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Static strengths of Ta and U under ultrahigh pressures
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We have performed high-pressure strength experiments on tantalum and uranium using a diamond-anvil cell.
These experiments determined the flow stresses of tantalum and uranium at room temperature and in the low
strain rate limit ¢’ <10™® sec!) by using x-ray diffraction to measure the pressure gradients in the samples.

We find that the flow stresses increase dramatically with increasing pressure and strain, with the flow stress of
Ta reaching 10.3 GPa at a pressure of 85.8 GPa and an estimated st®0%f and the flow stress of U

reaching 19.8 GPa at a pressure of 109.0 GPa and an estimated straif0%f. With further increases in

pressure and strain, the flow stresses decrease. This apparent strain-softening effect has also been observed in
static high-pressure flow stress experiments on other materials, and has been suggested to be due to either
material damage or preferred orientation of grains induced by large strabs63-182¢08)05141-9

I. INTRODUCTION shear modulusG increases by only about 3% fror®
=0-3 GPa. Thus, while pressure vessel experiments are

The study of material strength under ultrahigh pressures isaluable for studying certain features of plastic deformation
an important subject of both technological and scientific in-under high hydrostatic pressure, such as ductility enhance-
terest. The technological interest stems from the need to utment and strain-hardening enhancement, for pressure-
derstand the flow properties of shocked materials, and thkardening studies of metals it is desirable to apply pressures
desire to design static high-pressure devices capable off at least 10—-50 GPa. Static strength studies in this high-
achieving higher pressures. Studies of high-pressure materigtessure range are also applicable to the modeling and analy-
strength are also important to geology, since the convectivgis of dynamic experiments involving high explosives since
deformation of the mantle depends on the rheology of thenetals in these experiments are usually subjected to pres-
materials in the Earth’s interior. Finally, from a fundamentalsyres of 25 GPa and higher. While the strain rates of our
materials science and physics perspective, the relationshigtatic experiments are much lower than those in dynamic
between material strength, elastic constants, and microstru@xperiments&«l seclvse’>10° sec?), in both types
ture is of great interest, and can lead to new insights into thgf experiments dislocation generation and movement is the
mechanisms of plastic flow under various pressuregominant deformation mechanism, and so static experiments
temperature conditions. can yield valuable fundamental insights.

A great deal of research into the effects of pressure on the The generation of static high-pressure yield strength data
strength and ductility of metals has been performed at presgt pressures of 25 GPa and higher is especially timely since
sures up to around 3 GPa using pressure veSs&ior met-  ith recent advances in high speed computing, computa-
als, it was found that the application of high pressures tendgonal efforts are emerging involving the multiscale modeling
to increase both strength and ductility. The increase in thgf material strength in metafs’ This multiscale work is an
yield strength is due to the fact that the shear mod@us ambitious combined approach involving the modeling of dis-
increases with increasing pressure, causing higher stregscations, grain boundaries, and other defects at the atomistic
fields about the dislocations. Thus, higher pressures inhibécale, microscale, and mesoscale. Such efforts will greatly
dislocation movement and plastic flow, resulting in higherpenefit from the benchmarks provided by ultrahigh-pressure
yield strengths and flow stresses. This pressure-hardening 6field strength data. For example, it has been suggested that
fect can be very significant at Mbar pressures. at least some high-pressure brittle-to-ductile transitions are

Itis also known that the application of high pressures camjye to the pressure-induced activation of new slip sysfems.
enhance the ductility of metals and, in fact, sudden pressuref so, the ability to theoretically or computationally predict
induced brittle-to-ductile transitions have been reported irthese transitions would be an important Step forward in mod-
several metal$ Studies by Bridgemanshowed that the ap- eling material deformation at high pressures.
plication of pressures in the range of 0.7-3.0 GPa resulted in The study of static high-pressure yield strengths to 100
remarkable increases in the ductilities of nickel, molybde-gpa and higher using diamond-anvil celBAC’s) is a na-
num, and tungsten. Tungsten, for example, is a brittle metadcent field of study, and so the strengths of only a few metals
at atmospheric pressure, but could be plastically strained biave been studied thus far in DAC'’s to ultrahigh pressures.
over 100% under a pressure of 2.8 GPa. In this paper we report on the study of the metals tantalum

It is desirable to extend strength studies on metals tqTa) and uranium(U) to pressures up to 200 GPa.
much higher pressures than the pressure vessel limit3f

