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Elasticity, shear strength, and equation of state of molybdenum and gold
from x-ray diffraction under nonhydrostatic compression to 24 GPa
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Lattice strains were measured as a function of the asdletween the diffracting plane normal and

the stress axis of a diamond anvil cell in a layered sample of molybdenum and gold. The sample was
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 90°, the mean lattice parameter of molybdenum
increases by up to 1.2% and that of gold increases by up to 0.7%. A linear relationship between
Q(hkl), which is related to the slope of the measucespacing versus 4 3 cog i relation, and
3I'(hkl), a function of the Miller indices of the diffracting plane, is observed for both materials as
predicted by theory. The pressure dependence of the uniaxial sfi@sgold from this and other

recent studies is given ky=0.06+0.019°, whereP is the pressure in GPa. The uniaxial stress in
molybdenum can be described by 0.46+0.13P. Using gold as an internal pressure standard, the
equation of state of molybdenum depends stronglyyonThe bulk modulus obtained from a
Birch—Murnaghan fit varies from 210 to 348 GPajasaries from 0° to 90°. However, an equation

of state in good agreement with shock and ultrasonic isotherms is obtaingd-fo4.7° where the
deviatoric contribution to the lattice strain vanishes. Second-order elastic moduli for gold and
molybdenum are obtained from the data. The results are generally consistent with an earlier x-ray
study and with extrapolations of low-pressure ultrasonic data. The pressure dependence of the shear
modulus C,, is smaller for the x-ray data than predicted by extrapolation of ultrasonic data.

© 1999 American Institute of Physids$S0021-897609)03524-(

I. INTRODUCTION The effect of shear strength on both the dynamic and static
compression curves is one important source of error in the

Molybdenum is a body-centered-cubfoco transition ruby scale. Originally, no correction for strength effects was
metal whose high-pressure behavior has attracted consider- y - orgmaty, 9

able experimental and theoretical interkt.Shock com- made pecause the static anq dynamic strengths were poorly
pression experiments have been carried out over a wide preggnstramed_. Sybsgquently, It has been shown that shocked
sure range and qualify molybdenum for use as a seconda etals retain significant shear strength up to 100 Gs.

pressure standafd Static compression has been carried outt© and 1] due to viscous dislocation drag and spontaneous
to 272 GPa and the bcc structure is stable to at least thiducleation of point defects. The yield strength of molybde-

pressuré although under shock loading there is evidence fofUm was measured under dynamic loading both at room
a phase transition at 210 GPAFirst-principles theoretical temperaturé and from a 1400 °C initial temperatufeBe-
equation of state calculations have also been carried out ov€RUSe Of large differences in temperature and strain rate, the
a wide P-T interval® The pressure dependences of thestrength of static and dynamically compressed materials may
single-crystal elastic moduli of molybdenum have been meadiffer. There is thus a strong need to characterize the static
sured ultrasonically to 0.5 GPa in a nitrogen pressurestrength of metals used as standards in shock and static com-
mediun? and theoretical calculations of the elastic moduli toPression studies.
very large compression®/(V,=0.4) have been reported us-  Gold is a face-centered-cubiécc) noble metal that is
ing the local-density approximatidh. widely used as a secondary pressure calibrant in static
Molybdenum is one of four metal€Cu, Mo, Pd, Ag experiment%4 and was used to calibrate the quasihydrostatic
whose reduced shock isotherms were used to calibrate thaby pressure scale to 180 GPadowever, reported values
ruby fluorescence pressure scalahich is a widely used of the pressure dependence of the individual elastic moduli
secondary pressure scale for diamond-anvil cell experimentécom ultrasonic  elasticity measurements at elevated
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pressure$~1° are inconsistent and this discrepancy has not
been resolved. The uncertainty in pressure determination
when using gold as a secondary standard %6—10% as a
result of this uncertaint$’

Here, we examine molybdenum and gold under nonhy-
drostatic compression to 24 GPa. Using thedties de-
scribing lattice strains in an opposed anvil device together
with experimental techniqués?®that allow measurement of e Dt P
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 nonhydro-
static loading. The technique also yields information on \“3
properties of the sample environment such as the stress ten-

sor, texturing, and stress/strain continuity across grairfrlG. 1. Experimental geometry for radial diffraction experimentss the
boundaries angle between the diamond cell stress axis and the diffraction plane normal.

