200) diffraction peaks. Th€220) peak was  strain, which includes both the plastic and elastic strains. The
not usable as it interfered with a fluorescence peak. Alsgtrains, measured from x-ray diffraction spectra, represent
illustrated in Fig. 4 are the elastic straing!, for these two  only the elastic portion.
peaks during the two deformation episodes. The elastic strain  The actual stress state of the material, that is the average
for (111) is slightly greater than fof200). Elastic strain is force per unit area acting on the polycrystal, will be some
converted to stress using the relations defined above. Elastig/erage of the stresses supported by the various populations
moduli at the appropriate pressure and temperature are cajf grains. Since the grains that are in a weak orientation will
culated as defined in fail at a lower stress, they transfer some of the overall force
to the stronger grains, which will then experience a stress

0GPa,25C 5.7GPa,500C 35.7GPa,1200C

A. Plastically deformed MgO
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FIG. 4. Measured elastic strain from diffraction peéleft-hand side scaje
and sample length from imagéeght-hand side scale arbitrary unitfor FIG. 5. Measured stress from diffraction peaks for MgO in run Tan02 as a
MgO in run Tan02 as a function of time. The two segments of data werefunction of time. The two segments of data were collected a 2.3 (&fta
collected a 2.3 GPdeft-hand side s¢tand 4.5 GP4dright-hand side sgt hand side se¢tand 4.5 GPdright-hand side s¢tThe stress inferred for the
Both sets were obtained during active deformation at 500 °C. (Lt# (11 diffraction subpopulation is significantly greater than that for(tt@0)
diffraction peak consistently experiences the greatest elastic strain. population.
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FIG. 8. Differential stress for the polycrystal with no observable plastic
FIG. 6. Lengths of two single crystals of MgO as a function of time in run deformation in run MgO42. Thé&00) peak exhibits the lowest stress with
MgO42. The inferred strain rate for tii&11) sample is about 50% less than (111) and(220) alternating with the highest stress. The data file id indicates
that for the(100 single crystal. the progression of measured diffraction spectra that span a period of about
8000 s during active deformation which was accommodated by the two
single crystals that were in series with the polycrystal.
greater than the average. The strength of the deforming poly-
crystal will then be somewhere between the strength of the . .
strongest population and that of the weakest population. Thg_bselrved ?ITS“C flow m_f_the t:\/lgo4i rutr;]. A[t)lg)arenltly, thtel
divergence of the stress reflects the plastic anisotropy of thalNg'e crystais were signincantly weaker than the polycrysta

solid with due respect of von Mises criterion in the polycrys- and buffered the stress. ) )
tal that need not apply to single-crystal strength. This experiment provides the opportunity to observe the
stress—strain behavior of a polycrystal in the elastic regime.

The MgO polycrystal, which is elastically stressed, does
demonstrate the stress—strain field implied by the Reuss—
In the experiment MgO42, a thin polycrystalline MgO Voigt bounds. The(111) strains in Fig. 7 are less than the
sample was placed in series with two single crystals alon@200) strain, and thé€111) stress, in Fig. 8 are greater than the
the high stress axis. Both single crystals exhibited considern200) stress. This state is consistent with a compromise be-

able shortening while the polycrystal produced no measureween the uniform stresghe Reuss state@nd uniform strain
able plastic deformatiofsee Fig. 6. The differential elastic (the Voigt statg but closer to the Reuss state.

strains in the polycrystal are illustrated in Fig. 7 for 500 °C The deformation on the two single crystals allows us to
and 5.7 GPa during active deformation. These elastic strainsstimate the relative strengths of the two orientations. The
are about half of those measured in the MgO at similar constrength of these two crystals is compared through the re-
ditions for the Tan02 experiment, suggesting that the differspective strain rates of the two crystals that are placed in a
ential stress was about one-half of that required for plasticerial manner inside a sample chamber that is forced to
deformation of the polycrystal, consistent with the lack ofshorten with a constant rate. We observed that the crystal
with (100 oriented parallel to the maximum compressive
stress deformed about 50% faster than the crystal oriented

B. Elastically deformed MgO

0.006 with (111) in this direction, as shown in Fig. 6. Thus, the
(111 orientation appears to be stronger than €0
e v, M sample, but by only a relatively small amount.
(200) . 0
c 0.005 - R
c%z . . . @20) V. DISCUSSION
[&] * @ .
g e n T Feo. = =" Synchrotron x-ray sources, coupled with x-ray transpar-
W oo L ent anvils and gaskets, enable both multianvil and diamond
.. . vt anvil cells to be used in studies that determine the magnitude
., . (111) . . of the differential stress field at high pressure and tempera-
R ture. With this powerful capability, we examine here some
0.003 , N . important considerations that are essential in interpreting the
10 B D 25 results. A mix of models and experimental results demon-
ata rile

strate the transition of controlling factors of the stress—strain
FIG. 7. Differential elastic strains for the polycrystal with no observable State as the differential stress increases on the sample. Prior

plastic deformation in run MgO42. Th€00) peak exhibits the greatest to plastic deformation, elastic anisotropy dominates the ob-

elastic st_raln with(1112) demo_nstra_tlng the least. The data file _|d indicates theo%ervations as mitigated by the Reuss—Voigt bounds. Once
progression of measured diffraction spectra that span a period of about 80

s during active deformation which was accommodated by the two singld?lastic flow proceeds, the_ stress—strain state i_S Con_trOHEd by
crystals that were in series with the polycrystal. the agents of deformation through the orientation and
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strengths the dislocations. These two states are often quithffraction peaks reflects the elastic anisotropy of the mate-
different, and assumptions based on one state will be seriial. Such measurements provide a pathway to define the
ously violated in the other state. single-crystal elastic properties at high pressure. Many dia-
The MgO experiments demonstrate the different re-mond anvil experiments have pursued this possibility to
gimes. In an experiment where the polycrystal stress remeasure these important properties. However, if the sample
mained subplastic, as the sample was protected by this stressed enough that plastic processes ensue, the strain
weaker single crystals, the stress—strain state is between thgisotropy reflects the plastic anisotropy of the sample. Even
Reuss—\oigt bounds. In this case, the elastic strain for théor symmetries as high as cubic with multiple slip systems,
(111) subpopulation was less than that for ti€0) subpopu- the stress—elastic strain state generally violates the Reuss—
lation, while the stresses were greater. Indeed, the relatiooigt bound. Inferences of the anisotropy of the diffraction
ships of the stresses and elastic strains appear as a comppagak strains in terms of elastic anisotropy are incorrect. The
mise between uniform stress and uniform strain. Under théools for measuringn situ stress remain an exciting frontier.
same pressure and temperature conditions, the situatidptudies of rheology and elasticity will benefit from their ex-
changes when plastic deformation is in progress. Then, thploitation.
elastic strain in thé111) subpopulation is greater than for the
(100 group and the stresses are 50% higher. The elastisCKNOWLEDGMENTS
model cannot explain these results. However, the plastic
model reproduces these results quite well. In these models,
the stress and the elastic strain are predicted to be the gre
est for the(111) subpopulation regardless of the dislocation
system.
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