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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 anisotropyS52(S112S12)/S44 of platinum is also evaluated, and
is equal to 1.47~16! 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 are 1027 s21 at 300 K and 1025 s21 at 1200 K, resulting
in effective creep viscosities of 1015 Pa s at 300 K and 1013 Pa s at 1200~300! K.

DOI: 10.1103/PhysRevB.68.144101 PACS number~s!: 62.50.1p, 62.40.1i, 62.20.Dc, 62.20.Hg
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INTRODUCTION

Measuring material elasticity and rheology at high pr
sures is important for a variety of scientific and technologi
applications including the physics of planetary interiors1,2

and the design and modeling of dynamic compress
experiments.3 In addition, understanding a material’s beha
ior at its elastic limit provides fundamental insight into th
physics of solid structure, atomic bonding, and def
microdynamics.4 Rheological properties of materials und
high pressure such as yield point, hardness, and tough
are even less well constrained by theory and experimen
part because these properties are often dependent on sa
preparation and history effects, such as cold rolling, ann
ing, and strain rate during deformation.5

Experimental measurements of elastic tensors of me
have mostly been limited to moderate pressures~,;2
GPa!.6 Elasticity of metals at ultrahigh pressures is thus
relatively unexplored regime, although there are a few fi
principles calculations of the highP, T elasticity of materials
such as Fe.7 To test models of ultrahigh pressure behav
there is a need to extend elastic measurements into thi
gime.

Platinum is important as a pressure standard owing to
chemical and mechanical stability. In addition, platinum
ability to absorb infrared radiation makes it a common
used laser absorber and internal pressure standard in l
heated diamond cell experiments designed to measure h
pressure high-temperature phase stability and equation
state.8,9 Therefore, a thorough understanding of platinum
high pressure strength and elastic behavior is required to
terpret experimental measurements from the laser-heated
mond cell. For example, uncertainty in the location of t
ringwoodite-perovskite1oxide transition in Mg2SiO4 is
thought to be due to uncertainties in theP(V,T) equation of
state of standards such as Au and Pt.10 The use of platinum as
a standard is hindered by the fact that there is only a pa
set of experimental values of the elastic compliance tenso
a function of pressure.11 Here we investigate both plasti
rheology and elastic anisotropy of platinum subjected
large, nonhydrostatic stresses in the diamond anvil cell us
radial x-ray diffraction techniques.12,13
0163-1829/2003/68~14!/144101~9!/$20.00 68 1441
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EXPERIMENTAL PROCEDURE

In the first of two experiments, pure platinum powd
~Aldrich, 99.99%, grain size;1 mm! was precompresse
between two diamonds to form a;20-mm-thick foil. A
;50350mm2 piece of Pt foil was loaded in a diamond
anvil cell equipped with a beryllium gasket with a 100-mm
diameter sample chamber. In a second experiment, a sm
(20320310mm3) piece of platinum foil was placed atop
larger chip (;75375320mm3) of polycrystalline cubic
(Mg,Fe)2SiO4 ringwoodite within the same sized samp
chamber. In both cases, no pressure transmitting med
was used, as the goal of the experiment was to crea
nonhydrostatic sample environment.

Energy-dispersive x-ray diffraction experiments were p
formed at the X17C beamline of the National Synchrotr
Light Source. In the geometry for radial diffraction, the x-ra
beam (7mm314mm) passes through the beryllium gask
and the sample between the diamond faces.13 The first ex-
periment consisted of four pressure steps, and the sec
consisted of seven pressure steps. At each pressure st
series of 5 to 12 diffraction patterns were obtained by ro
ing the diamond cell about the x-ray beam. Before each
fraction pattern was obtained, the cell was scanned in
horizontal and vertical directions to ensure that the cen
part of the sample was always centered within the x-
beam. Each diffraction pattern was collected at a fixedu
angle for periods ranging from 5 min to 5 h, with most pa
terns collected for;10 min. The solid-state Ge detector wa
calibrated with a series of fluorescence standards, and thu
angles~which ranged from 8 to 12! were calibrated using a
gold foil. The radial diffraction geometry and analysis met
ods are described in detail in several papers12,14–18 and
shown in Fig. 1.

