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Stress state of diamond and gold under nonhydrostatic compression

to 360 GPa
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Diamond and gold powders were compressed nonhydrostatically in a diamond anvil cell and
examined by x-ray diffraction using a radial geometry to evaluate the evolution of stresses and
strains in these materials to ultrahigh pressure. We found that near isostrain continuity developed
across diamond and gold grains under uniaxial compression. The observed mean pressure of
diamond powder reached to 360(40) GPa while it was only 31(1) GPa for the polycrystalline gold
under the highest load. Polycrystalline diamond can support a microscopic deviatoric stress of
160(18) GPa at about 360 GPa. Due to the deformation of the diamond anvil culet, the macroscopic
differential stress of the diamond sample was limited to about 43(8) GPa. There is no evidence that
the diamond grains have yielded in our experimental pressure range. © 2010 American Institute of

Physics. [doi:10.1063/1.3485828]

I. INTRODUCTION

The diamond anvil cell (DAC) can generate static pres-
sures in the multimegabar range. Combined with various in
situ measurement techniques, such as x-ray diffraction, Ra-
man and Brillouin scattering, etc., the DAC has became a
powerful instrument used in modern high-pressure research.
Internal pressure standards such as gold, platinum, tungsten,
and ruby are commonly used in DAC experiments. For ac-
curate pressure calibration, this requires a strict isostress con-
dition, that is, the stress must be continuous across the inter-
face between crystallites of the pressure standard and the
investigated materials which is usually assumed in hydro-
static compression.1 However, the samples in a DAC without
a pressure transmitting medium are always subjected to a
nonhydrostatic compression. Even if the sample is initially
contained within a fluid, a completely hydrostatic environ-
ment cannot be sustained above ~15 GPa due to the solidi-
fication of all known pressure media at ambient
temperature.2 In this situation, the boundary stress condition
among the sample grains may become complex. If the
sample and pressure marker have different strength and do
not yield under nonhydrostatic compression, the stress state
between the pressure standard and the investigated sample
may not be consistent. The details of mixed sample assem-
blage can also affect the stress relationships between the
pressure standard and the investigated sample.3 Considering
that diamond is the hardest known material and gold is fre-
quently used as a pressure standard in static high-pressure
experiments, it is interesting to simultaneously look at the
stress state of diamond and god under nonhydrostatic com-
pression.

In addition, the study of the properties of diamond at
high pressure and high temperature is also interesting and
challenging as diamond has unique properties that make it a
key material in high-pressure technology.4’5 However, ex-
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perimental data on the yield strength of diamond are still
incomplete and ambiguous especially at ambient temperature
because diamond is difficult to deform under cold compres-
sion. In this study, we simultaneously investigated the stress
state of polycrystalline diamond and gold in the DAC under
nonhydrostatic compression to above 300 GPa. The influence
on the observed stress caused by the relative strength differ-
ence between diamond and gold is discussed. Our results
also give a lower limit value of the yield strength of diamond
under high pressure and ambient temperature.

Il. EXPERIMENT

The experiment was performed at the X17C beam line of
the National Synchrotron Light Source at Brookhaven Na-
tional Laboratory using energy-dispersive x-ray diffraction
techniques. Natural diamond with a grain size of 2—-3 um
(Warren Diamond Powder Co.) was loaded into a
90-um-diameter hole of a Be gasket in a DAC. The gasket
was preindented to ~13—15 wm thickness at about 34 GPa.
A piece of gold foil (~8 wm in diameter) was placed on top
within 3 um of the sample center and served as a position
reference and pressure marker. We used beveled diamond
anvils with a culet size of 150 um to apply uniaxial com-
pression. No pressure-transmitting medium was used. The
incident x-ray beam was focused by a pair of Kirkpatrick—
Baez mirrors to approximately 11X 17 um? and directed
through the Be gasket and the sample in the radial direction.
The diffracted intensity was recorded using a Ge solid-state
detector with a fixed angle at 260=15.002(4)°. Diffraction
spectra were collected only after sufficient time (more than 1
h) elapsed after each compression step to allow for stress
relaxation. In total, nine elevated pressures were investi-
gated. Diffraction patterns were collected at ¢
=0°,54.7°,90° (¢ is the angle between DAC loading axis
and the normal to the diffraction plane), respectively, at each
pressure except the first two steps (only at ¢#=0° and 90°).
The well-resolved diamond diffraction peaks of (111), (220),
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and (311) were used for data analysis. The lattice parameters
of gold were derived form the (111), (200), (220), (311), and
(222) diffraction lines.

