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Lattice strains were measured as a function of the angle ¢ between the diffracting plane normal und
the stress ¢ xis of a diamond anvil cell in a layered sample of molybdenum and gold. The samiple wus
compressed over the range 5—24 GPa and the lattice strains were measured using energy-dispersive
x-ray diffraction. As ¢ is varied-from 0" to 907, the mean lattice parameter of molybdenum
increases by up to !.2% arid that oi gold increases by up to 0.7%. A lincar relationship berween
O(hkl), which is related to the slope of the measured « spacing versus | —3 cos” ¢ relation.

3I'{hkl), a function of the Miller indices of the diffracting plane, is abserved tor both materiuls as
predicted by theory. The pressure dependence of the uniaxial stress r for gold from this and other
recenl studies is given by +=0.06-+0.015F, where P is the pressure in GPa. The uniaxial stress in
molybdenum can he described by r=0.46+0.13P. Using gold as an internal pressure standard, the
equation of state of molybdenum depends strongly on 4. The hulk modulus obtained from a
Birch—Murnaghan fit varies from 210 to 348 GPa as  varies from 0" t¢ YO". However, an equation
of state in good agreement with shock and ultrasonic isotherms is obtained for = 54,7° where the
deviatoric contribution to the lattice strain vanishes. Second-urder elastic moduli for gold and
molybdenum arc obtained from the datx. The results ure generally consistent with an earlier x-ray
study and with extrapolations of low-pressure ultrasonic data The pressure dependence of the shear
modulus Cy4y is smaller for the x-ray data than predicted by extrapolation of ultrasonic data,
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| INTRODUCTION

Molybdenum is a body-centered-cubic {bcc) transition
metal whose high-pressure behavior has attragted consider-
able experimental and theoretical interest.’” Shock con-
pression experiments have been carried out over a wide pres-
sure range and qualify molybdenum for use as a secondary
pressure standard.”™® Static compression has been carried out
to 212 GPa and the bee 'structure is stable to at least this
pressure,’ although under shock loading there is evidence lor
a phase transition at 210 GPa.>* First-principles theoretical
equation of state calculations have also been carried out over
a wide P-T interval. The pressure dependences of the
single-crystal elastic moduli of molybdenum have been mea-
sured ultrasonically to 0.5 GPa in a nitrogen pressure
medium” and theoretical calculations of the elastic moduli
very large compressions {V/ V= 0.4) have been reported us-
ing the local-density approximation.®

Molybdenum is one of four metals (Cu, Mo, Pd. Ag)
whose reduced shock isotherms were used to calibrate the
ruby fluorescence pressure scale,’ which is a widely used
secondary pressure scile for diamond-anvil cell experiments.

0021-8979/99/86(12)/6729/8/$15 00

6729

The effect of shear strength on both the dynamic and static
compression curves is one important source ot error in the
ruby scale. Originally. no correction for strength effects was
made because the static and dynamic strengths were poorly
constrained. Subsequently, it has been shown that shocked
metals retain significant shear strength up to 100 GPa {Refs.
{0 and 1) due 0 viscous dislocation drag and spontancous
nucleation of point defects. The yield strength of muolyhde-
num was measured under dynamic loading both at roem
temperature’? and from a 1400 °C initial lempcmlure.” Be-
cause of large differences in temperature and stramn rate. the
strength of static and dynamically compressed materials may
differ. There is thus a strong need to charucterize Lhe static
strength of metals used as standards in shock und static com-
pression studies.

Gold is a face-centered-cubic (fee) noble metal thad is
widely used as a secondary pressure caltbrant o static
experiments'’ and was used o calibrate the quasihydrostatic
ruby pressure scale to 180 GPa." However, reported values
of the pressure dependence of the mndividual clastic moduli
irom s ticity vlevated

ultrasonic measurements

© 1999 American institute ot Physics
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g:nressurcts1 ' arc inconsistent and this discrepancy has not

been resolved. The uncertainty in pressure determination
when using gold as a secondary standard is — 5% -10% as a
result of this uncertainty.""'