Diamond Cell
Stress Axis

A-/cl

Diftracted
Bear

Diamond

Il. THEORY whered,,(hkl) anddg(hkl) are the measuredispacings for
’ the lattice plane f{kl) under compression and at ambient

The theory describing lattice strains in a sample nonhypressure, respectivelg,(hkl) is the interplanar spacing that

drostatically compressed in the diamond-anvil cell has beewould result under application of hydrostatic pressuie

discussed elsewhef&:24252"Here, we restrict ourselves to a alone, andQ(hkl) is given by

summary of the main features. t w 1—a
The sample in a diamond-anvil cell is held in a small Q(hkl):§ sk T 2601 (4)

gasket hole and compressed uniaxially between two gem- r(NkD) v

quality diamonds. The stress tensor in the center of a diaSg(hkl) is the aggregate shear modulus for the crystallites

mond cell sample can be written as contributing to the diffracted intensity entering the detector
"o O 0 under the condition of constant stress across grain bound-
! aries(Reuss limii. Gy, is the Voigt(constant strainbound
o= 0 o1 O on the aggregate shear modulus and is not orientation depen-
L0 0 o3 dent. The parameter, which varies between 0 and 1, speci-
_ fies the degree of stress and strain continuity across grains in
op 0 0 the sample.
=0 op O For the cubic system,
L 0 0 Op (ZGR)_1=811—812—3SF(hk|), (5)
-t/3 0 0 whereS a measure of the elastic anisotropy, is given by
—+ 0 —t/3 0 s (1) S= Sll_ 512_ 844/2, (6)
0 0 2t/3 and
where o is the principal stress in the axial or diamond cell h2k2-+ K212+ h2|2
load direction,o is the principal stress in the radial direc- I'(hkh= IR 7
tion, andop is the mean normal stress or pressure. The dif- (h*+k=+19)

ference between the maximunv4) and minimum ¢;)  gpg
stresses is the uniaxial stress comporiemthich is taken to
be positive on compression,

t=03—01=27=Y, 2

where 7 is the shear strength andithe yield strength of the k : .
material. The latter two equalities in E(®) hold for a Von According (o Eq(3), dn(hkl) should vary linearly with

. ; - iy . 1—3cog . The intercept of the relation(=54.7°) gives
Mises yield condition and depend on conditions of plastic g .
flow being reached. In fact, could be less than the yield thed spacing due to the hydrostatic component of the stress.

At this angle, there is no contribution to the measuced
strength.

Thed spacing for a given set of lattice planes measuredS pacing from the devigatoric strgss ‘eﬂsor- The slope of the
by x-ray diffraction is a function of the angk# between the An(hkl) vs 1-3cosy relation yields the product

: . . ; p(hk)Q(hkI).
Zjli?;n()l;\_d cell stress axis and the diffracting plane normap Equations(4)—(6) also predict a linear relationship be-

tweenQ(hkl) and 3" (hkl) with slopem; and intercepim,
dm(hkl)=dy(hkD[1+(1-3 cog ¢)Q(hkl)], (3)  given by

;5 (S11=S12)Su
(2Gv) 1_5[3(511_512)"’544]' ®

where theS;; are the single-crystal elastic compliances.
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t diffracted beams passed through the 6-mm-diam beryllium

Mo=3[S11~Saal, (9 gasket which absorbs little of the high-energy x r&/3he

sample was positioned such that the x-ray beam passed near

the interface of the molybdenum and gold layers or entirely

within the molybdenum layer. The diamond cell was

. mounted in a rotation stage on a two-circle horizontal

for the case where=1. .More general expressions that hold diffractometer’® The angleys between the diffraction plane

for any Va!L%e Ofor are given elsewhgr".e?’_. . normal and the diamond cell stress axis was varied from 0°
.In "?ldd't'on' the linear compressibility of a cubic crys- (diffraction plane normal parallel to the diamond cell stress

tal is given by axis) to 90° (diffraction plane normal perpendicular to stress

t
m;=— 5[811_ S12—S4d2], (10

dlna 1 axis) (Fig. 1). The diffracted beam passed through a double-
x= _(a_P =3x = Su+2Sp, (1) slit system and was detected by a Ge solid-state detector.
T At each pressure, energy-dispersive diffraction patterns
wherea is the lattice parameter ardlis the isothermal bulk were recorded at angular intervals of 5°—15° for about 5-10
modulus. min each. Diffraction patterns were recorded upon compres-