GPa for several reasons. First, the shear modulii of most
metals at 3 GPa are nearly identical to their zero-pressure
values, and so the pressure-hardening effect is very difficult
to observe at these pressures. An estimate based on recentOur strength studies were performed on samples which
first-principles calculations of TéRef. 5 reveals that the were pressurized and plastically deformed in a diamond-

Il. EXPERIMENT
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FIG. 1. Schematic of the sample region of a DAC. The sample v
is initially approximately 50um in diameter and 18—-5@m thick.
7° bevels are not shown. €

FIG. 3. Relative pressure-strain paths for DAC samples having

anvil cell. Figure 1 shows a schematic of the sample region, o
different initial thicknesses.

of the DAC. The anvils had 30@&m culets, central flats

ranging from 50—-10@m, and bevel angles of 7°. For the Ta

experiments, the sample was a thin failitial thickness=25 whereh is the sample thickness. This equation was derived
um, Alpha Products Inc., 99.95pvhich was acid etched to by applying stress balance equations to the sample geometry
remove the oxide layer. For U, the sample was also a thighown in Fig. 1, and assuming that the geometry is axially
foil (initial thickness=25 um, Goodfellow Inc., 99.9% The  symmetric and that the sample is being compressed between
initial grain size was<5 um. flat, rigid anvils with a no-slip boundary condition between

To determine the flow stress of the sample while undethe sample and the anvils. This no-slip boundary condition
high pressure, we uséd situ microprobe x-ray diffraction to means that the diamond anvils serve to anchor the gasket and
measure the maximum radial pressure graditior in the  inhibit outward gasket flow, which is important for achieving
Ta or U sample. X-ray diffraction directly gives the unit cell Mbar pressures. o _ )
compressionV/V,, which in turn can be related to the local ~ TWO important approximations were made in order to in-
pressure by means of the isothernalV equations-of-state t€grate the stress balance equation and obtain EqThese
of Ta (Ref. 8 and U The diameter of the collimated x-ray are (i) that the normal stresses do not vary appreciably as a

beam was approximately 1&dm. Figure 2 shows some pres- fl:nction of t_he axial POSitti?n andi:)tthte;]t the radi;l rlnormal |
sure gradient data taken on U. For a sample being conH €SS Grr) is approximately equal to the azimuthal norma

pressed in the geometry shown in Fig. 1, it can be shown that" €SS G40)- Based on experimental observations, these ap-
oy, , the maximum shear stress in the sample, can be related

to the radial pressure gradient'fy! z (pm)
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FIG. 4. Initial mesh pattern for theikez2p diamond-anvil cell

FIG. 2. Pressure vs collimator position (U sample. Data  simulation. This is a two-dimensional simulation with the axis of
shown here was taken at three different pressure loadings represtational symmetry along=0. The metal gasket is sandwiched
sented by the three different symbols. above and below by two diamond anvils.
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FIG. 5. (Color) Pressure plot for theike2p diamond-anvil cell simulation. Gasket thickness has been compressed from 4p.0. 3he
legend on the right side of the plot gives the pressures in Mbars.

proximations appear valitt. Our finite element simulations resulted in very inefficient utilization of the limited available
presented in the next section also support the validity okynchrotron x-ray beam time. Therefore, we instead esti-

these approximations. mated the gasket thicknesses at intermediate pressures by
By applying the Tresca yield criterion, the flow stress  linearly interpolating the sample thickness between its thick-
of the sample is given by,=20,, or ness at ambient pressure and its thickness at maximum pres-
sure. According to experimental observations and our finite
oP element calculationgsee next sectign this is a reasonable
‘TO”hE' 2 approximation. Still, this approximation is a significant

source of error in our experiments, and we estimate the un-
The value ofh was measured during the initial loading and certainty in the thicknesses to be30%.
after the DAC had been downloaded from its maximum pres- It should be noted that in the DAC sample geometry of
sure point. To obtain the thickness of the sample at the maxiFig. 1, the sample is being pressurized and plastically
mum pressure point, we downloaded the sample, measurerained simultaneously, and so both pressure hardening and
the gasket thickness with a microscope, and then took intstrain hardening are operative in determining the strength of
account the elastic expansion of the sample during deconthe sample. If the sample thickness decreases by about a
pression by correcting the zero-pressure measured thicknefctor of 2, which is typical in going from zero pressure to
with the equation of state of the sample. Obtainingithsitu =~ 100 GPa, we estimate that the sample undergoes roughly
thicknesse# at intermediate pressure points would have re-100% straint? This pressure-strain path can be varied some-
quired downloading the DAC, measuring the sample’s thick-what by varying the initial starting sample thickness. Since
ness, and then reloading a new sample for each pressuvee find that the final thickness at 100 GPa is approximately
point, a very time consuming task and one which would havelO um, regardless of the starting thickness, larger starting
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FIG. 6. Pressure vs radial position plot. The pressure is plotted FIG. 7. Equivalent plastic strain vs normalized gasket thickness