Here. we cxamine molybdenum and gold under nonhy-.

drostatic compression to 24 GPa. Using theories'” *'  de-
scribing lattice strains in an opposed anvil device together
with experimental technique524'26 that atlow measurement of
strain at any orientation relative to the stress axis, it is pos-
sible to constrain material properties such as shear strength,
the elasticity tensor, and the quasihydrostatic compression
curve from x-ray diffraction measurements under nophydro-
static loading. The technique also yields information on
properties of the sample environment such as the stress ten-
sor, texturing. and stress/strain continuity across grain
boundaries.

il. THEORY

The theory describing lattice strains in a sample nonhy-
drostatically compressed in tlie diamond-anvil cell has been
discussed elsewhere.?' ****%" Here. we restrict ourselves to a
summary of the main features.

The sample in a diamond-anvil cell is held in a small
gasket hole and compressed uniaxially between two gem-
quality diamonds. The stress tensor in the center of a dia-
mond cell sample can he written as

(o] 0 0

o= 0 oy 0
0 0

Tp 0 O

= 0 Tp 0

0 ol
+| 83 N0 b
0 0 2:3 (1

wherc 4 is the principal stress in the axial or diamond cell
load direction, o, 15 the principal stress in the radial direc-
tion. and o, is the mean normal stress or pressure. The dif-
ference belween tlie maximum (¢;) and minimum (o)
stresses is the uniaxial stress component £.which is taken to
hc positive on compression.

t=o,—o=27=Y. {2}

wherc 7 is tbc shear strength and Y the yield strength of the
material. The latter two equalities in Eq. (2) hold for a Von
Mises yield condition and depend on conditions of plastic
flow heing reached. In fact. 7 could he less than the yield
strength.

The ¢ spacing for a given set of latiice planes measured
by s-rayv difiraction is a function of the angle ¢ between the
diaemond cell stress axis and tlie diffracting plane normal
(Fig. 1

(kD =d, (RkD[1+ (1 =3 cos 1)QARD],  (3)
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FIG. |.Experimental geometry for radial diffraction experiments.  is the
angle between the diamond cell stress axis and the diffraction plane normal.

where d,,(hkt) and dp(hkl) are the measured d spacings for
the lattice plane (hkl) under compression and at ambient
pressure, respectively, d,(fk{) is the interplanar spacing that
would result under application of hydrostatic pressure op
alone, and Q(hkl) is given by

! o + :E
Q(hkl)= %{QGR(hkl} 2Gy )
Grihkly is 'the aggregate shear modulus for the crystallites
contributing to the diffracted intensity entering the detector
under the condition of constant stress across grain bound-
aries (Reuss limit). Gy is the Voigt (constant strain) bound
on the aggregate shear modulus and is not orientation depen-
dent. The parameter «, which varies between 0 and 1, speci-
fics the degree of stress and strain continuity across grains in
tlie sample.

For the cubic system,

(2Gg) " =81—=8 13— 38T (hkl), (5)
where S, a measure of the elastic anisotropy. is given by
§=51-5127.544/2, (6)
and
Cehid) = R+ R+ R -
(R + K2 +19)
and

3 (58208
(26 v) == .
20308, =8+ 5]

where the §,; are the single-crystal elastic compliances.

According to Eq. (3), d,,(kk!) should vary linearly with

1 —3cos? . The intercept of the relation {¥=54.7") gives

(8)

the d spacing due to the hydrostatic component of the stress.

At this angle. there is no contribution to the measured d
spacing from the deviatoric stress tensor. The slope of the
dn(hkly vs t—=3cos’y relation yields the product
d,(hkDYQUhK!).

Equations (4)-(6} also predict a linear relationship be-
tween Q(hkD) and 31 (kD) with slope m, and intercept g
given by
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for the case where = 1. More general expressions that hold
for any value of a are given elsewhere.”

In addition, the linear compressibility y of a cubic crys-
tal is given by

3 d'lnu"‘) 1
X= 7P IT“3K“511"'2512y (1%)

where a is the lattice parameter and K is the isothermal bulk
modulus.