These three expressions, together with the inverse relaion at seven pressures between 4.6 and 24.0 GPa and upon
tionship between the elastic stiffness and elastic compliancdecompression at 19.5 and 14.7 GPa. The equivalent hydro-
tensor€? can be used to write the following expressions forstatic pressures were determined from the measured lattice

the isothermal elastic stiffness€g; of a cubic crystal: parameter aty="54.7° and the equation of state of gtllas
1 ot discussed below.
Cyy=—+—, (12) Peak positions were obtained by fitting background-
3x  9mg subtracted Voigt line shapes to the spectra. For gold, the
1 t (111, (200, (220, (311, (222, (400, and(331) diffraction
C12=3—— Imy’ (13 lines were used. For Mo, the analysis was based on the fol-
X 0 lowing diffraction lines: (110, (200, (211), (220, and
t (310.
C44:m- (14 The method used here differs from conventional energy-

, ) dispersive diffraction experiments in which the incident and
~ Thus, by measuring the dependence of interplanar spagjitfracted x-ray beams pass through the diamond-anvils. Due
ing on the angle from the diamond cell stress axis undefy the jimited x-ray access afforded by the diamond sefts,
nonhydrostatic compression, the single-crystal stiffness tens,n pe varied only over a small range nea85° in the
sor can be constrained. In addition, it is also possible tQ.onyentional geometry. Thus, diffraction measurements are
recover thed spacing and, hence, lattice parameter, for thegnfined to near the minimum stress direction. However, by
hydrostatic component of the stress tensor. To solve Eq§sing a beryllium gasket, the diffraction vector can be posi-

(12—(14), it is necessary to know the uniaxial stréss well  tjoned at any orientation relative to the diamond cell axis.
as the axial compressibility.

Using Eq.(4), the uniaxial stress component can be de-
termined from IV. RESULTS

t=6G(Q(hKI)), (15 Selected diffraction patterns for the Au—Mo sample as a

where (Q(hkl)) represents the average value over all 0b_func_tion of ¢ are shown in Fig. 2. _The diffraction peaks_shift

served reflections. The pressure dependenc® cdn be ob- 0 higher energy as the angle is decreased, reflecting the
tained from extrapolation of ultrasonic or other single-crystaliNcréased strain as the diffraction plane normal approaches
elasticity data. Equatiofil5) is strictly true only for elasti- the maximum stress axis. The peak shift is larger for the

cally isotropic materials buthas been shown to depend only Molybdenum lines than for the gold lines because of the
weakly on combinations of and anisotropy? larger uniaxial stress component sustained in the molybde-

num sample. While the peak intensities are variable, there
are no consistent trends in intensity as the angle is varied,
suggesting that no uniform texturing is developed in these
Experiments were conducted using energy-dispersiveamples, unlike hcp metalS.
synchrotron x-ray diffraction at the bending magnet beam-  The observed relative intensity changes may arise from
line (13-BM-A) of the GSECARS sector at the Advanced local preferred orientation. Since the gold layer is very thin,
Photon Source. The sample consisted of high-purity molybehanges in sample position as the cell is rotated can result in
denum powder with a thin gold layer on the upper surfacelarge intensity changes. Changes in peak position will only
The sample was contained within a 4@n hole in a beryl- occur upon sample position changes if there are pressure
lium gasket and compressed using a diamond-anvil cell.  gradients across the sample. The size of the sample hole was
Incident x rays were collimated by a pair of tungstenminimized to reduce this effect. The possibility of time-
carbide slits and focused to 1Qumx10 wm with  dependent changes in the diffraction pattéra., stress re-
Kirkpatrick—Baez optics. The size of the incident x-ray beamlaxation was examined by recording patterns at a particular
was measured using a sharp edge. Both the incident arahgle at both the beginning and end of the data collection

IIl. EXPERIMENTAL TECHNIQUE
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TABLE |I. Lattice parameter and equation of state for gold.

