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Elasticity and rheology of platinum under high pressure and nonhydrostatic stress
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Using radial x-ray diffraction under nonhydrostatic compression in a diamond-anvil cell, we determine a
lower bound of the yield strength of polycrystalline platinum to be 2.2 to 3.3 GPa in the pressure range of 4.2
to 22.4 GPa at room temperature. The elastic anisot8pg (S;1— S;,)/S44 Of platinum is also evaluated, and
is equal to 1.4{16) throughout this pressure range. In addition, platinum shows a time-dependent relaxation
under nonhydrostatic stress at both ambient temperatures and, in a separate set of experiments, during laser
heating. Average strain rates measured for platinum aré 0! at 300 K and 10° s~ at 1200 K, resulting
in effective creep viscosities of ¥0Pas at 300 K and #®Pas at 120@00) K.
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INTRODUCTION EXPERIMENTAL PROCEDURE

. . - . In the first of two experiments, pure platinum powder
Measuring material elasticity and rheology at high pres- . o
o . R .~ (Aldrich, 99.99%, grain size-1 um) was precompressed
sures is important for a variety of scientific and technological

applications including the physics of planetary interibfs, between two diamonds to form &20-um-thick foil. A

N 2 . . . . _
and the design and modeling of dynamic compression 50X 50 um?® piece of Pt foil was loaded in a diamond

experiments.In addition, understanding a material’s behav- a_nV|I cell equipped with a beryllium gasket W.'th a 100
. . S . o : diameter sample chamber. In a second experiment, a smaller
ior at its elastic limit provides fundamental insight into the

(20X 20X 10 um?) piece of platinum foil was placed atop a

physics of solid structure, atomic bonding, and defect| ) 3 : !
. . : . . arger chip (~75X75x20um®) of polycrystalline cubic
microdynamicg. Rheological properties of materials underg 0.Fe),Si0, ringwoodite within the same sized sample

high pressure such as yield point, hardness, and toughne o .
gh p y P 9 amber. In both cases, no pressure transmitting medium

are even less well constrained by theory and experiment, i q th | of th ) t i t
part because these properties are often dependent on sam @s used, as the goal of the experiment was 1o create a
onhydrostatic sample environment.

reparation and history effects, such as cold rolling, anneal- . . . . .
prep Y g Energy-dispersive x-ray diffraction experiments were per-

IngI’E;:l n:rifrt\rearlft]ajartr?eiiﬂ?gmdeer]:?srrg?t:ealg'stic tensors of metalformed at the X17C beamline of the National Synchrotron
P Eight Source. In the geometry for radial diffraction, the x-ray

havesmostly .been limited to moderate pressufg’s~2 beam (7umXx14 um) passes through the beryllium gasket
GPa.” Elasticity of metals at ultrahigh pressures is thus 3 nd the sample between the diamond fdéeEhe first ex-