Model. The elastic behavior of a cubic material loaded
the diamond cell under a nonhydrostatic state of stres
described by Singh12 and briefly summarized here. The stre
is assumed to be biaxial, with the maximum principal stre
s1 in the diamond loading direction, and the cylindrical
symmetric minimum principal stresss3 in the plane of the
gasket. Under constant stress conditions~Reuss bound!, the
lattice strain of a polycrystalline aggregate of cubic mate
is
©2003 The American Physical Society01-1
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D«~hkl!5«~hkl!2«hydro

5~ t/3!@S112S1223SG~khl!#~123 cos2 c!, ~1!

where«(hkl) are the measured lattice strains;«hydro the hy-
drostatic component of the strain;t the differential stress
(s12s3); Sij’s the single-crystal elastic compliances;S
5S112S1220.5S44 a measure of the elastic anisotropy;G an
orientation factor given by (h2k21k2l 21h2l 2)/(h21k2

1 l 2)2, whereh, k, andl are the Miller indices of the reflect
ing plane; andc the angle between the diffracting plane no
mal and the diamond cell axis~assumed to be the maximum
principal stress!.

At c590°, the strains determined from the~111! (Gmax
50.333) and~200! (Gmin50) lines through Eq.~1! are given
by

D«~111!
90° 5«~111!

90° 2«hydro5~ t/6!~S44! ~2!

and

D«~200!
90° 5«~200!

90° 2«hydro5~ t/3!~S112S12!, ~3!

whereD« (hkl) is the difference between the lattice strain
90° and the hydrostatic value of the strain, defined by
23 cos2 c50 ~wherec554.7). « (111)5« (200) for an elasti-
cally isotropic material.

Under the Voigt bound~constant strain!, the angular de-
pendence of the strain is not a function of (hkl), and is equal
to

^«~khl!&2«hydro5~ t/3!~1/Gv!~123 cos2 c!, ~4!

whereGv is the Voigt ~constant strain! bound on the shea
modulus. The Voigt strain values as a function ofc fall be-
tween the bounds generated by Eqs.~2! and~3!. For an elas-
tically isotropic material, Eqs.~2!, ~3!, and~4! yield identical
results.

EXPERIMENTAL RESULTS

Angle dependence of lattice parameters. Diffraction pat-
terns ~Fig. 1! were indexed, andd-spacings and lattice pa
rameters were calculated from the energy of each peak.
Eulerian strain„«51/2@(V/V0)2/321#… was calculated for
each individual peak, usingV0560.3 Å3 ~Table I!. In the
initial experiment, the first two data sets were obtained

FIG. 1. Geometry of radial diffraction experiment. Polycrysta
line sample~dark gray! is enclosed in a beryllium gasket betwee
two diamonds. The cell is rotated~c! about the axis depicted by th
dotted line. The relationship between the incoming x-ray beam
the diffracted beam remains fixed.
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compression, the third on decompression, and the final
on recompression. In the second set, the behavior of p
num was investigated under compression only. At pressu
below 3 GPa~e.g., experiments PtP1 and PtP2! strain is ap-
proximately constant asc changes. As pressure is increase
the strain shows an increasingc dependence. For example
diffraction patterns obtained for platinum at 13.4 GPa~Fig.
2! show that the~200! peak shifts by over 500 eV betwee
the maximum (c50°) and minimum (c590°) stress direc-
tions. The magnitude of this strain difference is 0.0237,
most twice as large as the hydrostatic component of
strain ~0.0150!. This angle dependent strain is roughly fiv
times what gold experiences during similar compress
experiments15,16 and is comparable to results for rhenium16

Translated into pressure, the difference between the c
pression at 0° and 90° is significant; at 4.2 GPa the appa
pressures obtained using different (hkl) and c values are
P(111)

0° 54.7 GPa and P(111)90°51.1 GPa. P(200)90°

521.4 GPa. This last demonstrates both the extre
change of lattice strain withc, to the point where it indicates
an expansion of lattice planes normal to the loading a
under modest pressures, and the lattice-plane dependen
the response indicating platinum’s anisotropic nature.
comparison, sources of error corresponding to angle cali
tion and detector energy calibration may affect the peak
sitions by;1 and;100 eV, equivalent to 0.01 and 1 GP
respectively. However, neither of these sources of poss
systematic error contributes ac dependence, so contribute
errors neither to the strength nor to the anisotropy meas
ment.