These three expressions, together with the inverse rela-
tionship between the elastic stiffness and elastic compliance
tensors,”® can be used to write the following expressions for
the isothermal elastic stiffnesses C,, of a cubic crystal:

I 21
Ci=3z* 5 (12)

3X ng
Cy=r7—"—+. 14
44 6(”150"‘!?11) X ( )

Thus, by measuring the dependence of interplanar spac-
ing on the angle from the diamond cell stress axis under
nonhydrostatic compression, the single-crystal stiffness ten-
sor can be constrained. In addition,' it is also possible to
recuver the 4 spacing and, hence, lattice parameter. fur the
hydrostatic component of the stress tensor. To solve Egs.
12)—(14}, it is necessary to know the uniaxial stress t as well
a$ the axial compressibility.

Using Eq. {4), the uniaxial stress component can be de-
ermined from

1=6G{Q(hkD)), {15}

where (2 (h%1)} represents the average value over all ob-
served reflections. The pressure dependence of {7 can be ob-
tained from extrapolation of ultrasonic or other single-crystal
slasticity data. Equation (15) is strictly true only for elasti-
cally isotropic materials but 7 has been shown to depend only
weakly on combinations of a and ar&.isc)tr()py.23

. EXPERIMENTAL TECHNIQUE

Experiments were conducted using energy-dispersive
synchrotron x-ray diffraction at the bending magnet beam-
line {13-BM-A) of the GSECARS sector at the Advanced
Photon Source. The sample consisted of high-purity molyb-
denum powder with a thin gold layer on the upper surface.
The sample was contained within a 40 wm hole in a beryl-
lium gasket and compressed using a diamond-anvil cell.

Incident x rays were collimated by a pair of tungsten
carbide slits and focused to 10 wmX10 wum with
Kirkpatrick—Baez optics. The sire of the incident x-ray beam
was measured using a sharp edge. Both the incident and
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diffracted beams passed through the &-mm-diam beryllium
gasket which absorbs little of the high-energy x rays."" The
sample was positioned such that the x-ray beam passed near
the interface of the molybdenum and gold lavers or entirely
within the molybdenum layer. The diamond «cell was
mounted in a rotation stage on a two-circle horizontal
diffractometer.*® The angle ¢ between the diffraction plane
normal and the diamond cell stress axis was varied trom 0"
idiffraction plane normal parallel 1o the dimmond cell stress
axis) to YO" {diffraction plune normal perpendicular to stress
axis) (Fig. I). The diffracted beam pussed through a double-
slit system and was detected by a Ge solid-state detector.

At each pressure, energy-dispersive diffraction patterns
were recorded at angular intervals of 5"-15" for about 5-10
min each. Diffraction patterns were recorded upon compres-
sion at seven pressures between 4.6 and 24.0 GPa and upon
decompression at 19.5 and 14.7 GPa. The equivalent hydro-
static pressures were determined from the measured lattice
parameter at ¢r=54.7° and the equatiun of state of gold'’ as
discussed below.

Peak pusitions were obtained by lilting buckground-
subtracted Voigt line shuapes to the spectra. For gold. the
(I11), (20Q), (2200, (311), {222). (400}, and (331) diffraction
lines were used. For Mo, the analysis was based on the fol-
lowing diffraction lines: (110), {200}, (211), (220}, and
(310).

The method used here differs from conventional energy-
dispersive diffraction experiments in which the incident and
diffracted x-ray beams pass through the diamond-anvils. Due
to the limited x-ray access afforded by the diamond seats, 4
can he varied only over a small range necar ~85° in the
conventional geometry. Thus, diffraction measuremenss we
confined to near the minimurm stress direction. However, by
using a beryllium gasket, the diffraction vector can be posi-
tioned at any orientation relative to the diamond cell axis.