relatively unexplored regime, although there are a few firstyoiment consisted of four pressure steps, and the second
principles calculations of the high Te_last|C|ty of matenals_ consisted of seven pressure steps. At each pressure step, a
such as Fé.To test models of ultrahigh pressure behaviorseries of 5 to 12 diffraction patterns were obtained by rotat-
there is a need to extend elastic measurements into this I'f1g the diamond cell about the x-ray beam. Before each dif-
gime. fraction pattern was obtained, the cell was scanned in the
Platinum is important as a pressure standard owing to itorizontal and vertical directions to ensure that the central
chemical and mechanical stability. In addition, platinum’'spart of the sample was always centered within the x-ray
ability to absorb infrared radiation makes it a commonlybeam. Each diffraction pattern was collected at a fixéd 2
used laser absorber and internal pressure standard in lasengle for periods ranging from 5 min to 5 h, with most pat-
heated diamond cell experiments designed to measure higkerns collected for-10 min. The solid-state Ge detector was
pressure high-temperature phase stability and equations o&librated with a series of fluorescence standards, andéhe 2
state®® Therefore, a thorough understanding of platinum’'sangles(which ranged from 8 to 12were calibrated using a
high pressure strength and elastic behavior is required to irgold foil. The radial diffraction geometry and analysis meth-
terpret experimental measurements from the laser-heated diads are described in detail in several papets® and
mond cell. For example, uncertainty in the location of theshown in Fig. 1.
ringwoodite-perovskite oxide transition in MgSiO, is Model The elastic behavior of a cubic material loaded in
thought to be due to uncertainties in tRéV,T) equation of the diamond cell under a nonhydrostatic state of stress is
state of standards such as Au and®fhe use of platinum as  described by Singfi and briefly summarized here. The stress
a standard is hindered by the fact that there is only a partidgb assumed to be biaxial, with the maximum principal stress
set of experimental values of the elastic compliance tensor as; in the diamond loading direction, and the cylindrically
a function of pressurg. Here we investigate both plastic symmetric minimum principal stress; in the plane of the
rheology and elastic anisotropy of platinum subjected tagasket. Under constant stress conditiOReuss boungd the
large, nonhydrostatic stresses in the diamond anvil cell usintattice strain of a polycrystalline aggregate of cubic material
radial x-ray diffraction technique'$:*3 is
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compression, the third on decompression, and the final one
\ diamond / on recompression. In the second set, the behavior of plati-
num was investigated under compression only. At pressures
below 3 GP&e.g., experiments PtP1 and PiR2rain is ap-
e proximately constant ag changes. As pressure is increased,
/m diffracted beam the strain shows an increasingdependence. For example,
s \ diffraction patterns obtained for platinum at 13.4 GFég.
2) show that thg200) peak shifts by over 500 eV between
o . . the maximum ¢=0°) and minimum (4= 90°) stress direc-
. FIG. 1-| Gdeorknetry of rad|e|1| d'f;r"?‘c“orl‘) ex;ﬂgrlment.kPolgcrystal- tions. The magnitude of this strain difference is 0.0237, al-
ine sample(dark gray is enclosed in a beryllium gasket between ot yice as large as the hydrostatic component of the
two diamonds. The cell is rotatdgy) about the axis depicted by the . . o .
: ) . . ) train (0.015Q. This angle dependent strain is roughly five
dotted line. The relationship between the incoming x-ray beam an& h | . . imil .
the diffracted beam remains fixed. tlmes.w at ggd experiences during similar compression
experiment$® and is comparable to results for rhenidfn.
Translated into pressure, the difference between the com-

pression at 0° and 90° is significant; at 4.2 GPa the apparent
=(t/3)[S11— S1,~3SI'(kh)](1-3cog #), (1)  pressures obtained using differeritk() and ¢ values are

wheree (hkl) are the measured lattice straimg;q, the hy- Ply=4.7GPa and P(111=11GPa. P(200)*
drostatic component of the strain;the differential stress =—1.4GPa. This last demonstrates both the extreme
(01— 03); Sijs the single-crystal elastic complianceS; change of lattice strain witl, to the point where it indicates
=S,,—S;,— 0.55,4 a measure of the elastic anisotropyan ~ an expansion of lattice planes normal to the loading axis
orientation factor given by H2k?+k?1%+h?12)/(h?+k? under modest pressures, and the lattice-plane dependence of
+12)2, whereh, k andl are the Miller indices of the reflect- the response indicating platinum’s anisotropic nature. For
ing plane; andy the angle between the diffracting plane nor- comparison, sources of error corresponding to angle calibra-
mal and the diamond cell axigsssumed to be the maximum tion and detector energy calibration may affect the peak po-
principal stresp sitions by ~1 and~100 eV, equivalent to 0.01 and 1 GPa,

At =90°, the strains determined from tii#11) (I',,.x  'eSPectively. However, neither of these sources of possible

=0.333) and200) (I',,;,=0) lines through Eq(1) are given  Systematic error contributes adependence, so contributes
by errors neither to the strength nor to the anisotropy measure-

ment.

Aelliy= €111~ Ehydro= (1/6)(Sya) 2 Data analysis At each pressure step the angular depen-
dence of the lattice strain was measured by separately fitting
the lattice strain for eachhkl) versus 13 cog ¢ (Fig. 3).