Data analysis. At each pressure step the angular dep
dence of the lattice strain was measured by separately fit
the lattice strain for each (hkl) versus 123 cos2 c ~Fig. 3!.
For each lattice plane at a given compression, the fits ge
ate three independent parameters: the hydrostatic valu
the strain, the amplitude of thec dependence, and an angul
offset representing the orientation relationship between
diamond cell axis and the principal axes of the strain ten
~Table II!. This angular offset provides a test of a key a
sumption: that the principal stress axes are aligned with
diamond cell axis. If the lattice strains are plotted as
straight line ~vs 123 cos2 c instead of vsc! a potential
means of testing this assumption is lost, and only two in
pendent parameters are measured: the hydrostatic value
the amplitude of thec dependence.

Through the lattice strain fits, the complete data set a
given compression provides three independent pieces o
formation: ~i! the hydrostatic lattice strain given by th
^« (hkl)& at c554.7° ~see above!; ~ii ! « (200)

amp , the strain am-
plitude atG50 ~minimum value!; and~iii ! « (111)

amp , the strain
amplitude atG50.333 ~maximum value! ~Table II!. Taken
together, these last two comprise the isotropic response—
extent to which all of the diffraction lines respond to a d
viatoric stress—and an anisotropic response—how each
responds slightly differently to the applied stress, depend
on itsG value. At each compression step, these three par
eters yield the pressure, the magnitude of the elastically s
ported shear stress, and a single constraint on the el

d
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TABLE I. Strain as a function ofhkl and rotation angle, calculated for each pressure step in the two radial diffraction experiments
is shown in time-order. See Table II for summary data.

angle «~111! «~200! «~220! «~311! «~222! «~400! «~331! «~422!

1st Pt20
0 20.0258

180 20.0244
160 20.0254
180 20.0246
160 20.0226
140 20.0194
0 20.0273
60 20.0142
70 20.0130 20.0107 20.0137
80 20.0138 20.0123 20.0138
90 20.0106 20.0090 20.0111
90 20.0120 20.0108 20.0129

1st pt30 0 20.0336
90 20.0160
70 20.0190
110 20.0171
180 20.0299
165 20.0301
195 20.0318
270 20.0152
340 20.0309
20 20.0298
0 20.0301
90 20.0159

1st Low B 0 20.0144 20.0177 20.0168
180 20.0143 20.0161 20.0158
90 20.0013 0.0013 20.0023
20 20.0133 20.0157 20.0151
340 20.0098 20.0127 20.0113
270 20.0004 0.0022 20.0009
290 20.0009 0.0018 20.0002
250 20.0059 20.0028 20.0066
0 20.0123 20.0149

1st Pt10 0 20.0165 20.0162 20.0192
180 20.0168 20.0199 20.0179
90 20.0029 0.0020 20.0033
20 20.0178 20.0197
340 20.0121 20.0121

2nd PtP1 0 20.0013 0.0000 20.0015
20 20.0010 0.0003 20.0015
40 20.0005 0.0005 20.0008
60 20.0005 0.0008 20.0010
90 20.0005 0.0005 20.0010

2nd PtP2 90 20.0033 20.0018 20.0036
70 20.0028 20.0010 20.0036
50 20.0033 20.0015 20.0038
30 20.0053 20.0038 20.0053
0 20.0064 20.0051 20.0064

2nd PtP3
220 20.0187 20.0217 20.0192
10 20.0197 20.0234 20.0197
144101-3
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TABLE I. ~Continued!.