IV. RESULTS

Selected diffraction patterns for the Au~Mo sample as a
function of ¢ are shown in Fig. 2. The diffraction peaks shift
to higher energy as the angle is decrensed, relflecting the
increased stfzin as the diffraction plane normal approaches
the maximum stress axis. The peak shift is larger for the
molybdenum lines than for the gold lines because of the
larger uniaxial stress component sustained in the molybde-
num sample. While the peak intensitics are variable, there
are no consistent (rends in intensity as the angle is varied,
suggesting that no uniform texturing is developed in these
samples, unlike hep metals.®®

The observed relative intensity changes may arise from
local preferred orientation. Since the gold layer is very thin,
changes in sample position as the cell is rotated can result in
large intensity changes. Changes in peak position will only
occur upon sample position changes if there are pressure
gradients across the sample. The size of the sample hole was
minimized to reduce this effect. The possibility o f tine-
dependent changes in the diffraction pattern {i.c., stress re-
laxation) was examined by recording patterns al a particulur
angle at both the beginning and end ot the dara collection
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FIG. 2. Selected x-ray diffraction patterns as a function of angle from the
stress axis at 24 GPa. Diffraction lines from molybdenum and gold are
labeled. Unlabeled lines are from the beryllium gasket. The angle ¢, corre-
sponding to each pattern, is shown at the right,

process for a particular pressure. No systematic changes in
the diffraction paitern with time were chserved,

Tlic variation of ¢ spacing with ¥ is shown for represen-
tative diffraction iines in Fig. 3. For both molybdenum and
gold. a linear relationship with | — 3 cos? 4 is ohserved in all
cases. The «f spacing and lattice parameter corresponding to
the purely hydrostatic component of stress, [—3 cos®
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FIG. 3. Dependence of # spacing on 1 —3 cos’ y for selected diffraction
flines of gold and molybdenum at @ GPa, The solxi lines are least-squares fits
1o the data. The v-axis range is =1 % for each panel.
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TABLE I Lattice parameter and-equation of state tor gold.

alg=54.7"} Plif=54,7%) PLgr=907) Peh=0%)
A VIV, (GPa) (GPa) (GPa)
4.043(2) 0.9748 4.6 4.1 5.6
40143 0.9932 9.1 X4 104
3.996(2) 13.9405 12.0 11.2 13.6
1.991{2) 0.9362 13.1 11.9 15.2
3973131 0.9243 16.2 15.4 17.3
3.948(2) 0.9070 210 19.5 238
19342) 0.8974 24.0 223 272
3956(3)" 0.9125 194 17.9 23.1
3.985(3)" 0.9327 14.0 13.3 15.7

‘Indicates data taken en decompression.

=0 (=54.7°}, was determined for each diffraction peak
and mean values are shown in Tables T and II. The standard
deviation of the mean lattice parameter determined from all
the gold and molybdenum lines was less than 0.1% at this
angle. At 0° and 90°, the standard deviation of the mean
lattice parameter was larger, but still less than (.2%.

Figure 4 shows the variation of the lattice parameter de-
termined from the linear fits to 4 spacing data (Fig. 3) for
cach diffraction line as a function of 1 —3 cos® . For gold,
the (260} line generally yields the smallest lattice parameter
at yr=0° and the largest lattice parameter at yr=90". Con-
versely, tlie {111) line is the smallest at ##=90" and the
largest lattice parameter at =0°. These results are consis-
tent with other studies.2**' For molybdenum. the (I10) line
yields a lattice parameter that is systematically high by about
0.1% at ¢r=34.7°. The other diffraction lines tend to con-
verge at | —3cos® ¢=0. In going from 0" to 90°, there is a
0.4%-1.1% increase in the mean molybdenum lattice param-
eter and a 0.2%-(0.7% increase in the mean gold lattice pa-
rameter at each pressure over the 5-24 GPa pressure range.

In addition to the reduced variance of the mean lattice
parameter, a reduction in the diffraction peak width tends to

be observed as i approaches the critical value of 54.7" (Fig.

5). On average, the peaks widths are reduced hy ~20% at
$r=50"-60", relative to #=0° and 90". The peak width is
sensitive to both the macroscopic and microscopic deviatoric
Stress fields.*"** The reduction in width is further evidence
that the total contribution of the deviatoric stress is reduced

at 1 —3 cos® o =0

TABLE I1. Diffraction data for molybdenum.