at z=13 um, which is near the gasket-diamond interface. h/hy. The estimated sample strain on the basisugE2p simula-
tions is represented by the shaded region. The solid line gives the

thicknesses result in greater amounts of plastic deformatioﬁs‘t'm‘ﬂ?lted strain ba;ed on the equationIn(Ag/A) for uniform
: - . . one-dimensional strain.

and strain as the sample is pressurized. Figure 3 shows the

relative pressure-strain paths for two samples having differ-

ent initial thicknesses. ditions were imposed on the gasket-diamond interface.

To explore the effect of different pressure-strain paths on The gasket is pressurized by forcing the anvils together.
the strength of the sample, we performed two runs on Tdn our simulation we compressed the gasket thickness by
using different starting thicknesses of 25 and/@, which ~ abut 25%(thickness=31 um), and examined the induced
provide “low-strain” and “high-strain” data, respectively. stress distributions and the strain. Figure 5 shows the pres-
For U the initial thickness was 18m. sure distribution at this compression. For reasons already
state, we made no attempt to accurately model the magni-
tudes of these pressures. Rather, our interest here was on the
spatial variations and gradients of the pressure, and on the

We performed a number ofikez2p (Ref. 13 finite ele-  relative values of the normal stresses. We now examine the
ment simulations of our experiments in order to gain a bettefv0o assumptions made in the flow stress study of MgO by
understanding of the stresses and strains present in tieade and Jeanld?2.
sample, and of how our strength measurements may be af- Assumption (1)There are no significant variations of the
fected by these stress and strain distributions. In particulafiormal stresses in the gasket in the axial direction. We find,
we were interested in investigating the validity of the pres-in fact, that the normal stresses change very little in the axial
sure gradient method of determining sample strength in lirection. At a radius =50 um, the normal stress, varies
DAC, and in estimating the amount of equivalent plasticby <3% in the axial direction. Foo, and o, the varia-
strain in the sample as it undergoes pressurization. tion is <10%.

Accurately simulating the compression of a metal gasket Assumption (2)The differenceo,, —a, is small. Atr
to Mbar pressures in a DAC is a difficult task because there=50 um, | o\, — o y4|/| ;| <0.01 which is small enough to
is very limited information about the strengths of metals un-be negligible in the stress balance equation. Values of the
der such extreme stress and strain conditions. Previousormal stresses at=50 um were used here, but the results
NIKE2D simulationd**® have attempted to accurately model are essentially the same for other radii near the center of the
DAC behavior and to calculate, for example, the sampleculet.
pressure as a function of applied force for the purpose of As a final test, we examined the validity of Eq$) and
making direct comparisons to experiment. Our purpose her€), the flow stress equations used in analyzing our experi-
is much more limited in scope, and we confine ourselves tenental data. Figure 6 shows the pressure vs radial distance
the study of those features which are relatively insensitive t¢iear the gasket-diamond interface when the gasket thickness
the constitutive model used for the gasket, such as thwas compressed tb=31 um. For radii greater than about
equivalent plastic strain of the gasket as a function of itshalf the gasket thickness, the radial pressure gradient is al-
thickness. Therefore, we used a simple incompressiblenost constant. At =30 um, the radial pressure gradient is
elastic-plastic model with no strain hardening or pressurelP/dr=0.067 GPaum. Therefore, §/2)(dP/dr)=1.04
hardening. The Young's modulus was setBe=100 GPa GPa. The simulation gives a shear stresgrgfof 1.02 GPa
and the yield strength was set t9,=2.00 GPa. For the atthe same location 30 um; z=13 um), so Eq.(1) holds
diamond anvil, we used a linear, isotropic, elastic model withquite well. In examining Eq(2), we find that the simulation
shear modulu$=1005 GPa and Poisson’s ratio=0.104.  gives 2.08 GPa for the quantity on the right-hand side of the
The initial mesh pattern is shown in Fig. 4. The initial thick- equation. This agrees very well with the yield strength of
ness of the gasket between the anvils wasuf®, and the oy=2.00 GPa used in the elastic-plastic model of the gasket.
anvil culets were 30@&m in diameter. No-slip boundary con- We also usedNiKE2D to estimate the amount of plastic