30 20.0172 20.0192 20.0177
50 20.0134 20.0132 20.0144
70 20.0069 20.0038 20.0074
90 20.0048 20.0013 20.0043
110 20.0069 20.0036 20.0069
0 20.0197 20.0227 20.0194
0 20.0179 20.0199 20.0177
0 20.0174 20.0194 20.0172

2nd PtP4 90 20.0074 20.0043 20.0071
110 20.0094 20.0058 20.0094
70 20.0122 20.0099 20.0129
50 20.0174 20.0177 20.0179
40 20.0202 20.0204
30 20.0207 20.0234 20.0212
10 20.0239 20.0286 20.0244
0 20.0237 20.0279 20.0237

2nd PtP5 90 20.0104 20.0069 20.0096 20.0079 20.0081 20.0064 20.0114 20.0106
110 20.0117 20.0081 20.0109 20.0094 20.0089 20.0081 20.0127 20.0124
70 20.0129 20.0096 20.0134 20.0119 20.0106 20.0101 20.0149 20.0127
50 20.0207 20.0214 20.0214 20.0199 20.0182 20.0212 20.0197 20.0179
30 20.0239 20.0274 20.0249 20.0254 20.0232 20.0281 20.0244 20.0237
10
0 20.0244 20.0286 20.0262 20.0272 20.0239 20.0296 20.0249 20.0244

220 20.0219 20.0247 20.0234 20.0237 20.0207 20.0247 20.0227 20.0222
2nd PtP6 220 20.0254 20.0299 20.0294 20.0301 20.0269 20.0338

240 20.0197 20.0202 20.0227 20.0214 20.0194 20.0207
90 20.0129 20.0099 20.0124 20.0109 20.0112 20.0099 20.0134 20.0129
110 20.0149 20.0109 20.0137 20.0122 20.0117 20.0114 20.0144 20.0142
130 20.0192 20.0174 20.0197 20.0182 20.0162 20.0184 20.0192 20.0187
150 20.0232 20.0242 20.0249 20.0232 20.0217 20.0249 20.0229 20.0212
170 20.0309 20.0370 20.0301 20.0316 20.0281 20.0346 20.0274
180 20.0291 20.0338 20.0296 20.0306 20.0274 20.0336
200 20.0276 20.0306 20.0284 20.0284 20.0259 20.0311

2nd PtP7 20 20.0309 20.0353 20.0321 20.0321 20.0296
40 20.0279 20.0294 20.0286 20.0284 20.0286
20 20.0301 20.0328 20.0314 20.0318 20.0289
90 20.0157 20.0132 20.0154 20.0137 20.0137 20.0124 20.0199 20.0187
70 20.0232 20.0222 20.0222 20.0202 20.0182 20.0192
50 20.0276 20.0294 20.0274 20.0272 20.0252 20.0281
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constants. Note that Eq.~1! has seven variables, only two o
which are measured experimentally (« (hkl) and c!. The
cos2 c fits provide three additional constraints, leaving tw
additional parameters, so the solution to Eq.~1! is not fully
constrained. Therefore, an assumption must be made a
either the strength or elastic constants of platinum. Pl
num’s bulk modulus and its pressure dependence is kn
from the shock equation of state data to 660 GPa,19 as well
as the elastic complianceS44 and its pressure dependen
~but only measured to 0.25 GPa!.11 With these two param-
eters, we can calculate unique solutions for pressure, el
cally supported differential stress~t!, and the elastic constan
S112S12, which, combined with theS44 value, yields a mea-
sure of the elastic anisotropy.