a(y=54.7°) P(4=54.7°) P(4=90°) P(y$=0°)
A VIV, (GPa (GPa (GPa
4.0432) 0.9748 4.6 4.1 5.6
4.0143) 0.9532 9.1 8.4 10.4
3.9962) 0.9405 12.0 11.2 13.6
3.9912) 0.9362 13.1 11.9 15.2
3.9733) 0.9243 16.2 15.4 17.3
3.9482) 0.9070 21.0 19.5 23.8
3.9342) 0.8974 24.0 22.3 27.2
3.9563)% 0.9125 19.4 17.9 23.1
3.9853)% 0.9327 14.0 13.3 15.7

4ndicates data taken on decompression.

=0 (¥=54.7°), was determined for each diffraction peak
and mean values are shown in Tables | and Il. The standard

FIG. 2. Selected x-ray diffraction patterns as a function of angle from thedeviation of the mean lattice parameter determined from all
stress axis at 24 GPa. Diffraction lines from molybdenum and gold arghe gold and molybdenum lines was less than 0.1% at this

labeled. Unlabeled lines are from the beryllium gasket. The asgleorre-

sponding to each pattern, is shown at the right.

angle. At 0° and 90°, the standard deviation of the mean
lattice parameter was larger, but still less than 0.2%.
Figure 4 shows the variation of the lattice parameter de-

process for a particular pressure. No systematic changes fgrmined from the linear fits td spacing datgFig. 3) for

the diffraction pattern with time were observed.
The variation ofd Spacing Wlthlﬁ is shown for represen- the (200) line generally yIE|dS the smallest lattice parameter

tative diffraction lines in Fig. 3. For both molybdenum and at #»=0° and the largest lattice parameteryat 90°. Con-

gold, a linear relationship with 43 cog ¢ is observed in all

each diffraction line as a function of-13 cog . For gold,

versely, the(11]) line is the smallest aiy=90° and the

cases. Thel spacing and lattice parameter corresponding tdargest lattice parameter gt=0°. These results are consis-

the purely hydrostatic component of stress;Acog

d Spacing (A)

234 -

2.33

232

2.31

2.30

FIG. 3. Dependence ai spacing on * 3 cog ¢ for selected diffraction
lines of gold and molybdenum at 9 GPa. The solid lines are least-squares fits

to the data. The-axis range ist1% for each panel.
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tent with other studie$>! For molybdenum, th¢110) line
yields a lattice parameter that is systematically high by about
0.1% aty=54.7°. The other diffraction lines tend to con-
verge at -3 cog ¢=0. In going from 0° to 90°, there is a
0.4%-1.1% increase in the mean molybdenum lattice param-
eter and a 0.2%—0.7% increase in the mean gold lattice pa-
rameter at each pressure over the 5—24 GPa pressure range.
In addition to the reduced variance of the mean lattice
parameter, a reduction in the diffraction peak width tends to
be observed ag approaches the critical value of 54 .(Fig.
5). On average, the peaks widths are reduced-80% at
y=50°-60°, relative tay=0° and 90°. The peak width is
sensitive to both the macroscopic and microscopic deviatoric
stress field$>32 The reduction in width is further evidence
that the total contribution of the deviatoric stress is reduced
at 1— 3 cog ¢ =0.

TABLE II. Diffraction data for molybdenum.

P a(y="54.7°) VIV, a(y=90°) a(y=0°)
(GPa A (y=54.79 A A
4.6 3.1291) 0.983 3.1381) 3.1213)
9.1 3.1162) 0.971 3.1213) 3.1052)
12.0 3.10%2) 0.960 3.11®) 3.0883)
13.1 3.1024) 0.958 3.1116) 3.0844)
16.2 3.0942) 0.950 3.1084) 3.0743)
21.0 3.07%2) 0.936 3.08®) 3.0584)
24.0 3.0713) 0.929 3.0884) 3.0443)
19.4 3.0843) 0.941 3.0964) 3.061(6)
14.0° 3.1044) 0.955 3.11%) 3.0835)