Ill. NiKE2D FINITE ELEMENT SIMULATIONS
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20.0 TABLE I. Ta flow stress data for the low-strain experiment. The
/ strains were estimated fromke2b simulations. The initial gasket
/ thicknesshy was 25um, andh was the gasket thickness under high

/ ressure.
15.04° P

dP/dr Flow stresso
P (GPg Straine h/hg (GPajum) (GPa

10.04 126 0.045 092028 00290003 0.670.20

30.5 0.168 0.820.25 0.24:0.02 4.8-1.4
44.3 0.308 0.730.22 0.52:0.05 9.5:2.9
85.8 0.916 0.480.14 0.85-0.09 10.3:3.1
99.8 1.167 0.480.12 0.49-0.05 4.9:15

——

Flow Stress (GPa)

5.0

—m—
—m—

0-0 T T 1 1 I n FT) T HoS 1} H
0 20 40 60 80 100 120 these as the “low-strain” and “high-strain” experiments,

respectively, since they are pressurized according to the dif-
P (GPa) ferent relative pressure-strain paths shown in Fig. 3. The
pressure gradients were obtained by linear fits of the pressure

FIG. 8. Ta flow stress vs pressufew-strain samplg Low- Vs radial distance data at a radial distance of approximately
strain Ta flow stress data is represented by solid squares. The sol20—30um from the high-pressure center.
line is the Steinberg-Guinan lower limit estimate of the flow stress  The results of our low-strain Ta strength experiment are
and the dashed line represents the calculated ideal strength ofshown on the flow stress vs pressure plot of Fig. 8 and in
perfect crystal(Ref. 5. The ideal strengths calculated in Ref. 5 Table I. The flow stress is only 0.67 GPa at a pressure of
were actually ideakhearstrengths, so they were multiplied by a 12.6 GPaestimated strain=5%), but then rapidly increases,
factor of 2(Tresca yield criterionto convert them into ideal yield reaching 10.3 GPa at a pressure of 85.8 GRtimated strain
strengths. ~90%). Above a pressure of 85.8 GPa, the flow stress dra-

matically decreases. Again, since the sample is undergoing
strain in the sample as it undergoes compression. The straincreasing strain with increasing pressure, this decrease in
was examined at a radius=30 um. Figure 7 shows the flow stress may be strain related rather than pressure related.
results of the simulation, which is presented in the form of anWe will discuss this point further later in the paper.
equivalent plastic strain vs gasket compressigh, plot Also shown in Fig. 8 is a line representiny,
whereh is the gasket thickness arg is the initial gasket =Y,Gy(P)/Gy(0), where Yo(=0.77 GPa is the zero-
thickness. The plastic strain in the gasket can vary somewhatressure Steinberg-Guindrvalue for the yield strength of
as a function of axial coordinate and this variation is rep-
resented by the shaded region in Fig. 7, the strain being 20.0
larger near the gasket-diamond interfaces than nearzthe ;
=0 midplane. Also shown is the estimated strain expected ’
from the equatiors =In(Ay/A) for uniform, one-dimensional ’
strainl® whereA, is the initial cross-sectional area, aAds
the final cross-sectional area of the strained specimen.

Both thisNIKE2D simulation and the =In(Ay/A) equation
assume that the material is incompressible. Since in an actual
sample some of the sample thickness reduction results from
elastic compression, the strain vs gasket compression curves
of Fig. 7 tend to overestimate the true amount of plastic T T

5.0- m T T =
L

10.0 1

——

Flow Stress (GPa)

strain. We have performed additional simulations which in- o
dicate that including the effects of compressibility may re- 3
duce the calculated plastic strains by no more than 20%. This ﬂ%
amount is comparable to the variation of the plastic strain as 0.0 '
a function of axial position in the sample. Therefore, for the 0 20 40 60 80 100 120
purpose of providing estimates of the total plastic strain, we

will simply state the strain values calculated assuming an P (GPa)

incompressible sample.

FIG. 9. Ta flow stress vs pressufboth high strain and low
strain). High-strain data points are represented by diamonds, low-
IV. RESULTS strain data by squares. The solid line is the Steinberg-Guinan lower
limit estimate of the flow stress, and the dashed line represents the
calculated ideal strength of a perfect crystRef. 5. The ideal
For Ta, we performed two experimental runs, one on astrengths calculated in Ref. 5 were actually idsfarstrengths, so
sample with an initial thickness of 2bm, and another on a they were multiplied by a factor of ZTresca vyield criterion to
sample with an initial thickness of 58m. We will refer to  convert them into ideal yield strengths.