The pressure at each compression step was calculate
14410
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i-
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referencing the hydrostatic lattice strain to the Birc
Murnaghan equation of state for platinum usingK0

5287 GPa andK0855.6 ~Table II!.19 The pressure error is
determined by considering the standard deviation of the
erage values determined by each of the diffraction lines. T
elastically supported shear stresst is calculated via Eq.~2!
using « (111)

amp and the high pressure values ofS44 using a
Birch-Murnghahan extrapolation~Fig. 4!.20 The elastic pa-
rameterS112S12@51/(C112C12)# is calculated through Eq
~3! using « (200)

amp and t calculated in the previous step~Table
II !. Finally, elastic anisotropy 2(S112S12)/S44 is calculated
~Fig. 5!. The resulting value is approximately constant w
pressure, at 1.47~16! in good agreement with the ambien
pressure value measured by ultrasonic methods 1.59.21
1-4
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DISCUSSION

Yield strength and anisotropy. The yield strength of sev
eral materials has been measured at high pressures usin
dial diffraction techniques. Strengths of simple metals m
sured via radial diffraction methods vary widely—from A
which supports up to 0.5 GPa at 40 GPa, to Re, which s
ports up to 6 GPa at 40 GPa~Fig. 4!. Our results for plati-

FIG. 2. The complete set of energy-dispersive diffraction p
terns for platinum at 13.4~9! GPa ~PtP5 in Tables I and II!. Dif-
fracted intensity is plotted as a function of energy@2u
512.000(3)#. Each pattern is labeled byc angle and Pt peaks ar
labeled by~hkl! value.

FIG. 3. Lattice strain as a function ofc for the ~111!, ~200!, and
~220! lattice plans of platinum at 13.4~9! GPa~PtP5 in Tables I and
II !. Black, gray, and dotted lines show 123 cos2 fits vs c to the
~111!, ~220!, and ~200! data, respectively. Vertical line emphasiz
the offset between the maximum strain recorded by the meas
data ~at 8.7! and the angle defining coincidence between the d
mond cell and the principal stress axes~0!. The error envelope
surrounding the best-fit hydrostatic value of the lattice paramete
indicated by the dotted horizontal lines.
14410
ra-
-

p-

num, which elastically supports 2–4 GPa of shear stress
tween 5 and 30 GPa, suggest that it is among the stron
metals, similar to the strength of Re at high pressures. M
measurements of material strength, including these, fall
nificantly below estimates of the absolute ideal strength o
material5 G/2p510.3 GPa for Pt. No systematic relationsh
between crystal structure and strength is apparent from
strength data shown in Fig. 4. For example, Pt, an fcc me
shows similar strength to Re, an hcp metal. One method
analyze material strength in a systematic way is to norma
the strength to the~pressure dependent! shear modulus. Ex-
cept for the two lowest pressure data points,t/G for platinum
is approximately constant with pressure at 0.033~2!. Interest-
ingly, as a fraction of the shear modulus, Pt shows a hig
strength than rhenium, whoset/G varies from 0.013 to 0.024
from 0 to 40 GPa. However, comparisons among mate
‘‘strength’’ values using the radial diffraction technique
complicated by differences in material history, grain siz
geometry, and strength anisotropy. Finally, these are not
rect strength measurements, but rather the elastically
ported differential stress at each compression; a lower bo
to the actual strength.

Errors in the strength measurement may derive fr
breakdowns in assumptions underlying Eq.~1!, such as biax-
ial state of stress, coincidence of the diamond cell axis w
the principal stress direction, and/or time-dependent st
relaxation during the experiment. All conspire to render t
measured supported shear stress a lower bound on the a
maximum as discussed below. We therefore consider the
ferential stress measurements to be robust, especially g
their duplication in two experiments with differing samp
loading geometry. Although the accuracy of the analysis
limited by the uncertainties in the behavior of Pt’s elas
constants under pressure, for the strength measurement
magnitude of this error is small. Changes in the elastic
isotropy alter the difference in the lattice parameter betw
the ~111! and~200! diffraction lines, but have little effect on
the amplitude of the signal~Fig. 2!. If constant strain~Voigt!
conditions are assumed, the measured differential stre
will differ only slightly, well within the error bars of the
determination.17,22

