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Static strength of gold compressed up to 127 GPa*
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Gold powder is compressed non-hydrostatically up to 127 GPa in a diamond anvil cell (DAC), and its angle

dispersive X-ray diffraction patterns are recorded. The compressive strength of gold is investigated in a framework of

the lattice strain theory by the line shift analysis. The result shows that the compressive strength of gold increases

continuously with the pressure up to 106 GPa and reaches 2.8 GPa at the highest experimental pressure (127 GPa)

achieved in our study. This result is in good agreement with our previous experimental result in a relevant pressure

range. The compressive strength of gold may be the major source of the error in the equation-of-state measurement in

various pressure environments.
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1. Introduction

The diamond anvil cell (DAC) combined with var-
ious fluid pressure media has become a typical assem-
blage to generate hydrostatic high pressures in the
equation-of-state (EOS) measurements. However, an
ideal hydrostatic environment cannot be sustained at
above ~ 15 GPa due to the solidification of all com-
monly used pressure media at room temperature.!]
Under such a condition, the stress in the pressure
marker may not be consistent with the stress of the
sample, if the strength of investigated sample differs
from that of the pressure marker and/or both the sam-
ple and pressure marker do not yield under the non-
hydrostatic compression.? When the pressure marker
is harder than the sample, the pressure marker with
higher incompressibility will give a slightly higher
pressure due to stress concentration (or pressure in-
tensification), while the softer one will give a lower
value which is nearly close to the true pressure value
of the sample.l3 For example, the maximum pressure
difference between ruby (a kind of pressure marker)
and a very soft sample can reach 12 GPa-18 GPa
at 200 GPa.l*! Obviously, the pressure difference be-
tween a pressure marker and the investigated sample
came from the presence of non-hydrostatic stress in
a DAC device and has long been recognized to bias
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the EOS determinations.’~7) To minimize pressure
errors in EOS measurements, it is important to de-
sign the most effective combination of sample material
and pressure standards, such as choosing an appropri-
ate pressure marker to match the investigated sample

(8 In recent

in their strength and elastic properties.
years, the yield strength and mechanical properties
of many pressure markers were studied.’=2 As one
of the most widely used internal pressure markers in
static high-pressure experiments, gold has attracted a
great deal of attention.['3~171 Usually gold is used at
pressures up to hundreds of pascals,['®19 so it is desir-
able to extend the study on the yield strength of gold
to more than 100 GPa. In this study we report on the
yield strength of gold investigated at pressures up to
127 GPa in the framework of lattice strain theory by
the line shift analysis. The result could provide data
for designing a most effective combination of the sam-
ple and pressure markers to minimize pressure errors
in EOS measurements.

2. Experimental detail

The modified Mao—Bell type DAC used for this
experiment has a pair of beveled diamonds (the cen-
tral flat of 150 pm and the culet size of 300 pm in di-
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ameter, and a bevel angle of 7°). The T301 stainless
steel gasket with an initial thickness of 250 pm was
preindented to 25 GPa and a sample chamber with
a diameter of 75 um was drilled in the centre. The
commercial polycrystalline gold powder (Alfa Aesar,
USA, purity of 99.96%) with a typical average particle
size of about 1 um was contained in the sample cham-
ber. In order to maximize the non-hydrostatic stress,
the sample was compressed without any pressure
transmitting medium. In situ high pressure angle-
dispersive diffraction experiments were performed at
the High-Pressure Station, 4W2 beamline at Beijing
Synchrotron Radiation Facility (BSRF). The X-ray
was monochromatized to 0.6199 A (1 A=0.1 nm).
The beam size was focused to 15(H)x28(V) um? by
Kirkpatrick—Baez mirrors. The diffraction patterns
were recorded on a Mar345 on-line image plate. All
of the measurements were conducted at room temper-
ature. The pressures were determined by the EOS
of gold reported by Anderson et al.?) to reduce the

pressure error arising from the pressure gauge.

3. Method of data analysis

Compression of a solid without any fluid pressure
medium in a DAC results in a non-hydrostatic stress
state. The macroscopic stress in the sample is axi-
ally symmetric about the load axis of the DAC and
leads to the shift of the diffraction lines. The differ-
ence between the axial and radial stress component
(t) is taken as a measure of the compressive strength
of the sample material.2! For the sample with a cu-
bic crystal structure, in the conventional DAC geome-
try the lattice parameter a,,(hkl) calculated from the
measured line positions 260; is given by the following

relation:22—24]

am(hkl) = My + M;[3(1 — 3sin® Op,1) T (RED)], (1)
with

L(hkl) = (W?K* + K212 + 2R%) /(B2 + K2 + 13)2. (2)
Here, My and M; are constants at certain pressures.
The plot of a,,(hkl) versus 3(1 — 3sin® @) (hkl)
(termed as the gamma-plot hereafter) is a straight
line at certain pressures. The parameters My and My

can be determined from such plots. The compressive
strength ¢ can be calculated from the relation,

t= —3M1/OZM()S, (3)

where S is the elastic anisotropy factor at a relevant
pressure and obtained from the single-crystal elastic
compliances S;; as follows:

S = (S11 — S12 — S14/2). (4)

The details of this method are discussed in an ear-
lier publication.[?l The term a determines the relative
weight of the stress continuity (iso-stress model, Reuss
limit[?®l) and the strain continuity (iso-strain model,
Voigt limit[%]). Some studies?:28) suggested that the
assumption of & = 1 (iso-stress model) at high pres-
sures is found to give satisfactory results. Thus, we
took @ =1 in the present study.