4ndicates data taken on decompression.
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Molybdenum FIG. 6. Q(hkl) as a function of B for gold and molybdenum at 21.0 GPa.
The solid lines are least-squares fits to the data. The estimated errors on
Q(hkl) are obtained from the scatter of tdéhkl) vs 1—3 co$ ¢ relation.
< . .
5 sible range of B values. No systematic trends are observed
g in the Q(hkl) values for diffraction peaks which have the
©
3 same value of B.
9 Using the equation of state of goldthe pressure was
E determined from the mean lattice parameter at 54.7° using
the third-order Birch—Murnaghan equatidiiTable ). Pres-
sures were also calculated from the measured strains at 0°
and 90° by assuming that the lattice strain in this direction
1 1 I [ |

FIG. 4. Variation of lattice parameter determined from each diffraction line
with angle for(a) gold and(b) molybdenum at 21.0 GPa. The solid lines are
from the least-squares fits @ spacing versus 43 co€ ¢ (Fig. 3. The

-1.5 -1.0 -0.5 0.0 05 1.0
2
1-3Cos y

relative y-axis range inb) is twice the relativey-axis range iga).

The dependence @(hkl) on 3'(hkl) is shown in Fig.

represents the hydrostatic strdifable ). The pressures in-
ferred from strain measurements at the minimum and maxi-
mum stresses typically differ by 20%—30%.

The compression curve for molybdenum was determined
using the pressure determined by the gold marker at each
angle. Equation of state data at 0°, 54.7°, and 90° are shown
in Fig. 7 and Table Il. The molybdenum equation of state at
54.7¢° is in reasonable agreement with hydrostatic compres-
sion curves constructed from extrapolation of ultrasonic elas-

6. For both gold and molybdenum, a linear relationship is

observed. The case of a bcc material is somewhat unfavor-

. . . . 1.00
able as many of the diffraction lines yield the same value of ' ' Moiy;) denum ' '
3I" and the observed diffraction planes do not span the pos- .
0.98 |- \ﬁ_\ -
AN
o O
T I T X ED
0.96 [~ o™ g g
| Molybdenum i ° ™ \0\ " \\‘D
(110) R > ~®
50 > oSN B
094 - NG T
- B XN
o ™
AN
2 o 0° ‘\\ T N
g r . 0B o 5470 TRy T
c 0° o 90° RSN
= o
- %0° 1 0.90 | 1 1 1 ] AN
[ 5 10 15 20 25 30
Pressure (GPa)
FIG. 7. Equation of state of molybdenum from lattice parameters measured
| | ; at 0°, 54.7°, and 90°. The pressure is determined from the mean lattice
265 27.0 275 28.0 285 parameter of gold. The dashed lines show Birch—Murnaghan equation fits to

FIG. 5. Molybdenum(200) diffraction peak at selected angles.

Energy (keV)

have been arbitrarily shifted in energy to align the peaks.

the data at 0° and 90°. The solid line shows the 300 K isotherm from
ultrasonic dataRef. 9), the dash-dot line shows the isotherm from high-

The patterns pressure shock dataee Ref. ¥, and the pluses are low-pressure shock data

(see Ref. 12
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FIG. 8. Uniaxial stress component of gdfilled circles and molybdenum  FIG. 9. Second-order elastic moduli of gold as a function of pressure. Filled

(filled squarepas a function of pressure. Solid lines are least-squares fits t@ircles are from this study. Open squares are from a rhenium/gold sample

the data. For gold, open triangles are from Ref. 35 and filled triangles argtudied using the same technigisee Ref. 2B Error bars are one standard

from earlier radial diffraction datésee Ref. 26 For molybdenum, open  deviation. Solid lines are finite strain fits to the present data combined with

symbols are yield strength measurements under shock compresgien that of Ref. 26 and ambient pressure détee Ref. 1Y The dashed lines

Ref. 12. show finite strain extrapolations of ultrasonic désee Refs. 16 and 17
where the upper dashed curve corresponds to Ref. 16, and the lower dashed
curve is from Ref. 17. The difference between adiabatic and isothermal
moduli has been neglected.

ticity dat& and reduction of shock compression data using

Mie—Gruneisen theor{.Thus, it is possible to obtain a

quasihydrostatic compression curve from these highly nonthan the uncertainty in the gold equation of state. The pres-

hydrostatic data by proper choice of the angle between thesure error that results from using datagat 90° is 0.5—-1.7

stress axis and the diffraction vector. However, the data aGPa or about 10% over this pressure range. In general, the