P ail =347} Viv, a{p=90") alif=0°
(GPa) A (f=54.7°) A
4.6 3.129(1) 0.9%3 3.13311) 3.121131
9.1 3.116(2) 0.971 312103 3.105(2)
12.0 3.105(2) 0.960 31133) 3.088(3)
13.1 3.102(4) 0.958 3.111(8) 3.084(4)
16.2 3.094(2) 0.950 3.103(8) 3.074(3)
21.0 3.07912) 0.936 3.089(3) 3.058(4]
23.0 3.071(3) 0.929 3.083141 3.046(3)
19.4% 3.084(3) 0.941 3.096(4) 3.06 Ka)
14.0" 3.104(4) (.955 3 115(6) 3.083(5

“Indicates data taken on decompression.




J. Appi. Phys., Vol. 86, No. 12, 15 December 1999

3980

3955

3,950

3.945

3.940

Lattice Parameter {A}

3.935

I IR

Q -1.5 1.0 0.5 0.0 0.5 1.0
2
1-3Cos "y

310 T - T T T T ]
Molybdenum

Lattice Parameter {A)

(220
ol L 1 ! 1 ]
-2.0 -t.5 1.0 -5 a.0 Qa5 10
2
1. 3C0s "y

FIG, 4, Varttion of lattice parameter determined from each diffraction tine
with angle for (a) gold and (b} molybdenum at 21.0 GPa. The solid lines are
from the least-squares fits to o spacing versus 1—3 cos® i (Fig. 3). The
relative y-axis range in (b) is twice the relative y-axis range is (a}.

The dependence of Q(hki) on 3T (hkl) is shown in Fig.
6. For both gold and molybdenum, a linear relationship is
observed. The case of a bece material is somewhat unfavor-
able as many of the diffraction lines yield the same value of
' and the observed diffraction planes do not span the pos-

Molybdenum
(110}

Intensity

1
275

Energy (keV)

HG. 5. Molybderum {200 diffraction peak at selected angles. The patterus
have been arbitran)y shifred in energy to align the peaks.
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FIG. 6. Q(Akl) as & function of 3T for gold and molybdenum at 21.0 GPPa,
The solid lines are lteast-squares fits to the data. The estimated errurs on
QAED) are obtained from the scatter of the dCRE! vs L= 3 wos? i relation,

sible range of 3T values. No systemuatic trends are observed
in the Q(hk!) values for diffraction peaks which have the
same value of 31"

Using the equation of state of gold,"” the pressure was
determined from the meuan lattice parameter at 54.7° using
the third-order Birch-Murnaghan equation® (Table 1). Pres-
sures were also calculated from the meusured strains at 0°
and 90° by assuming that the lattice strain in this direction
represents the hydrostatic strain (Tuble T). The pressures in-
ferred from strain measurements at the minimum and maxi-
mum stresses typically differ by 20% -30%.

The compression curve for molybdenum wus determined
using the pressure determined by the gold marker at each
angle. Equation of state data at ¥, 54.7°, and 90" are shown
in Fig. 7 and Table 1I, The molybdenum equation of state at
54.7° is in reasonable agreement with hydrostatic compres-
sion curves constructed from extrapolation of ultrasenic elas-

now |-
.‘}
Ll }m
g
=
84
i
o e
Q=2 r . 547° A
’ 90
o6 L—. H S : —_—L J
U 5 10 15 26 25 0

Pressure {GP:)

FIG. 7. Equation of state of melybdenum from Lattce purameters measured
ar 0°, 534.7%, and 90°. The pressure is determuned from the mean linice
parameter of gold. The dashed lines show Birch-Murnaghun equation fits t
the data at 0° and 90% The solid line shows the 300 K 1sothernn from
ultrasonic data (Ref. 9), the dash-dot hine shows the isotherm from high-
pressure shock data {see Ref 7), and the pluses are low-pressure shock Jata
(see Ref. 12)
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FIG. 8. Umiaxial stress component of gold {filled circles) and molybdenum
{filled squares) as a function of pressure. Solid lines are least-syuares fiis to
the data. For gold, open nangles are from Ref. 35 and filled triangles are
from earlier radial diffraction data (see Ref. 26). For molybdenum, open
symbols are vield strength measurcments under shock compression {see
Ref. 12).