90° _ _90° _ _ _ For each lattice plane at a given compression, the fits gener-
A2 (200=8 (200~ Enyaro= (1/3)(S11~ 512, @ ate three independent parameters: the hydrostatic value of
whereAeg ) is the difference between the lattice strain atthe strain, the amplitude of thedependence, and an angular
90° and the hydrostatic value of the strain, defined by loffset representing the orientation relationship between the
—3 cog =0 (where y=54.7). & 111)= £(200) for an elasti- ~diamond cell axis and the principal axes of the strain tensor
cally isotropic material. (Table 1l). This angular offset provides a test of a key as-

Under the Voigt boundconstant strain the angular de- sumption: that the principal stress axes are aligned with the
pendence of the strain is not a function ok(), and is equal diamond cell axis. If the lattice strains are plotted as a
to straight line (vs 1—3 cog ¢ instead of vsy) a potential

means of testing this assumption is lost, and only two inde-
(& (khi)) — Enydro= (t/3)(1/G,) (1~ 3 cos ¢), (4)  pendent parameters are measured: the hydrostatic value and
the amplitude of the) dependence.

Through the lattice strain fits, the complete data set at a
given compression provides three independent pieces of in-
formation: (i) the hydrostatic lattice strain given by the
(&) at y="54.7° (see above (i) &(50), the strain am-

AS(th: €(hkl) ~ €hydro

and

whereG, is the Voigt (constant strainbound on the shear
modulus. The Voigt strain values as a functionyofall be-
tween the bounds generated by E@.and(3). For an elas-
tically isotropic material, Eq92), (3), and(4) yield identical

results. . o (200)0_ )
plitude atI’=0 (minimum value; and (iii) 8(11‘1)1 the strain
EXPERIMENTAL RESULTS amplitude atl’=0.333 (maximum valug (Table Il). Taken

together, these last two comprise the isotropic response—the
Angle dependence of lattice parametelsffraction pat-  extent to which all of the diffraction lines respond to a de-
terns (Fig. 1) were indexed, and-spacings and lattice pa- viatoric stress—and an anisotropic response—how each line
rameters were calculated from the energy of each peak. Thesponds slightly differently to the applied stress, depending
Eulerian strain(e =1/2[(V/V,)?3—1]) was calculated for on itsT value. At each compression step, these three param-
each individual peak, using,=60.3 A% (Table ). In the eters yield the pressure, the magnitude of the elastically sup-
initial experiment, the first two data sets were obtained orported shear stress, and a single constraint on the elastic
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TABLE I. Strain as a function ofikl and rotation angle, calculated for each pressure step in the two radial diffraction experiments. Data
is shown in time-order. See Table Il for summary data.

angle (111 £(200 £(220 &(311) &(222 £(400 &(33)) £(422
1st Pt20
0 —0.0258
180 —0.0244
160 —0.0254
180 —0.0246
160 —0.0226
140 —0.0194
0 —0.0273
60 —0.0142
70 —0.0130 —0.0107 —0.0137
80 —0.0138 —0.0123 —0.0138
90 —0.0106 —0.0090 —0.0111
90 —0.0120 —0.0108 —0.0129
1st pt30 0 —0.0336
90 —0.0160
70 —0.0190
110 —-0.0171
180 —0.0299
165 —0.0301
195 —0.0318
270 —0.0152
340 —0.0309
20 —0.0298
0 —0.0301
90 —0.0159
1st Low B 0 —0.0144 —-0.0177 —0.0168
180 —0.0143 —0.0161 —0.0158
90 —0.0013 0.0013 —0.0023
20 —-0.0133 —0.0157 —-0.0151
340 —0.0098 —0.0127 —0.0113
270 —0.0004 0.0022 —0.0009
290 —0.0009 0.0018 —0.0002
250 —0.0059 —0.0028 —0.0066
0 —-0.0123 —0.0149
1st Pt10 0 —0.0165 —0.0162 —0.0192
180 —0.0168 —0.0199 —0.0179
90 —0.0029 0.0020 —0.0033
20 —0.0178 —0.0197
340 —0.0121 —0.0121
2nd PtP1 0 —0.0013 0.0000 —0.0015
20 —0.0010 0.0003 —0.0015
40 —0.0005 0.0005 —0.0008
60 —0.0005 0.0008 —0.0010
90 —0.0005 0.0005 —0.0010
2nd PtP2 90 —0.0033 —0.0018 —0.0036
70 —0.0028 —0.0010 —0.0036
50 —0.0033 —0.0015 —0.0038
30 —0.0053 —0.0038 —0.0053
0 —0.0064 —0.0051 —0.0064
2nd PtP3
—-20 —-0.0187 —0.0217 —0.0192
10 —0.0197 —0.0234 —0.0197
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TABLE I. (Continued.