=54.7° show a slight systematic deviation from the iso-uniaxial stress values for gold in this experiment are slightly

therms with the diamond cell data being less compressible. Aigher than found in an earlier experiment using the same

similar result was observed previously in a similar study usgeometry but for a sample mixed with rhenidfnThe

ing a rhenium—gold sampfé.In that study, it was discussed uniaxial stresses in molybdenum are also shown in Fig. 8.

that the deviation could be due to a variety of factors includ-The shear modulus was obtained from ultrasonic dasa

ing the presence of local deviatoric stres¥e¥, error in  trapolated to high pressure using finite strain thedriFor

static isotherms of sample or marker, pressure differencesiolybdenum, the uniaxial stress can be described by

between the marker and sample, changes in sample positiots 0.46+0.13P.

as the angle is varied, or errors in settigigr 0.2 The single-crystal elastic moduli calculated using Egs.
Also shown in Fig. 7 are third-order Birch—Murnaghan (12)—(14) are shown in Figs. 9 and 10. For gold, the results

equation fits to the data at 0° and 90°. The equations of state

at the extreme angles yield equation of state parameters very

different from expected values. The ambient-pressure iso- ! ' ' '

thermal bulk modulu¥, of molybdenum is 261 GPeRef. 800 |- lﬂo%ﬁ??ﬁg :
9) and its pressure derivativ) is 4.0 (Ref. 7) to 4.5° The o Kataharaetal, 79

bulk moduli obtained from fits using the third-order Birch—

Murnaghan equation at 0° and 90° are 210 and 348 GPa, 600

respectively, a total variation of 65%. The pressure deriva-
tives obtained from the inversions show even more extreme
variation: from 1.8 at 90° to 5.8 at 0°. This illustrates the
strong effect that nonhydrostaticity can have on equation of
state parameters. This is also consistent with the behavior
observed previously for rheniuffi.

The uniaxial stress component in gold was calculated
using Eq.(15) and the pressure dependence of the shear 0 ! ! ! !
modulus from Ref. 17Fig. 8). The results are in good agree-
ment with earlier diamond cell data using the conventional
axial x-ray geometry as well as other radial diffraction FIG. 10. Second-order elastic moduli of molybdenum as a function of pres-
data?® A linear fit to all the data from 5 to 37 GPa yields: sure. The symbols are the present data and the solid lines are finite strain fits
t=0.06+0.01%, whereP is the pressure in GPa. The value to the present data and ambient pressure (fdlied squarey (see Ref. 9

) LT ) he dashed lines show finite strain extrapolation of the pressure dependence
of t obtained in ﬂ_“s study ranges f'_'om 0.210 0.6 GPa at _5_2 f the moduli from ultrasonic data to 0.5 GPsee Ref. 8 The difference
GPa. The magnitude of the uniaxial stress component is lesgtween adiabatic and isothermal moduli has been neglected.

G, (GPa)

Pressure (GPa)
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TABLE Ill. Pressure derivatives of second-order elastic moduli for gold and 1
molybdenum. A= m_ 17
dCyy dCyp o
Ref. P P P As discussed previoush?;?® the elastic anisotropy is
Gord strongly sensitive to the value of. Using the values oin,
_ and m; from Egs.(12) and (13), we find thatA for gold
This St;g?’ ?6:1) 67'% ‘281 01'% decreases from 2.9 at 4.6 GPa to 1.5 at 24.7 GPa. This de-
Ref. 17 57 50 15 crease is largely due to the weak pressure depender@g, of
Ref. 18 6.7 5.9 1.8 for «=1. As discussed elsewhéef®the x-ray and ultrasonic
Ref. 19 6.7 5.8 18 data for gold at 14-37 GPa could be reconciledvifde-
Molybdenum creases from 1 near 14 GPa to about 0.5 at the highest pres-
. sure. The anisotropy of molybdenum from the x-ray moduli
This study @=1) 7.3 33 0.5 . .
Ref. 9 6.4 35 14 also decreases with pressure, but the magnitude of the effect

is reduced. The anisotropy factér varies from 0.5 at 4.6
GPato 0.7 at 24.7 GPa. Extrapolation of high-pressure ultra-
sonic data for molybdenum suggests thathould be largely
pressure independent for this material.