ity data” and reduction of shock compression gata using
ie—Gruneisen theory.” Thus, it is possible t obtain a
iasihydrostatic compression curve from these highly non-
«drostatic data by proper choice of the angle between the
cess axis and the diffraction vector. However, the data at
~54.7° show a slight systematic deviation from the iso-
erms with the diamond cell data being less compressible. A
milar result was observed previously in a similar study us-
g 2 rhenium-gold sample.”® In that study, it was discussed
i the deviation could be due to a variety of factors includ-
ig the presence of local deviatoric stresses,” " ertor in
atic isotherms of sample or marker, pressure differences
etween the marker and sample, changes in sample positions
s the angle is varied, or errors in setting = 0.2
Also shown in Fig. 7 are third-order Birch-Murnaghan
quation fits to the data at {° and 90°. The equations of siate
t the extreme angles yield equation of state parameters very
ifferent from expected values. The ambient-pressure iso-
nermal bulk modulus K, of molybdenum is 261 GPa (Ref.
" and its pressure derivative K is 4.0 (Ref. 7)to 4.5.° The
sulk moduli obtained from fits using the third-order Birch-
viurnaghan equation at 0° and 90° are 210 and 348 GPa,
espectively. 2 total variation of 65%. The pressure deriva-
ives obtained from the inversions show even MOIe €Xireme
sariation: from 1.8 at 90° to 5.8 at 0°. This illustrates the
srong effect that nonhydrostaticity can have onr equation of
state parameters. This is also consistent with the behavior
observed previously for rhenium.*®
The unjaxial stress component it gold was caleulated
using Eq. (15) and the pressure dependence of the shear
modulus from Ref. 17 (Fig. 8). The results are in good agree-
ment with earlier diamond cell data using the conventional
axial x-ray ge:ometry35 as well as other radial diffraction
data.X® A linear fit to all the data from 5 10 37 GPa yields:
/= 0.06+0.015P, where P is the pressure in GPa. The value
of t obtamed in this study ranges from 0.2 10 0.6 GPa at 5--24
GPa, The magnitude of the uniaxial stress component s less

C;(GPa)-

Pressure (GPa)

3. 9. Second-arder elastic moduli of gold as a function of pressure. Filled
-les are from this study. Open squares are from a rheninm/gold sample
died using the same technique {see Ref, 26). Error bars are one standard
Aation. Solid lines are finite strain fits to the present data combined with
¢ of Ref. 26 and ambient pressure data (see Ref. 17), The dashed lines
w finite strain extrapolations of ultrasonic data {see Refs. 16 and 17),
ere the upper dashed curve corresponds o Ref, 16, and the lower dashed
~ve is from Ref. 17. The difference between adiabatic and isothermal
sduli has been neglected. :

an the uncertainty in the gold equation of state. The pres-
e error that results from using data at =90 is 0.5-17
Pa or about 10% over this pressure range. In general, the
Ziaxial stress values for gold in this experiment are siightly
.gher than found in an eatlier experiment using the same
sometry but for a sample mixed with rhenium,?® The
niaxial stresses in molybdenum are also shown in Fig. &
he shear modulus was obtained from uitrasonic data’ ex-
apolated to high pressure using finite strain theory.33 For
wlybdenum, the uniaxial stress can be described by
=046+0.13P. ‘

The single-crysta] efastic moduli calculated using Eqs.
12)—(14} are shown in Figs. 9 and 10. For gold, the results

Molybdgnum
—— This Study
---- Katghara etal., 79

440

C, (GPa)

Pressure (GPa)

FIG. 10. Second-crder elastic moduli of molybdenum as a function of pres
sure. The symbols are the present data and the solid lines are finite strain fit
to the present data and ambienl presspre data (filled squares) (see Ref. 9,
‘The dashed ines show finite strain extrapolation of the pressure dependenc
of the moduli from uitrasonic data w 0.5 GPa (see Ref. 9}. The differenc
bewween adiapati and isothermal modutt has heen neglected.
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TABLE III. Pressure derivauves of second-order elastic moduli for gold and
melybdenum.