A. Tantalum strength
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TABLE II. Ta flow stress data for the high-strain experiment.
The strains were estimated fromke2D simulations. The initial
gasket thicknes$, was 50 um and h was the gasket thickness
under high pressure.

dpP/dr Flow stresso

P (GPa Straine h/hg (GPajum) (GPa
35.0 0.53 0.630.19 0.14:0.01 4.4-1.3
42.2 0.72 0.550.17 0.14:0.01 4.0:1.2
47.5 0.88 0.5¢0.15 0.1#0.02 4.2+1.3
49.8 0.95 0.470.14 0.19-0.02 4.4-1.3
56.3 1.15 0.4¥0.12 0.20-0.02 4,112
69.2 1.58 0.270.08 0.19-0.02 2.6-0.8
79.5 1.94 0.160.05 0.170.02 1.4-0.4

FIG. 11. TEM micrograph of Ta recovered from 5.0 GPa. A
region of the recovered sample where the edge dislocations have
Ta, andG,,(P) is the Voight-averaged shear modulus of Tamerged to form subgrain boundaries.
at a pressure d?. The value ofY,, which includes pressure
hardening but not strain hardening, is a reasonable lower
bound on the strength of TaAn upper bound on the flow the sample where the edge dislocatiofBurgers vector:
stress of Ta can also be established, and this is representéd 11)) have entangled and rearranged themselves to form
by the dashed line in Fig. 8. This line represents the calcusubgrain boundaries. These results confirm that the sample
lated, first principles, ideal strength of a perfect crystal of bcchas undergone a great deal of plastic strain in the diamond-
Ta, which is determined by calculating the shear stressnvil cell, and that a large amount of strain hardening likely
needed to deform a crystal via the observed twinning modeccurred. Unfortunately, due to the small size of the recov-
of a(111) shear across thig12 plane® ered samplé~100 um diameter and 1@m thick) we were

Figure 9 shows the addition of the “high-strain” Ta data unable to perform any mechanical properties testing on this
to the plot of Fig. 8, and Table Il gives the high-strain datasample, although efforts are underway to perform microhard-
points. The strength along this pressure-strain path is quiteess tests on future samples.
different from that of the “low-strain” sample. We were
unable to collect useful data at pressures below 35 GPa from
this run because a radial pressure gradient due to sample flow
was not clearly established at lower pressures. However,
since the flow stress at a pressure of 35 GPa is 4.4 GPa For U, we performed one experimental run on a sample
(estimated strain~50%), much pressure hardening and with an initial thickness of 19um. As was done for Ta, the
strain hardening must have occurred by this pressure. As tHeressure gradients were obtained by linear fits to the pressure
sample is further pressurized and strained, the flow strese¢s radial distance data at a radial distance of approximately
eventually decreases. 20-30 um from the high-pressure center. The results are

To examine the dislocation structure of Ta strained ashown in Fig. 12 and Table Ill. Again, the flow stress
high pressure, we recovered a Ta sample from a pressure tgaches very high valugd49.8 GPa aP=109 GPa and an
5.0 GPa and examined the sample with TEM. Figures 10 an@stimated strain 0&70%). In addition, the flow stress first
11 show the TEM micrographs of this sample. In Fig. 10, aincreases and then decreases as the pressure and strain in-
very high density of dislocations is observed with a densitycrease in a manner similar to that observed for Ta. No first-
of the order of 5<10'® m/m?. Figure 11 shows a region of principles ideal strength calculations have yet been per-
formed on U. However, ideal strengths are typically in the
neighborhood 0fG/10, whereG is the shear modulus. The
shear modulus of U has been ultrasonically measured to 1.8
GPa and it was found thatG/d P=2.99+0.118 We apply
a linear extrapolation of this data to higher pressures to ob-
tain theG/10 estimated ideal strength line shown in Fig. 12.
Also shown is aY =Y,G(P)/G(0) estimated lower
strength limit line based on 4, of 0.4 GPa(Ref. 17 and a
linear extrapolation of the ultrasonic shear modulus data.