30 —0.0172 —0.0192 —0.0177
50 —0.0134 —0.0132 —0.0144
70 —0.0069 —0.0038 —0.0074
90 —0.0048 —0.0013 —0.0043
110 —0.0069 —0.0036 —0.0069
0 —0.0197 —0.0227 —0.0194
0 —0.0179 —0.0199 —0.0177
0 —0.0174 —0.0194 —0.0172
2nd PtP4 90 —0.0074 —0.0043 —0.0071
110 —0.0094 —0.0058 —0.0094
70 —0.0122 —0.0099 —0.0129
50 —0.0174 —0.0177 —0.0179
40 —0.0202 —0.0204
30 —0.0207 —0.0234 —0.0212
10 —0.0239 —0.0286 —0.0244
0 —0.0237 —0.0279 —0.0237
2nd PtP5 90 —0.0104 —0.0069 —0.0096 —0.0079 —0.0081 —0.0064 —0.0114 —0.0106
110 —0.0117 —0.0081 —0.0109 —0.0094 —0.0089 —0.0081 —0.0127 —0.0124
70 —0.0129 —0.0096 —0.0134 —0.0119 —0.0106 —0.0101 —0.0149 —0.0127
50 —0.0207 —0.0214 —0.0214 —0.0199 —0.0182 —0.0212 —0.0197 —0.0179
30 —0.0239 —0.0274 —0.0249 —0.0254 —0.0232 —0.0281 —0.0244 —0.0237
10
0 —0.0244 —0.0286 —0.0262 —0.0272 —0.0239 —0.0296 —0.0249 —0.0244
-20 —0.0219 —0.0247 —0.0234 —0.0237 —0.0207 —0.0247 —0.0227 —0.0222
2nd PtP6 -20 —0.0254 —0.0299 —0.0294 —0.0301 —0.0269 —0.0338
—40 —0.0197 —0.0202 —0.0227 —0.0214 —0.0194 —0.0207
90 —0.0129 —0.0099 —0.0124 —0.0109 —0.0112 —0.0099 —0.0134 —0.0129
110 —0.0149 —0.0109 —0.0137 —0.0122 —0.0117 —0.0114 —0.0144 —0.0142
130 —0.0192 —0.0174 —0.0197 —0.0182 —0.0162 —0.0184 —0.0192 —0.0187
150 —0.0232 —0.0242 —0.0249 —0.0232 —0.0217 —0.0249 —0.0229 —0.0212
170 —0.0309 —0.0370 —0.0301 —0.0316 —0.0281 —0.0346 —0.0274
180 —0.0291 —0.0338 —0.0296 —0.0306 —0.0274 —0.0336
200 —0.0276 —0.0306 —0.0284 —0.0284 —0.0259 —0.0311
2nd PtP7 20 —0.0309 —0.0353 —0.0321 —0.0321 —0.0296
40 —0.0279 —0.0294 —0.0286 —0.0284 —0.0286
20 —0.0301 —0.0328 —0.0314 —0.0318 —0.0289
90 —0.0157 —0.0132 —0.0154 —0.0137 —0.0137 —0.0124 —0.0199 —0.0187
70 —0.0232 —0.0222 —0.0222 —0.0202 —0.0182 —0.0192
50 —0.0276 —0.0294 —0.0274 —0.0272 —0.0252 —0.0281

constants. Note that El) has seven variables, only two of referencing the hydrostatic lattice strain to the Birch-
which are measured experimentally (,, and #). The  Murnaghan equation of state for platinum usirg,
cos?zﬁ fits provide three additional constraints, leaving two =287 GPa andKy=5.6 (Table II 1 The pressure error is
additional parameters, so the solution to Eb).is not fully  determined by considering the standard deviation of the av-
constrained. Therefore, an assumption must be made abogfage values determined by each of the diffraction lines. The

either the strength or ela}stic constants of pIatinur_n. Plati'elastically supported shear stréasis calculated via Eq(2)
num'’s bulk modulus and its pressure dependence is knowU amp

i sing (177) and the high pressure values 8f, using a
from the shock equation of state data to 660 GPas well Birch-Murnghahan extrapolatiotFig. 4).2° The elastic pa-
as the elastic complianc8,, and its pressure dependence

(but only measured to 0.25 GP& With these two param- rameterS;;— Sy = 1/(C1;— C45)] is calculated through Eq.