In this study, reducingr may also improve the agree-
ment with ultrasonic data for gold at high pressure. For ma-

are compared with finite strain extrapolatidtwith two sets
of ultrasonic elasticity dat®'” Since the linear compress-
ibilities and shear moduli used in Eq4.2)—(14) were taken

from the results of Ref. 17, a comparison with the lower
dashed curve in Fig. 9 is most appropriate. Pressure deriv
tives obtained from finite strain fits to the x-ray elastic

terials withA > 1, reducinga will decreaseC;; and increase

L£12andCy, with the strongest effect 0844. As a result, the

anisotropy factoA will increase. For materials with < 1,

moduli combined with ambient pressure data are comparef€creasingr will also increase the anisotropy, causiAgo

with ultrasonic pressure derivatives in Table IIl.

decrease. For such materials, a reduction inas the oppo-

The results for gold are generally consistent with theSite effect on the individual modulC,, is increased an@,
x-ray elastic moduli in the previous gold—rhenium stdfly, @nd Cas are decreased. As a result, a reductionairfor
although the values fo€,, and C,, are slightly lower and molybdengm will result in poorer .agreement between. the
higher, respectively, here than in the earlier study. The valu&ay elastic gonstants and uItrasonl_c data. Thus, reduction of
of Cy,, shows very little pressure variation compared with® cannot simultaneously reconcile the low values of
extrapolation of ultrasonic elasticity values. dC44/ 9P for x-ray data relative to uIt.ra.sonlc data for poth

For molybdenum, the results are also in good agreemer0!d and molybdenum. The uncertainties @, are suffi-
with the extrapolation of ultrasonic dal@he shear modulus  Ci€ntly large in this study thak=1 is consistent with the
C., again tends to lie slightly below ultrasonic values, al-CUTTent data set.
though they are in agreement within uncertainties. Values of ~ With further refinement, the present method offers a po-
C,; and Cy, tend to be slightly higher and lower, respec- tential means to cons_tram and, hence,.better unde.rstand t_he
tively, on decompression relative to measurements UIOOHature of stress cont!nglty across grain contacts in the hlgh-_
compression. pressure sample. This is an important issue as Reuss condi-
tions are often assumed to hold when usingrasitu pres-
sure marker within the sample. There is evidence that low-
pressure ultrasonic data may overpredict pressure derivatives
of elastic modul?® It is also now possible to directly mea-

The elastic anisotropy of a cubic crystal can be characsure elastic wave velocities to pressures above 10 GPa using
terized by the anisotropy ratio A, which is the ratio of shearultrasonic technique®. Such measurements are needed for
moduli in the(100) and (110 planes in th¢100] direction:  gold and molybdenum to provide a more direct comparison

2c44 2(311_ 812) 2S with the re§u|t§ of this Study.

“Cc—c.” S =1 s The un|aX|aI stress values for mplybdenum are com-

-2 44 44 pared to yield strength values determined under shock com-
An elastically isotropic material ha®=1. Values of A  pression at 6.5-15 GPa in Fig. 8. The shock tatere
greater than 1 signify that,, is greater than 1/Z¢,,—C,), obtained by comparing the HugoniBt—V states to the in-
whereas the opposite holds wharis less than 1. ferred hydrostat from ultrasonic datalhe uniaxial stress

For gold, the elastic anisotropy is large wi#=2.9 at  values under static compression are in agreement with the
ambient pressure and extrapolation of ultrasonic data sughock yield strengths at these pressufelg. 8). The dy-
gests this should increase weakly with pressure. In contrashamic yield strengths, however, appear to exhibit little or no
the elastic anisotropy of molybdenum is 0.72, implying thatpressure dependence in contrast to the static uniaxial stress.
the shear velocity in thél10) plane is greater than the shear In general, dynamic yield strengths increase with compres-
velocity in the(100 plane. The opposite orientations of the sion until very high pressures where shock heating effects
elastic anisotropy are responsible for different signs of thebecome importan® The temperature dependence of the
slopes observed in th@—3I" plot (Fig. 6). yield strength at the Hugoniot elastic limit for shocked mo-

For the case whera=1, Eqs.(12)—(14) yield lybdenum was determined to be0.0004 GPa/K from com-

V. DISCUSSION

A (16)
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