a4, dC |, aC
Ref. aP aF aP
Gold
This study (@=1) 6.4 4.8 0.6
Ref. 16 7.0 6.1 1.8
Ref. 17 5.1 5.0 1.5
Ref. 18 0.7 5.9 1.8
Ref. 19 6.7 5.8 1.8
Molybdenum
Thin study (a=1) 7.3 3.3 0.5
Ref. 9 6.4 3.5 1.4

are compared with finite strain extrapolations® with two sets
of ultrasonic elasticity data.'!” Since the linear compress-
ibilities and shear moduli used in Eqs. (12)-(14) were taken
from the results of Ref. 17, a comparison with the lower
dashed curve in Fig. 9 is most appropriate. Pressure deriva-
tives obtained from finite strain fits to the x-ray elastic
moduli combined with ambient pressure data are compared
with ultrasonic pressure derivatives in Table III.

The results for gold are generally consistent with the
x-ray elastic moduli in ‘the .previous gold-rhenium study,26
although the values for Cy; and Cy4 are slightly lower and
higher, respectively, here than in the earlier study. The value
of C44 shows very little pressure variation compared with
extrapolation of ultrasonic elasticity values.

For molybdenum, the results are also in good agreement
with the extrapolation of ultrasonic data." The shear modulus
C44 again tends to lie slightly below ultrasonic values, al-
though they are in agreement within uncertainties. Values of
C); and Cy; tend to be 'slightly higher and lower, respec-
tively, on decompression relative to measurements upon
compression.

V. DISCUSSION

The elastic anisotropy of a cubic crystal can be charac-
terized by the anisotropy ratio A, which is the ratio of shear
moduli in the (100) and (110) planes in the [100] direction:

_2Ch 205,75 1 28
C]i—Cil 844 544

(16)

An elastically isotropic material has A=1. Values of A
greater than 1 signify that C,y4 is greater than 1/2({C,,-C,),
whereas the opposite holds when A is less than [

For gold, the elastic anisotropy is large with A=2.9 at
ambient pressure and extrapolation of ultrasonic data sug-
gests this should increase weakly with pressure. In contrast,
the elastic anisotropy of molybdenum is 0.72, implying that
the shear velocity in the (110) plane is greater than the shear
velocity in the (100) plane. The opposite orientations of the
elastic anisotropy are responsible for different signs of the
slopes observed in the Q—31 plot (Fig. 6).

For the case where =1, Eqs. {12)-(14) yield
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As discussed previously,®2 the elastic anisotropy is
strongly sensitive to the value of «. Using the values of i,
and m, from Egs. (12) and (I 3), we find that A fur gold
decreases from 2.9 at 4.6 GPa to 1.5 at 24.7 GPu. This de-
crease is largely due to the weak pressure dependence of C
for a=[. As discussed elsewhere,"" the X-ray and ultrasonic
data for 'gold at 14-37 GPa could be reconciled if a de-
creases from 1 near 14 GPa to about 0.5 at the highest pres-
sure. The anisotropy of molybdenum from the x-ray moduli
also decreases with pressure, but the magnitude of the effect
is reduced. The anisotropy factor A varies from 0.5 at 4.6
GPa to 0.7 at 24.7 GPa. Extrapolation of high-pressure ultra-
sonic data.for molybdenum suggests that A should be largely
pressure independent for this material.

In this study, reducing a may also improve the agree-
ment with ultrasonic data for gold at high pr:ssure. For ma-
terials with A > I, reducing a will decrease C |, and increase
Cy, arid C44 with the strongest effect on Cgy. Ay a result, the
anisotropy factor A will increase. For materials with A <C I,
decreasing a will also increase the anisotropy, causing A to
decrease. For such materials, a reduction in a has the oppo-
site effect on the individual moduli: €', is increased and (,,
and Ca4 are decreased. As a result, a reduction in a for
molybdenum will result in poorer agreement between the
x-ray elastic constants and ultrasonic data Thus, reduction of
o cannot simultaneously reconcile the low values of
dC /3P for x-ray data relative to ultrasonic data for both
gold and molybdenum. The uncertainties in (7, are suffi-
ciently large in this study that @ =1 is consistent with the
current data set.