The anisotropy measurement, on the other hand, is t
ered to two major assumptions:~i! the existence of constan
stress conditions within the sample chamber and~ii ! lattice
strength isotropy. Under constant strain~Voigt! conditions,
there is noG dependence of the lattice strain.12 Therefore, the
measured anisotropy must be considered to be a lower bo
~closer to unity! on the true anisotropy value since any co
tribution from constant strain conditions would result in
less pronounced measurement of lattice-dependence~note
that the Voigt endmember has no lattice dependence
strain!. The second assumption, that each lattice plane
the same resistance to deformation, may not be true in g
eral. For an fcc metal such as platinum, the primary s
system is$111%^110&.5 Therefore, a uniaxial stress in any d
rection except normal to the~111! lattice plane may result in
dislocation motion. However, if the$111%^110& slip system is
the only operable system, then an applied uniaxial str
component normal to the~111! plane will not result in any

-

ed
-

is
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TABLE II. Summary of platinum radial diffraction data results.

Name
(hkl)’s used in

analysis «hydro « (200)
amp « (111)

amp
Pressure
~GPa!

Differential stress
~GPa! C112C12 ~GPa! anisotropy offset

1st set
Pt20 111, 200, 220 20.0162~4!a 20.0061~3! 20.0046~3! 14.7~4! 2.7~.2! 147 1.3~2! 20.3~34!

Pt30 111 only 20.0212~4! 20.0053~3! 19.4~4! 3.3~.2! 2.5~31!

lowb 111, 200, 220 20.0050~9! 20.0063~3! 20.0046~3! 4.2~8! 2.2~.15! 116 1.4~1! 12.8~32!

Pt10 111, 200, 220 20.0070~1!a 20.0065~3! 20.0054~3! 5.9~1! 2.7~.4! 137 1.2~10! 16.4~05!

2nd set
PtP1 111, 200, 220 20.0007~3! 20.0002~1! 20.0002~1! 0.6~2! 0.1~.04! 149
PtP2 111, 200, 220 20.0034~1! 20.0013~2! 20.0010~2! 2.8~9! 0.5~.1! 119
PtP3 111, 200, 220 20.0097~8! 20.0070~3! 20.0047~3! 8.3~8! 2.5~.2! 116 1.49~2! 4.2~11!

PtP4 111, 200, 220 20.0131~6! 20.0079~3! 20.0052~3! 11.6~6! 2.9~.15! 120 1.52~5! 8.4~14!

PtP5 111, 200,
220, 311, 222,
400, 331, 422

20.0150~10! 20.0079~3! 20.0047~3! 13.4~9! 2.9~.2! 114 1.68~5! 8.7~14!

PtP6 111, 200,
220, 311, 222,
400, 331, 422

20.0174~9! 20.0081~3! 20.0051~5! 15.9~9! 3.3~.3! 125 1.6~3! 3.7~21!

PtP7b 111, 200,
220, 311, 222,
400, 331, 422

20.0235~13! 20.0080~9! 20.0051~5! 22.4~14! 3.0~.7! 139 1.6~6! 0c

a«hydro from ~111! line only.
bTwo-term fits only~assume 0 offset!.
cAssumed.
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slip. Therefore, the~111! plane is expected to be the stro
gest plane. Since our results demonstrate the opposite
~200! plane, not the~111! plane, shows the largest stra
amplitude withc, the elastic anisotropy is playing a role th
is at least as significant as any possible strength anisotr
An additional crosscheck is provided by examining for l
tice preferred orientation in compressed samples. No
dence of induced texturing was observed in these exp
ments by comparing the intensities of the Pt peaks~Fig. 2!.

Composite effect. Radial diffraction experiments may pro
vide a sensitive method to examine the stress state of
component of a composite material, to examine the mech

FIG. 4. Supported differential stress of metals from side diffr
tion experiments. Results from platinum experiments are show
squares with error bars. Strength from Ta~Ref. 3! ~diamonds!, and
limits on the strength of hcp Fe~Ref. 24! and Re, Mo, and Au~Refs.
15, 16! are shown as well.
14410
the
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cal behavior of microscaled composite materials, and
models of their mechanical behavior. In the experime
where both g-(Mg,Fe)2SiO4 and platinum were loaded
within the sample chamber, the hydrostatic pressure de
mined from platinum is systematically lower than the pre
sure determined from the silicate by 0.8 to 5.5 GPa acr
the measured pressure range. If strain continuity were to
invoked as a possible explanation for this behavior, it wo
predict that the material with the lower bulk modulus sen
a lower pressure. This is the opposite of what is obser
@(Kspinel5193(3) GPa)#.23 Interestingly, a similar pressur