lll. THEORY

A solid polycrystalline sample under nonhydrostatic
compression in a DAC is subjected a macroscopic differen-
tial stress, ¢, due to the uniaxial stress field, as well as the
microscopic deviatoric stress, v, caused by grain-to-grain
contacts.® The two types of stress will be limited by the yield
strength of the sample. The differential stress, #, can be ex-
pressed as the difference between o3 and o, where o3
(maximum stress) is along the DAC loading axis and o,
(minimum stress) is in the radial direction. And it can be
given by r=6G(Q(hkl)) under isostress condition.” "
(Q(hkl)) presents the average Q(hkl) value over all observed
reflections, while G is the aggregate shear modulus of the
polycrystalline sample. The deviatoric stress v is determined
by v=¢E, where ¢ is the microscopic deviatoric strain distri-
bution, E is the aggregate Young’s modulus of the
sample.(”l&l(’ Measuring the differential stress or/and devia-
toric stress in a polycrystalline sample under nonhydrostatic
compression has been applied to strength determination of
many materials.®*!7

IV. RESULTS AND DISCUSSION

The radial x-ray diffraction data were obtained at each
loading step at room temperature and contained the peaks of
diamond, gold as well as Be gasket. At higher pressure, the
diffraction peaks of diamond (111), (311) were overlapped
with Au (311) and (222) peaks, respectively. To overcome
this, we moved the diffraction region ~10 wm along the cell
axis direction to obtain a diffraction pattern below the gold
foil layer that contains only diamond diffraction peaks. There
is no detectable stress gradient along the direction of loading
axis. Figure 1 shows the diffraction spectra of diamond (in
this case, taken 10 wm below the Au position) and gold. The
mean pressure at different loading step were mainly calcu-
lated from the observed lattice parameters at ¢y=54.7° using
the equations of state of diamond and gold.lg’19 At loading
stepl and step7 the d-spacing for ¢=54.7°(dpyqy,) of dia-
mond and gold were estimated from the corresponding ob-
served values at y=0°(d,) and, 90°(dgy) by® dhyaro = (dy
+2dg0)/3. And this was also for gold at loading step 9.

Comparing the observed mean pressure of diamond with
gold at the same loading step (Fig. 2), we found that the
diamond can support a much larger stress than gold. The
maximum mean pressure of diamond achieved was 360(40)
GPa while for gold it was just 31(1) GPa at the highest load.
The pressure difference between diamond and gold increased
with the loading step. The minimum difference was 17 GPa
and the maximum difference reached 330 GPa.

Moreover, the normalized volume changes for diamond
and gold under the same loading step at ¢=54.7° were
roughly about the same (Fig. 3), which indicates that the
boundary across the diamond and gold grains is under close
to isostrain conditions. As diamond is harder and more in-
compressible than gold, there will be void space between
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FIG. 1. XRD patterns of diamond and gold (a) diffraction spectra at
=54.7° taken 10 wm below the Au positon. (b) Diffraction spectra at i
=54.7° taken at the gold position. Each spectrum is labeled with the hydro-
static pressure calculated from the lattice parameter of diamond (a) or Au (b)
at =54.7°. (c) XRD patterns of diamond at =0°, 54.7°, and 90° for
loading step 8. The hydrostatic pressure values of diamond are calculated
from the observed cell volume by using Occelli’s equation of state (EOS)
(Ref. 18). Diamond cell volume is obtained with XRD lines of (111), (220),
and (311). We used Shim’s EOS (Ref. 19) for the gold hydrostatic pressure
calculation.
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FIG. 2. Average pressure values of diamond and gold under different load-
ing step at y=54.7°.

diamond grains at initial compression. The thin gold foil fills
only a small volume in the sample cell and apparently does
not completely fill the gaps between the diamond grains.
Gold deforms plastically at low stress levels and will flow
toward the lowest stress regions in the grain pockets. Thus,
the gold grains become highly concentrated in the pore space
among diamond grains at low stress levels. The stress due to
the axial load would then be mainly supported by the dia-
mond grains alone. The observed Au pressure change may be
mostly due to compaction of the void space between dia-
mond grains under load as the diamonds grains themselves
are elastically compressed, i.e., the diamond anvils squeeze
the diamond powder, and sample thickness supported by the
diamond grains is forced to shrink. The Au distributed in the
void space is then compressed by the compaction of the sur-
rounding diamond grains. In this way, the relative volume
change for diamond and Au should be roughly about the
same. Considering that the bulk modulus of diamond is
about three times of that for Au, our experimental data likely
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FIG. 3. A comparison of normalized volume changes of diamond and gold
under the different loading step at y)=>54.7°. The normalized volume change
is calculated using AV/V,, where AV is V,—V,, and V|, is ambient pressure
volume. V, means the observed cell volume at loading step n.
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FIG. 4. Macroscopic differential stress (solid squares) and microscopic de-
viatoric stress (solid circles) of diamond (calculated from average values of
full width at half maximum) as a function of pressure together with the data
from Akahama and Kawamura (open symbol).