B. Uranium strength

V. DISCUSSION

The results presented here for Ta and U reveal that the

FIG. 10. TEM micrograph of Ta recovered from 5.0 GPa. A Strengths of both metals reach exceptionally high values
very high density of dislocation lines is evident. The estimated diswhen plastically strained under ultrahigh pressures. For Ta,
location density is of the order of>610'% m/m?®. the flow stress reaches 10.3 GPa and for U it reaches 19.8
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40.0 7 GPa increased by about a factor of 3 due to strain hardening.
; The final strain was approximately 200%, and was limited by
’ geometrical irregularities which started to appear in the neck
30.0 - J/ of the Ta rod. In our experiments, we find that the flow stress
' ¢ of Ta at 86 GPa is about six times higher than that expected
, on the basis of pressure hardening alone. The estimated
strain at this pressure was90%. These results suggest that
the strain hardening of Ta is very pressure dependent.
Strain softening We observed that at the highest pres-
T sures and strains both Ta and U exhibit decreases in the flow
[ ] stress. We interpret this decrease as a strain-related effect.
T . X
lm For all three experimental runs, the drop in the flow stress
+ occurs when the estimated strain is in the neighborhood of
. 100%. Bridgemahalso observed decreases in the flow stress
0.0 T T at strains ranging from 100 to 200 % in nickel, molybdenum,
0 50 100 150 200 and tungsten, and he termed the effect “strain softening.” A
large strain-softening effect was also observed in strength
P (GPa) experiments on MgO using a DAE.The cause of this

strain-softening effect is not yet clear. On the basis of visual

FIG. 12. U flow stress vs pressure. The solid line is the . :
; . > ! rvations of the recover mpl Bridgémeon-
Steinberg-Guinan lower limit estimate of the flow stress, and theObse ations of the recovered samples, dg

dashed line represen®/10, which is a rough estimate of the ideal CIUd.ed that the cause was mf’:}terlal damage Induce_d in highly
strength of U. strained specimens due to “a lack of homogeneity in the

original material,” presumably at the grain size level. In the

case of the DAC experiment on MgO, the observed strain

GPa. For comparison, high strength steels at ambient presagening was explained in terms of preferred grain orienta-

sure have tensile yield strengths up to about 2.5 GPa. Othel,, of the easy slip planéd.It is unclear which explanation

DAC studies have obtained results similar to ours in thag4s for our Ta and U data, and further experiments will be
extremely high strengths were observed. For example, thgaaded to resolve this point.

flow stresses of W and Fe were found to be in the range of
approximately 10-20 GPa at a pressure of 200 &Heor

Re, the shear stress in the sample at around 100 GPa was
found to be approximately 10 GP3which translates into a
flow stress of about 20 GPa.

It is interesting to compare the measured flow stresses In summary, we have performed high-pressure flow stress
with the expected upper and lower bounds on stre(fgijs.  experiments on Ta and U to 99.8 and 189.6 GPa, respec-
8, 9, and 12 Although the measured strengths are extremelytively. The flow stress of Ta reaches 10.3 GPa at a pressure
high, they are still below the ideal strength limits predictedof 85.8 GPa and an estimated strain #80%. The flow
by theoretical calculations or bg/10 scaling arguments. For stress of U reaches 19.8 GPa at a pressure of 109.0 GPa and
both Ta and U, the flow stresses remain below al®@0. If  an estimated strain oc£70%. These flow stresses are up to
we now compare the measured flow stresses withYthe ten times higher than expected on the basis of pressure hard-
lower limit bounds on the strength, we see that the measureehing alone, which suggests that strain hardening under high
flow stresses are up to ten times higher than Yhelines,  pressure is a very important factor. Additionally, we find that
which assume no strain hardening. Tantalum, being a bcthe flow stress starts to decrease at higher strains and pres-
metal, does not normally exhibit much strain hardening insures when the strain reaches the neighborhood of 100%.
comparison to fcc metals. However, Bridgerhdound that  This strain-softening effect has also been observed in other
the flow stress of Ta under high pressgpeessures up to 3 high-pressure experiments on other materials, and it has been

suggested that the effect is due to either material damage at

TABLE IIl. U flow stress data. The strains were estimated from high strains or to preferential grain orientation. Further stud-
NIKE2D simulations. The initial gasket thicknesg was 19zm, and  i€S Will be needed to determine the mechanism responsible

20.0 / I
|

Flow Stress (GPa)

10.04~

VI. CONCLUSION

h was the gasket thickness under high pressure. for strain softening in the case of Ta and U.
dP/dr Flow stressog

P (GPa Straine h/hg (GPajm) (GPa
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