-
as

FIG. 5. Elastic anisotropy of platinum. The ambient press
elastic anisotropy~Ref. 21! ~open circle! is shown.
1-6
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difference has been observed in other two-phase radial
fraction experiments.15,16,24As in our Pt experiments, in eac
of these dual systems, the material with the larger b
modulus records lower pressures than its more compres
partner, regardless of relative strength. For the mater
shown in Fig. 3, the higher bulk modulus materials Mo a
Re, both record lower pressures, and Fe a
g-(MgFe)2SiO4 , the more compressible materials, reco
higher pressures. This suggests that elastic properties as
as material strength control the mechanical behavior in
diamond cell.

In composite systems, both elastic properties and ge
etry play a role in determining how much pressure ea
phase sustains. If, for example, the Pt andg-(Mg,Fe)2SiO4
are arranged so that they contact in the diamond cell
~‘‘sandwich geometry’’!, the maximum stresss1 ~in the di-
rection of the axial load of the diamonds! is the same for
both platinum andg-(Mg,Fe)2SiO4. However, this assump
tion makes the results from the two materials even less c
patible. The values ofs1 , determined bys15P12/3t, are 4
to 10 GPa higher in theg-(Mg,Fe)2SiO4 than in Pt. How-
ever, the data are consistent if the radial component of
stress experienced by Pt andg-(Mg,Fe)2SiO4 are equal. In-
formation about the geometric relationship between the
materials was lost upon removal of the sample.

The difference in pressure can be explained by recog
ing that under nonhydrostatic conditions, significant press
gradients exist within the diamond anvil cell samp
chamber.25 An alternative method to measure yield streng
of materials at high pressures takes advantage of these
sure gradients to calculatesy5h(dP/dr), wheresy is the
yield strength,h is the sample thickness,P is the pressure
measured by ruby fluorescence, andr is the radial distance
from the center of the diamond-anvil cell axis.25 Although h
was not directly measured in this experiment, typical sam
thicknesses at these pressures range from 10–20mm. It is
possible that plastic deformation during the experim
caused rearrangement of platinum andg-(Mg,Fe)2SiO4 so
that they were laterally displaced with respect to the ax
diamond cell load by 5–10mm. Using the pressure differ
ence betweeng-(Mg,Fe)2SiO4 and platinum, differential
stresses calculated via the pressure gradient method~above!
range from 1.5–4.5 GPa at the lowest pressure to 5.5–
GPa at the highest pressure. These numbers are a bit la
but still consistent with the yield strength measurements
tained by the lattice strain theory.

Since the sample geometry was not controlled in this
periment, a quantitative analysis of the composite effec
precluded. The angular offset between the diamond cell
the principal stress directions~Table II and Fig. 3! recorded
in these experiments testify to a more complex geome
within the sample chamber than either side-by-side or ‘‘sa
wich.’’ Modeling of the stress environment in the diamon
cell sample chamber and controlled-geometry radial diffr
tion experiments are currently in progress to fully expla
this behavior quantitatively.

Transient creep. To investigate time-dependent relaxatio
of platinum under nonhydrostatic pressures, the~111! and
~200! lattice parameters of experiment PtP3~Table I! were
14410
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monitored at the maximum stress direction over the cours
4 h. The resulting observations are~a! a systematic increas
with time of the lattice parameter of both the~111! and~200!
lines and~b! a trend toward convergence of the~111! and
~200! diffraction lines@Fig. 6~a!#. Both observations signify a
time-dependent relaxation of the differential stress. Pla
processes are not directly measured in these experim
rather, we are measuring the elastic response to a decrea
differential stress accompanied by plastic relaxation p
cesses. This can be caused either by plastic creep of
platinum sample itself, or by relaxation of the beryllium ga
ket surrounding the sample. Two lines of evidence sugg
the former:~a! platinum’s diffraction peak width, an indica
tor of microscopic stresses also decreases over this time
riod with the same characteristic relaxation time of abo
;120 min@Fig. 6~b!#, indicating a change of the microscop
behavior of platinum and that~b! similar time-dependent be
havior was not observed for theg-(Mg,Fe)2SiO4 sample, an
even stronger material,9 despite the use of similar Be gask
material.