: _ o e ome . .
eters, we can calculate unique solutions for pressure, elasfid) USiNg € (2q0) @ndt calculated in the previous stepable

cally supported differential stre¢§, and the elastic constant ). Finally, elastic anisotropy Z;—S;)/S44 is calculated
S11— Sy, which, combined with th&,, value, yields a mea- (Fig. 5. The resulting value is approximately constant with
sure of the elastic anisotropy. pressure, at 1.416) in good agreement with the ambient

The pressure at each compression step was calculated pyessure value measured by ultrasonic methods?.59.
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num, which elastically supports 2—4 GPa of shear stress be-
tween 5 and 30 GPa, suggest that it is among the stronger
metals, similar to the strength of Re at high pressures. Most
measurements of material strength, including these, fall sig-
nificantly below estimates of the absolute ideal strength of a
material G/27=10.3 GPa for Pt. No systematic relationship
between crystal structure and strength is apparent from the
strength data shown in Fig. 4. For example, Pt, an fcc metal,
shows similar strength to Re, an hcp metal. One method to
analyze material strength in a systematic way is to normalize
the strength to thépressure dependerghear modulus. Ex-
cept for the two lowest pressure data poitt§ for platinum

is approximately constant with pressure at 0(@33Interest-
ingly, as a fraction of the shear modulus, Pt shows a higher
strength than rhenium, who$&s varies from 0.013 to 0.024
from 0 to 40 GPa. However, comparisons among material
“strength” values using the radial diffraction technique is

FIG. 2. The complete set of energy-dispersive diffraction pat-complicated by differences in material history, grain size,
terns for platinum at 13(9) GPa(PtP5 in Tables | and )! Dif-

intensity is plotted as a function of energReo

labeled by(hkl) value.

Strain

(220 lattice plans of platinum at 13(@) GPa(PtP5 in Tables | and
).

35x10° LL

DISCUSSION

Yield strength and anisotropyhe yield strength of sev-
eral materials has been measured at high pressures using
dial diffraction techniques. Strengths of simple metals mea
sured via radial diffraction methods vary widely—from Au,
which supports up to 0.5 GPa at 40 GPa, to Re, which sup:
ports up to 6 GPa at 40 GR&ig. 4). Our results for plati-

-20

m (111)
o (200) B
® (220)

=25

-50 0 50 100 150

¥

FIG. 3. Lattice strain as a function gffor the (111), (200), and

Black, gray, and dotted lines show-B co¢ fits vs ¢ to the

geometry, and strength anisotropy. Finally, these are not di-
rect strength measurements, but rather the elastically sup-
ported differential stress at each compression; a lower bound
to the actual strength.

Errors in the strength measurement may derive from
breakdowns in assumptions underlying EL, such as biax-
ial state of stress, coincidence of the diamond cell axis with
th: principal stress direction, and/or time-dependent stress
[&faxation during the experiment. All conspire to render the
measured supported shear stress a lower bound on the actual
maximum as discussed below. We therefore consider the dif-
ferential stress measurements to be robust, especially given
their duplication in two experiments with differing sample
loading geometry. Although the accuracy of the analysis is
limited by the uncertainties in the behavior of Pt's elastic
constants under pressure, for the strength measurements, the
magnitude of this error is small. Changes in the elastic an-
isotropy alter the difference in the lattice parameter between
the (111) and(200) diffraction lines, but have little effect on
the amplitude of the signdFig. 2). If constant strain\Moigt)
conditions are assumed, the measured differential stresses
will differ only slightly, well within the error bars of the
determinationt.’?2

The anisotropy measurement, on the other hand, is teth-
ered to two major assumption§) the existence of constant
stress conditions within the sample chamber @ndlattice
strength isotropy. Under constant strdWbigt) conditions,
there is nd" dependence of the lattice strdfiTherefore, the
measured anisotropy must be considered to be a lower bound
(closer to unity on the true anisotropy value since any con-
tribution from constant strain conditions would result in a
less pronounced measurement of lattice-dependénce
that the Voigt endmember has no lattice dependence of
strain. The second assumption, that each lattice plane has
the same resistance to deformation, may not be true in gen-