With further refinement, the prasent method offers u po-
tential means to constrain a and, hence, better understand the
nature of stress continuity across grain contacts in the high-
pressure sample. This is an important issue as Reuss condi-
tions are often assumed to hold when using an in sifu pres-
sure marker within the sample. There is evidence that low-
pressure ultrasonic data may overpredict pressure derivatives
of elastic moduli.”® It is also now possible to directly mea-
sure elastic wave velocities to pressures above 10 GPa using
ultrasonic t&cl’miques.?’ﬁ Such measurements are needed for
gold and molybdenum to provide a more direct comparison
with the results of this study.

The uniaxial stress values lor molybdenum are com-
pared to yield strength values determined under shock com-
pression at 6.5-15 GPa in Fig. 8 The shock data'? were
obtained by comparing the Hugoniot P — V states to the in-
ferred hydrostat from ultrasonic data.” The uniaxial stress
values under static compression arc in agreement with the
shock yield strengths at these pressures (Fig. 8). The dy-
namic yield strengths. however, appear to exhibit little or no
pressure dependence in contrast to the static uniaxial stress.
In general, dynamic yield strengths increase with vonmpres-
sion until very high pressures where shock heating cltects
become important.' The temperanwe dependence of the
yield strength at the Hugoniot elastic limit {for shocked mo-
lybdenum was determined to be —0.0004 GPa/K from com-
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parison of room-tempemtiire measurements with those from
a 1400°C initial state.'* The yield strength of a material
depends on strain rate and total strain. For molybdenum, the
! bar yicld strength at a strain rate of <[s ', which is
appropriate for diamond cell experiments. is 0.7 GPa.”" This
value 15 consistent with the trend obtained from our data,

A comparison of shock and static yicld strengths has
implications for the ruby pressure scale. At pressures of
1020 GPa, the shock and static strengths arc roughly snmi-
lar, and strength effects are likely to cancel out in the reduc-
tion of shock data to a static isotherm. This can he seen with
reference to Fig. 7. which shows that molybdenum shock
P — V states are similar to diamond cell values taken under
nonhydrostatic compression at 90" in this compression
range. At higher pressures, the situation is less clear as the
pressure dependence of the shock strength is not well con-
strained. Molybdenum was used to calibrate the ruby scale
up to 95.4 GPa (Ref. 1§ and shock temperatures are expected
e range from 300 to 1100 K over this interval.! Thermal
soflening under shock compression is, therefore, likely to be
modest. and near cancellation of static arid dynamic strength
effects may hold over this entire range. Using molybdenum
as an in sizw standard at wlirahigh pressures may be probiem-
atic, however. [n this case, the dynamic yield strength may
he small due fo intense shock heating. while the static yield
strength could be very large if thr uend shown in Fig. 8
continues to high pressure.

VI, SUMMARY

Nonhydrastatic stress can strongly affect the measured
fattice strarns m a diamond-anvil cell. By using a beryllium
gasket and x-ray diffraction to measure latlice strains as a
function of angle o from the diamond cell axis. valuable
additional information c¢an he obtained on the state of the
high-pressure sample. Here, we have examined gold and mo-
lybdenum at 5-24 GPa. The results for gold are consistent
with an earlier study using the same technique. The uniaxial
stress supported within gold 15 0.2-0.6 GPa at these pres-
sures. When geid is used as a pressure marker with a con-
ventional axial x-ray geometry, the pressure is underesti-
mated by —~ 100% . The single-crysial elastic moduli Tor gold
are generally consistent with ulirasonic values. although the
pressure dependence of Cyy is less than obtained from low-
pressure uitrasonic data. For molybdenuin, the untaxial stress
is given by t=0.46+0.13F, where P is the pressure 1 GPa.
It is round that the equation of slate of molybdenum is
strongly dependent on 7 with hulk modulus values that vary
by 66% as ¢ increascs trom 0" to 99°, The elastic moduli of
molybdenum are in good agreement with extrapolated ultra-
sonic values, However. the pressure dependence of Cyq4 for
molybdenum is also less than that obtained from low-
pressure ultrasonic data.
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