supports the above explanation. The pressure achieved in
diamond and gold will not be the same unless the initial
quantity of gold is sufficiently large to preclude the forma-
tion of isolated void pockets or plastic deformation of dia-
mond occurs resulting in closing of pore space. The diamond
grains themselves, however, form an interconnected network
and are compressed against each other in a near isostress
condition and the same is true for the polycrystalline gold,
but the boundary between diamond and gold grains is under
a near isostrain condition. When gold is used as a pressure
standard in the DAC, the above situation may occur espe-
cially if it is used together with strong materials. So special
attention should be paid when the soft pressure markers are
used for the strong materials in the DAC high-pressure ex-
periments. The soft pressure makers may yield the wrong
pressure value, especially when the strong materials have not
yielded under nonhydrostatic compression. To obtain accu-
rate pressure calibration, it will be necessary to choose pres-
sure maker that has appropriate elastic properties and yield
strength with the sample material for DAC high-pressure ex-
periments under nonhydrostatic environment.”

The macroscopic differential stress, f, and microscopic
deviatoric stress, v, of diamond were obtained by analyzing
x-ray diffraction peak shifts together with lattice strain
theory, and peak broadening. In this analysis, the single-
crystal elastic moduli, Cj;, of diamond and their pressure
derivatives were obtained from ultrasonic measurements at
25 °C up to 0.14 GPa.”' The C;; at higher pressure were
calculated using third-order Eulerian finite-strain equations22
and the aggregate shear modulus (Reuss bound) and Young’s
modulus were derived form the C;; at high pressure. Com-
paring ¢ and v as a function of pressure (Fig. 4), we found
that the microscopic deviatoric stress of diamond becomes
much larger than its macroscopic differential stress as the
pressure increased. This may be due to the deformation of
diamond anvil culet (cupping effect) at high pressure.23 24
Normally, the microscopic deviatoric stress and macroscopic
differential stress will increase similarly with pressure under
nonhydrostatic compression. Once the sample yields, both
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will attain their maximum value (yield strength).6 In our ex-
periment, the volumetrically dominant sample in the cell was
diamond powder which is much harder than the surrounding
Be gasket. As a result, the gap between the diamond anvil
culets should be larger at the sample area and smaller at the
Be gasket area under higher pressure as a result of elastic
deformation of the anvil. The diamond anvil culets are thus
likely cupped upon compression and this will lead to the
stress in the radial direction, o, enhanced and the stress in
the axial direction, o3, restrained. Thus the cupping effect of
diamond anvil prevent the macroscopic differential stress
from a further increase. But this does not affect the micro-
scopic deviatoric stress development. The maximum micro-
scopic deviatoric stress approached 160(18) GPa at the high-
est load and there is no obvious evidence indicating the
yielding of diamond grains. Therefore, it seems that the yield
strength of diamond is larger than 160(18) GPa at a mean
pressure of 360(40) GPa. The calculations from first-
principles methods report that the ideal strength of diamond
is 180-200 GPa at ambient conditions.”>*® Eremets et al.
observed the strong photoluminescence spectra at the dia-
mond culet (compressed to 190-200 GPa) which indicated
the plastic deformation of the diamond culet. From this, they
estimated a yield strength of diamond of 130-140 GPa
according: Y =27, Tmax=(1—20)P/2.45 (Y is the yield
strength, 7., 1S the maximum shear stress, o is the Poisson
ratio for diamond, and P is the starting pressure of plastic
deformation).” Recently, dynamic ramp-wave compression
experiment of diamond gave the initial yield strength of dia-
mond 69-90 GPa at stress 74-104 GPa and the diamond
appeared to retain strength up to 800 GPa.*® Akahama and
Kawamura (2007) investigated the shear stress of a DAC
with loading axes along the [I111] and [110] crystal
direction.””' They claimed that the [111] diamond anvil can
endure a maximum shear stress 7 of 40 GPa (corresponding
to differential stress, t=80 GPa) at the maximum pressure of
220 GPa and the stress o (radial direction) was enhanced
above 100 GPa. The enhancement of o above 100 GPa may
be indicative of the [111] anvil culet cupping. For the [110]
anvil the shear stress 7 increased with pressure and reached
to 50 at 250 GPa. Those results are shown together in Fig. 4.
The difference between our macroscopic differentials stress t
value with Akahama’s may depend on the details of the
DAC: diamond type, anvil crystallographic orientation, and
culet des.ign.32 Comparing the yield strength of other studied
superhard materials under nonhydrostatic compression (to
~65 GPa) such as BsO (26-30 GPa),} c-SizN, (15-18
GPa),>® and c-BC,N (38 GPa),** diamond remains much
stronger under extreme stress condition.