(111, (220, and (200 data, respectively. Vertical line emphasizes eral. For an fcc metal such as platinum, the primary slip
the offset between the maximum strain recorded by the measuredyStem is{111(110.° Therefore, a uniaxial stress in any di-
data(at 8.7 and the angle defining coincidence between the diaf€ction except normal to thel11) lattice plane may result in
mond cell and the principal stress ax@®. The error envelope dislocation motion. However, if thEl11}(110 slip system is
surrounding the best-fit hydrostatic value of the lattice parameter i$he only operable system, then an applied uniaxial stress
indicated by the dotted horizontal lines.

component normal to thél11) plane will not result in any
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TABLE Il. Summary of platinum radial diffraction data results.

(hkl)’'s used in Pressure Differential stress
Name analysis Ehydro £(200 (111 (GPa (GPa C,;—Cy, (GP3 anisotropy  offset
1st set
Pt20 111, 200, 220 —0.01624)* —0.00613) —0.00463) 14.74) 2.7.2) 147 1.32) -0.339
Pt30 111 only —0.02124) —0.00533) 19.44) 3.3.2 2.531)
lowb 111, 200, 220 —0.005@9) —0.00633) —0.00463) 4.28) 2.2(.15 116 1.41) 12.8932)
Pt10 111, 200, 220 —0.007G1)* —0.006%3) —0.00543) 5.91) 2.7.4) 137 1.2100  16.405)
2nd set
PtP1 111, 200, 220 —0.00073) —0.0002Z1) -0.00021) 0.6(2) 0.1(.049 149
PtP2 111, 200, 220 —0.00341) -0.00132) -0.001G2) 2.89) 0.5.1) 119
PtP3 111, 200, 220 —0.00978) —0.007@3) —0.00473) 8.38) 2.5.2) 116 1.492) 4.2(11)
PtP4 111, 200, 220 —0.013%16) —0.00793) —0.00523) 11.606) 2.9.15 120 1.525) 8.4(14)
PtP5 111, 200, —0.015@10) —0.00793) —0.00473) 13.49) 2.9.2 114 1.685) 8.7(14)
220, 311, 222,
400, 331, 422
PtP6 111, 200, —0.01749) —0.00813) —0.00515) 15.99) 3.3.3) 125 1.63) 3.7(22)
220, 311, 222,
400, 331, 422
PtP? 111, 200,  —0.0235%13) —0.008@9) —0.00515) 22.414) 3.0(.7) 139 1.66) 0°
220, 311, 222,
400, 331, 422

% hydro from (111) line only.
Two-term fits only(assume 0 offsit
‘Assumed.

slip. Therefore, th€111) plane is expected to be the stron- cal behavior of microscaled composite materials, and test
gest plane. Since our results demonstrate the opposite, timeodels of their mechanical behavior. In the experiment
(200 plane, not the(111 plane, shows the largest strain where both y-(Mg,Fe),SiO, and platinum were loaded
amplitude withe, the elastic anisotropy is playing a role that within the sample chamber, the hydrostatic pressure deter-
is at least as significant as any possible strength anisotropgnined from platinum is systematically lower than the pres-
An additional crosscheck is provided by examining for lat-sure determined from the silicate by 0.8 to 5.5 GPa across
tice preferred orientation in compressed samples. No evithe measured pressure range. If strain continuity were to be
dence of induced texturing was observed in these experinvoked as a possible explanation for this behavior, it would
ments by comparing the intensities of the Pt pedkg. 2. predict that the material with the lower bulk modulus senses
Composite effecRadial diffraction experiments may pro- a lower pressure. This is the opposite of what is observed
vide a sensitive method to examine the stress state of ea¢liK gine=193(3) GPa).?® Interestingly, a similar pressure
component of a composite material, to examine the mechani-

T T T T T

at
—— _¢_ | —

O
T\

Anisotropy 2, -8, ¥S,,

1.0

Supported Differential Stress(GPa)

Pressure (GPa)

05 —

FIG. 4. Supported differential stress of metals from side diffrac- 0 5 10 15 20 25 30
tion experiments. Results from platinum experiments are shown a
squares with error bars. Strength from (Ref. 3 (diamond$, and
limits on the strength of hcp R&kef. 249 and Re, Mo, and AdRefs. FIG. 5. Elastic anisotropy of platinum. The ambient pressure
15, 16 are shown as well. elastic anisotropyRef. 21) (open circlg is shown.