The observation of time-dependent behavior in Pt un
nonhydrostatic stress is remarkably similar to behavior
served in a separate set of experiments reported elsewhe
which platinum was laser heated to;1200~300! K within a
steel gasket@Fig. 7~a! and 7~b!#.9 In the laser heating experi
ment, the same observations were made:~111! and ~200!

FIG. 6. Time variation of~a! lattice parameter and~b! diffrac-
tion peak widths of platinum under nonhydrostatic stress, ac
50° ~maximum stress orientation!.
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ABBY KAVNER AND THOMAS S. DUFFY PHYSICAL REVIEW B 68, 144101 ~2003!
strains~lattice parameters! show time-dependent relaxation
their values converge, and their diffraction peak widths
crease with time during laser heating all within the sa
timescale~;min!. For both high- and low-temperature pro
cesses, the magnitudes of the deviatoric stress~;GPa! and
the strain relaxation~0.5%! were the same; only the tim
scale differed~two orders of magnitude faster for the hig

*Present address: Dept. of Earth and Space Sciences and Ins
of Geophysics and Planetary Physics, UCLA, Los Angel
CA 90095-1567.
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Phys. Rev. B58, 11 258~1998!.
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FIG. 7. Time variation of the lattice parameter~a! and diffrac-
tion peak widths~b! of platinum during laser heating atc;84°
~diamond cell axis is close to the minimum stress orientation!. The
temperatures are fluctuating during this experiment, and the x
beam is capturing x-ray intensity originating over large tempera
gradients. The average temperature in these experiments is a
1200 K.
14410
-
e

temperature processes!, leading to an average strain rate
;831025 s21 for Pt at 1200 K and;731027 s21 at 300
K.

An effective viscosity for creep processes under non
drostatic stresses can be calculated usingh5ss /(d«/dt)
whereh is the dynamic viscosity,ss is the supported shea
stress, andd«/dt is the observed strain rate.26 The resulting
viscosity measured for platinum in the high- and low
temperature experiments are 1013 Pa s at 1200~300! K and
1015 Pa s at 300 K.~For comparison, viscosity of glacial ic
is ;1013 Pa s.) Unfortunately, the lack of room temperatu
creep data on platinum precludes a direct comparison w
other techniques. However, creep measurements for
metals such as Ni and Cu~Ref. 27! show similar values. For
example, copper creep experiments measure 0.102% elo
tion resulting from 6000 h under 54.6 MPa of applied stre
at 422 K. This implies a viscosity of;1015 Ps s, similar to
our inferred room temperature Pt viscosity. Similar visco
ties are inferred from experiments on cold-worked pure N27

Damping experiments indicate that platinum’s relaxati
mechanism changes from dislocation glide at low tempe
ture to diffusion-aided recrystallization and grain growth
high temperatures.27 Therefore, the two measured data poin
cannot be used to infer an activation energy for a sin
process. Although these results are preliminary, they raise
prospect of quantitative viscosity measurements in
diamond-anvil cell. These measurements are especially
portant for the study of planetary interiors, where releva
viscosities range from 1019– 1021 Pa s. In this case, we wer
able to measure viscosities as high as 1015 Pa s only because
we were employing such large~;GPa! nonhydrostatic
stresses. Of course, the shear stresses experienced in
etary interiors are orders of magnitude smaller. This requ
being mindful of scaling issues when trying to extrapola
results from diamond-cell scale experiments to planeta
scale applications.
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