V. SUMMARY

In summary, we found the boundary between the dia-
mond and gold grains was close to an isostrain condition
under a nonhydrostatic compression up to above 300 GPa (as
obtained from the mean stress of diamond). For pressure
calibration in static DAC compression experiments, the
stress discontinuity caused by the strength difference be-
tween the studied sample and pressure standard should be
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taken into account, especially using soft pressure markers
together with hard samples. Polycrystalline diamond was ob-
served to support a microscopic deviatoric stress of 160(18)
GPa at a mean pressure of 360(40) GPa without yielding.
Due potentially to the cupping effect of the anvil tip, the
microscopic deviatoric stress developed in the polycrystal-
line diamond was larger than the macroscopic differential
stress.

ACKNOWLEDGMENTS

The authors thank J. Z. Hu for experimental assistance.
This work is partially supported by the Natural Science
Foundation of China (Grant Nos. 50572067 and 10772126 to
DH) and the Carnegie-DOE Alliance Center. This research
was also partially supported by COMPRES, the Consortium
for Materials Properties Research in Earth Sciences under
NSF Cooperative Agreement EAR 06-49658. Using of the
National Synchrotron Light Source, Brookhaven National
Laboratory, was supported by the U.S. Department of En-
ergy, Office of Science, Office of Basic Energy Sciences,
under Contract No. DE-AC02-98CH10886.

'H. K. Mao, P. M. Bell, J. W. Shaner, and D. J. Steinberg, J. Appl. Phys. 49,
3276 (1978).

’R. Miletich, D. R. Allan, and W. F. Kuhs, Rev. Mineral. Geochem. 41, 447
(2000).

3N. Conil and A. Kavner, J. Appl. Phys. 100, 043517 (2006).

“D. J. Weidner, Y. B. Wang, and M. T. Vaughan, Science 266, 419 (1994).

%Y. Akahama and H. Kawamura, J. Appl. Phys. 98, 083523 (2005).

°D. W. He and T. S. Duffy, Phys. Rev. B 73, 134106 (2006).

’S. R. Shieh, T. S. Duffy, and B. S. Li, Phys. Rev. Lett. 89, 255507 (2002).

8D. He, S. R. Shieh, and T. S. Duffy, Phys. Rev. B 70, 184121 (2004).

°T. S. Duffy, G. Shen, J. Shu, H. K. Mao, R. J. Hemley, and A. K. Singh,
J. Appl. Phys. 86, 6729 (1999).

1°A. K. Singh, C. Balasingh, H. K. Mao, R. J. Hemley, and J. Shu, J. Appl.
Phys. 83, 7567 (1998).

A, K. Singh, J. Appl. Phys. 73, 4278 (1993).

ZA. K. Singh, H. K. Mao, J. Shu, and R. J. Hemley, Phys. Rev. Lett. 80,
2157 (1998).

Bp. J. Weidner, Y. Wang, and M. T. Vaughan, Geophys. Res. Lett. 21, 753
(1994).

143, Chen, D. J. Weidner, and M. T. Vaughan, Nature (London) 419, 824
(2002).

“H. P Klug and L. E. Alexander, X-Ray Diffraction Procedures (Wiley,
New York, 1974).

'B. Warren, X-Ray Diffraction (Addison-Wesley, London, 1989).

T, 8. Duffy, in Shock Compression of Condensed Matter - 2007, edited by
M. D. Furnish, M. L. Elert, T. P. Russell, and C. T. White (AIP, New York,
2007), pp. 639-644.