Pressure (GPa)
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difference has been observed in other two-phase radial dif
fraction experiment$>1®2%As in our Pt experiments, in each

of these dual systems, the material with the larger bulk
modulus records lower pressures than its more compressib
partner, regardless of relative strength. For the material
shown in Fig. 3, the higher bulk modulus materials Mo and 8
Re, both record Ilower pressures, and Fe anc§

v-(MgFe),SiO,, the more compressible materials, recordE

w
@®
-3

1

3.84—

higher pressures. This suggests that elastic properties as wi3 P =8.3(0.8)GPa
as material strength control the mechanical behavior in the it + (111)

. 3.83 L H (200) -
diamond cell. -

In composite systems, both elastic properties and geomnr ./'

etry play a role in determining how much pressure eact ('J 5'0 1(I)0 1;0 2(',0
phase sustains. If, for example, the Pt andMg,Fe),SiO, @ o
are arranged so that they contact in the diamond cell axi: Time (minutes)
(“sandwich geometry), the maximum stress; (in the di- 0970 : | ' "
rection of the axial load of the diamonds the same for 0.065
both platinum andy-(Mg,Fe),SiO,. However, this assump- 0.960
tion makes the results from the two materials even less com  osss
patible. The values af;, determined byr;=P+2/3t, are 4 0.950
to 10 GPa higher in the-(Mg,Fe),SiO, than in Pt. How- 0.945

ever, the data are consistent if the radial component of th
stress experienced by Pt and(Mg,Fe),SiO, are equal. In-
formation about the geometric relationship between the twc
materials was lost upon removal of the sample. 0.680
The difference in pressure can be explained by recogniz 0.676
ing that under nonhydrostatic conditions, significant pressurt 0672
gradients exist within the diamond anvil cell sample ! '
chambef® An alternative method to measure yield strength o % 100 190 200
of materials at high pressures takes advantage of these pre (P) Time (mintes)

sure gradients t(.) calculate, = h(d_P/dr), Whereoy is the FIG. 6. Time variation of(a) lattice parameter antb) diffrac-
yield strength,h is the sample thlckr)es@, IS th,e pr.essure tion peak widths of platinum under nonhydrostatic stressyat
measured by ruby fluorescence, ani the radial distance _ o (maximum stress orientatign

from the center of the diamond-anvil cell afisAlthough h

was not directly measured in this experiment, typical samplénonitored at the maximum stress direction over the course of
thicknesses at these pressures range from 1Q#80It is 4 h. The resulting observations a@® a systematic increase
possible that plastic deformation during the experimentwith time of the lattice parameter of both tfiL1) and(200)
caused rearrangement of platinum apdMg,Fe),Si0, so  lines and(b) a trend toward convergence of ti&l1) and

that they were laterally displaced with respect to the axiaf200 diffraction lines[Fig. 6a]. Both observations signify a -
diamond cell load by 5-1@m. Using the pressure differ- time-dependent relaxation of the differential stress. Plastic

ence betweeny-(Mg,Fe),Si0, and platinum, differential processes are not directly measured in these experiments;
stresses calculated v’ia the p?essure gradieni métimale rather, we are measuring the elastic response to a decrease in

range from 1.5—-4.5 GPa at the lowest pressure to 5_5_15_%fferent|al stress accompanied by plastic relaxation pro-

; ; cesses. This can be caused either by plastic creep of the
GPa at the highest pressure. These numbers are a bit Iargﬁ[atinum sample itself, or by relaxation of the beryllium gas-