4. Results

The typical X-ray diffraction patterns are shown
in Fig. 1. The four observed diffraction peaks from
gold include (111), (200), (220), and (311). Above
83 GPa, the stars indicate the diffraction lines (100)
and (110) of iron, which appear due to the deforma-
tion of gasket. Above 67 GPa, (311) reflection is off
the range of the imagine plate detector and only (111),
(200) and (220) reflections have been used to construct
the gamma-plot according to Eq. (2). Typical gamma-
plots at four different pressures are shown in Fig. 2.
The experimental data are denoted by solid circles and
the straight lines were obtained by the least-squares
linear fitting. At each pressure, the parameters M
and M; can be determined from the corresponding
straight line in the gamma-plot.
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Fig. 1. (colour online) Typical angle dispersive X-ray

diffraction patterns of gold at high pressures. All observed
diffraction peaks (111), (200), (220), and (311) are labeled
in the upper diffraction patterns. The stars indicate the
diffraction lines (100) and (110) of iron.
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Fig. 2. (colour online) Typical determined lattice param-
eter am (hkl) versus 3(1 — 3sin 20,4;) " (hkl) plots at four
different pressures. The experimental data are denoted
by solid circles and the straight lines are obtained by the
least-squares linear fitting.

For calculating compressive strength ¢, the single-

crystal elastic appliances must be known in advance.

129,30

For gold, there are many reports I about its elas-

tic constants and we can calculate S;; by the following

relations:

S11 = (C11 + C12)/(C11 — C12)/(C11 +2C12), (5)
S12 = (=C12)/(C11 — C12)/(C11 + 2C12), (6)
Sia =1/Cuy. (7)

To describe the pressure effect on elastic constants Cj;,
the following form is adopted to determine Cj; at ul-
trahigh pressures (the subscript 0 means zero pressure

value):[30]

Cij = (Cij)o + (dCy;/dP)oP(V/Ve) /P (8)

Dewaele and Loubeyrel®”! have confirmed Eq. (8) by
comparing the extrapolated Ci1, Ci2, Cy4, and bulk
modulus K with both experimental and theoretical
data. We use Eq. (8) to extrapolate the elastic con-
stants at pressures up to 127 GPa, and all parameters
needed in Eq. (8) to calculate C;; at high pressures
are listed in Table 1 (cited from Ref. [29]).

Table 1. All parameters needed in Eq. (8) for calculating C;; (cited from Ref. [29]).

(C11)0/GPa (C12)0/GPa (C44)0/GPa

(dCy,/dP)o (dCip/dP)o (dCys/dP)o

192.2 163.4 41.8

6.71 5.85 1.83

The compressive strength ¢ of gold as a function
of pressure is shown in Fig. 3. Approximately, we can
find two regimes in the compressive strength of gold
under pressures. It is obvious that ¢ increases contin-
uously with pressure increasing up to 106 GPa; and
then increases with pressure but with a much smaller
slope until the highest pressure (127 GPa in our ex-
periment) is reached. Considering a somewhat large
error in ¢t above 106 GPa, the second regime is not
so convinced. The change of slope at 106 GPa may
be explained by material damage induced in highly
strained specimen®!l or preferred orientation of the

easily slip plane.[32]

It is unclear which explanation
holds for gold data and further experiments will be
needed to resolve this point. The standard error of ¢
arises from the least square fitting uncertainty of the
am (hkl) versus 3(1 —3sin? 0,4;) ' (hkl) and the uncer-
tainty of calculation of S according to Egs. (2)—(8). In
Fig. 3, only the error of ¢ from the least square fitting
uncertainty is shown.

The results determined by previous studies are
also shown in Fig. 3 represented by different symbols
for a comparison. Our results are in good agreement
with earlier DAC data obtained using the conventional

(13]

axial X-ray geometry!*>! as well as other radial diffrac-

tion data.['4=16] It should be noted that the results in
Ref. [16] were determined by the line width analysis
method with the radial X-ray geometry. Our results
show that though it is very soft under ambient con-
ditions, the gold has a steady pressure hardening ef-
fect and its compressive strength has reached 2.8 GPa.
Above 100-GPa pressure, it may become one of the
major error sources in the equation-of-state measure-
ments in non-hydrostatic pressure environments at
ultra-high pressures when gold is used as an internal

pressure marker.
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Fig. 3. (colour online) Pressure dependences of compres-
sive strength derived from the lattice strain theory and
data reported in earlier studies.
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5. Conclusion

Gold powder is compressed under non-hydrostatic
conditions up to 127 GPa in a DAC and the angle dis-
persive X-ray diffraction patterns are recorded. The
gamma-plots at various high pressures are presented
and the compressive strength of gold is determined
from lattice strain theory. The result shows that
the compressive strength of gold nearly continuously
increases with the pressure increasing in an experi-
mental pressure range. Above 100-GPa pressure, the
compressive strength ¢ reaches 2.8 GPa, which may
be one of the major error sources in the equation-of-
state measurements at ultra-high pressures when gold
is used as an internal pressure marker.
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