BE Occelli, P. Loubeyre, and R. L. Toullec, Nature Mater. 2, 151 (2003).

1S. H. Shim, T. S. Duffy, and T. Kenichi, Earth Planet. Sci. Lett. 203, 729
(2002).

2N. Conil and A. Kavner, J. Phys. Condens. Matter 18, S1039 (2006).

'H. J. McSkimin and P. Andreatch, Jr., J. Appl. Phys. 43, 2944 (1972).

2F, Birch, J. Geophys. Res. 83, 1257 (1978).

BRI Hemley, H. K. Mao, G. Y. Shen, J. Badro, P. Gillet, M. Hanfland, and
D. Hiusermann, Science 276, 1242 (1997).

8. Merkel and T. Yagi, Rev. Sci. Instrum. 76, 046109 (2005).

D, Roundy and M. L. Cohen, Phys. Rev. B 64, 212103 (2001).

**H. Chacham and L. Kleinman, Phys. Rev. Lett. 85, 4904 (2000).

%73, 1. Zhao, S. Scandolo, J. Kohanoff, G. L. Chiarotti, and E. Tosatti, Appl.
Phys. Lett. 75, 487 (1999).

2R, H. Telling, C. J. Pickard, M. C. Payne, and J. E. Field, Phys. Rev. Lett.
84, 5160 (2000).

M. 1. Eremets, I. A. Trojan, P. Gwaze, J. Huth, and R. Boehler, Appl.
Phys. Lett. 87, 141902 (2005).

Downloaded 03 Nov 2010 to 128.112.20.229. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.325277
http://dx.doi.org/10.1063/1.2234556
http://dx.doi.org/10.1126/science.266.5184.419
http://dx.doi.org/10.1063/1.2115098
http://dx.doi.org/10.1103/PhysRevB.73.134106
http://dx.doi.org/10.1103/PhysRevLett.89.255507
http://dx.doi.org/10.1103/PhysRevB.70.184121
http://dx.doi.org/10.1063/1.371723
http://dx.doi.org/10.1063/1.367872
http://dx.doi.org/10.1063/1.367872
http://dx.doi.org/10.1063/1.352809
http://dx.doi.org/10.1103/PhysRevLett.80.2157
http://dx.doi.org/10.1029/93GL03549
http://dx.doi.org/10.1038/nature01130
http://dx.doi.org/10.1038/nmat831
http://dx.doi.org/10.1016/S0012-821X(02)00917-2
http://dx.doi.org/10.1088/0953-8984/18/25/S10
http://dx.doi.org/10.1063/1.1661636
http://dx.doi.org/10.1029/JB083iB03p01257
http://dx.doi.org/10.1126/science.276.5316.1242
http://dx.doi.org/10.1063/1.1884195
http://dx.doi.org/10.1103/PhysRevB.64.212103
http://dx.doi.org/10.1103/PhysRevLett.85.4904
http://dx.doi.org/10.1063/1.124424
http://dx.doi.org/10.1063/1.124424
http://dx.doi.org/10.1103/PhysRevLett.84.5160
http://dx.doi.org/10.1063/1.2061853
http://dx.doi.org/10.1063/1.2061853

063521-5 Wang, He, and Duffy J. Appl. Phys. 108, 063521 (2010)

%D, K. Bradley, J. H. Eggert, R. F. Smith, S. T. Prisbrey, D. G. Hicks, D. G. (2008).
Braun, J. Biener, A. V. Hamza, R. E. Rudd, and G. W. Collins, Phys. Rev. BB, Kiefer, S. R. Shieh, T. S. Duffy, and T. Sekine, Phys. Rev. B 72,
Lett. 102, 075503 (2009). 014102 (2005).
31y, Akahama and H. Kawamura, High Press. Res. 27, 473 (2007). 1. N. Dong, D. He, T. S. Duffy, and Y. S. Zhao, Phys. Rev. B 79, 014105
2B. J. Baer, M. E. Chang, and W. J. Evans, J. Appl. Phys. 104, 034504 (2009).

Downloaded 03 Nov 2010 to 128.112.20.229. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1103/PhysRevLett.102.075503
http://dx.doi.org/10.1103/PhysRevLett.102.075503
http://dx.doi.org/10.1080/08957950701659544
http://dx.doi.org/10.1063/1.2963360
http://dx.doi.org/10.1103/PhysRevB.72.014102
http://dx.doi.org/10.1103/PhysRevB.79.014105