bgt sl consistent with the yield strength measurements ObI'<et surrounding the sample. Two lines of evidence suggest
tained by the lattice strain theory. . the former:(a) platinum’s diffraction peak width, an indica-
Since the sample geometry was not controlled in this Xy, of microscopic stresses also decreases over this time pe-
periment, a quantitative analysis of the composite effect igjog with the same characteristic relaxation time of about
precluded. The angular offset between the diamond cell and 120 min[Fig. 6(b)], indicating a change of the microscopic
the principal stress directior(3able Il and Fig. 3 recorded  pehavior of platinum and thdb) similar time-dependent be-
in these experiments testify to a more complex geometravior was not observed for the (Mg,Fe),SiO, sample, an
within the sample chamber than either side-by-side or “sandeven stronger materididespite the use of similar Be gasket
wich.” Modeling of the stress environment in the diamond material.
cell sample chamber and controlled-geometry radial diffrac- The observation of time-dependent behavior in Pt under
tion experiments are currently in progress to fully explainnonhydrostatic stress is remarkably similar to behavior ob-
this behavior quantitatively. served in a separate set of experiments reported elsewhere in
Transient creepTo investigate time-dependent relaxation which platinum was laser heated 161200300 K within a
of platinum under nonhydrostatic pressures, th&l) and  steel gaskefFig. 7(a) and 7b)].° In the laser heating experi-
(200 lattice parameters of experiment PtPlable ) were  ment, the same observations were madd:1l) and (200

0.684

FWHM (keV)
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T ' T T ' T temperature procesgedeading to an average strain rate of
serl n i ~8x10 ° s ! for Pt at 1200 K and~7x10 " s at 300
- K.
+ An effective viscosity for creep processes under nonhy-
drostatic stresses can be calculated usingog/(de/dt)
3.80- - where 5 is the dynamic viscosityy is the supported shear
stress, andls/dt is the observed strain raté The resulting
viscosity measured for platinum in the high- and low-
578l ) ] temperature experiments are!d@®as at 12000 K and
. L 10™ Pas at 300 K(For comparison, viscosity of glacial ice
. is ~10' Pas.) Unfortunately, the lack of room temperature
creep data on platinum precludes a direct comparison with
other techniques. However, creep measurements for pure
) ) ) ! metals such as Ni and QRef. 27 show similar values. For
@ 4 6 8 10 12 example, copper creep experiments measure 0.102% elonga-
Time (minutes) tion resulting from 6000 h under 54.6 MPa of applied stress
at 422 K. This implies a viscosity of 10'° Ps s, similar to
] our inferred room temperature Pt viscosity. Similar viscosi-

*r m N63A cycle ties are inferred from experiments on cold-worked puré'Ni.

B Pt (200) Damping experiments indicate that platinum’s relaxation
06k - mechanism changes from dislocation glide at low tempera-
u ture to diffusion-aided recrystallization and grain growth at
high temperature®. Therefore, the two measured data points
051 a ] cannot be used to infer an activation energy for a single
process. Although these results are preliminary, they raise the
prospect of quantitative viscosity measurements in the
diamond-anvil cell. These measurements are especially im-
- portant for the study of planetary interiors, where relevant
03} n . viscosities range from 18-10*! Pas. In this case, we were
n able to measure viscosities as high a¥®a s only because
we were employing such largé~GPa nonhydrostatic
stresses. Of course, the shear stresses experienced in plan-
etary interiors are orders of magnitude smaller. This requires

FIG. 7. Time variation of the lattice paramet@ and diffrac-  being mindful of scaling issues when trying to extrapolate
tion peak widths(b) of platinum during laser heating at~84°  results from diamond-cell scale experiments to planetary-
(diamond cell axis is close to the minimum stress orientatibhe  Sscale applications.
temperatures are fluctuating during this experiment, and the x-ray
beam is capturing x-ray intensity originating over large temperature
gradients. The average temperature in these experiments is about

1200 K. We thank J. Hu for experimental assistance at Beamline

X17C at NSLS. This work was supported by the NSF and the
strains(lattice parametejsshow time-dependent relaxation, David & Lucille Packard Foundation. A.K. was supported by
their values converge, and their diffraction peak widths dethe Lamont Doherty Earth Observatory for part of this re-
crease with time during laser heating all within the samesearch. Research was carried ¢ut par) at the National
timescale(~min). For both high- and low-temperature pro- Synchrotron Light Source, Brookhaven National Laboratory,
cesses, the magnitudes of the deviatoric sttesSPg and  which is supported by the U.S. Department of Energy, Divi-
the strain relaxatior(0.5%9 were the same; only the time sion of Materials Sciences and Division of Chemical Sci-
scale differed(two orders of magnitude faster for the high- ences, under Contract No. DE-AC02-98CH10886.
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