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INFLUENCE OF PEAK PRESSURE AND TEMPERATURE ON THE SHOCK-LOADING RESPONSE
OF TANTALUM

G. T. Gray 1l
Los Alamos National Laboratory
Los Alamos, New Mexico, USA 87545

While the deformation response of tantalum subjected to high-rate loading has attracted considerable
study, few studics have systematically investgated the influence of peak shock pressure and starting
temperature on the shock response of tantalum. In this study the deformation behavior of annealed
tantalum has been compared to tantalum shock pre-strained to 7 and 15 GPa at 25°C as well a5 to 7 GPa
after first preheating to 200° and 400°C. The reload yield behavior of shock prestrained Ta was found to
exhibit no cnhanced shock hardening compared to Ta defonned quasi-statically or dynamically to an
cquivaleat strain level. In addition the reload yield behavior of Ta shock prestrained to 7 GPa at 200 or
400°C was found to exhibit increased hardening compared to the shock prestraining at 25°C, "The shock-
hardening response of 7a is discussed in terms of defect storage and compared to that seen in fee metals.

INTRODUCTION

The passage of sheck waves through materials bas
been shown Lo alter to varying degrees the
structure/property response of a broad range of
metaly and alloys.  Specific examples of post-
shock material response have been discussed
previously[1-3].  These effects have been
particularly well documented in a diverse number
of lface-centered-cubic(lee) metals such as copper
and nickel, and fee alloys including brass and
austenitic stainless steels Shock response studies
on body-centered-cubic (bee) mcetals have
preferentiafly focused on iron and ferritic steels
due to extensive interest in the ¢ ¢ pressure-
induced transition,  Fewer studies have been
undertaken on other bee metals such as niobium,
wolybdenum, tantalum, or tungsten.  Shock-
1oaded tee metiads and alloys have been repeatedly
shown to exhibit inereased hardening, behavior in
relowd tests after shock recovery compared to the
same metal deformed at low strain rate to an
cquivalent stiain levelf 1 3 Figare ©illustrates an
cxample ol this substantially inereased reload
yicld suenpth tesponae for polyerystalline copper
and high purity nickel[4,5].

Witle fee, beeg and hep metals exhibic o larpe
number of similanties inpeneral physical and
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Figure 1: Reload stress-strain response of shock--
loaded Cu and Ni compuared to that observed
duting quasi-static defonnation,

mechanical properties, significant dillerences
also exist. For example, anncaled bee and hep
metals and alloys exhibit pronounced strain-rate
and temperatue-dependent properties.  This
dependence is dus to their strong inherent lattice
resistance (o dislocation motion compared to foe
metals in which the lattice resistance is small
Recently, the high strain rate and shock response
of bee metals, in particular the retractory metals'
tantalum, niobimm, and tungsten, has received '
increased interest for ballistic applications.
While the detailed response of refractory wmetals .
to o wide tanpe of detformation paths has been
widely exanuned, systematic studies o! the shock



response of these metals has received limited
attention, Tarly work by Dieler|1] in 1951 noted
that bee metals other than iron exhibited no or
minimal improvement in overall mechanical
properties alter shock loading, Only iron which
displays an allotropic transition and extensive
twinning during shock deformation showed a
pronounced cffect of shock loading on defect
storage. Niobium revealed minimal twinning and
displayed virtually no increased hardening
compared o quasi-static rolling to equivalent
strain levels. The purpose of the present study
wits Lo investipate the influence of peak pressure
amd temperature on the shock-loading response of
tantidum.

EXPERIMENTAL

Commercial purity tantalum plate 5 mm thick
with a measured composition (in wt. %) of
Carbon-6 ppm, Nitrogen-24 ppm, Oxygen-56
ppm. Hydropen-<1 ppm, Iron-19 ppm, Nickel-25
ppm, Chromium 9 ppm, ‘Tungsien-41 ppm,
Niobiu-26 ppm and balance Ta was used in this
study,  The phine was studied in an annealed
condition and possessing an equiased grain
structue ~08pm in diameter. Shock reeovery
experiments were performed utilizing an 8O0-mm
single-stage lwncher and recovery techniques as
described previously] 3] Tantalum samples weie
shock loaded in ‘Ta shock - recovery assemblies to
7 and 20 Gla for 1 s pulse durations under
symmettie impact  conditions Lilevated
temperatine shock loading experiments at 7 GPa
were conducted at nominuly 220" and 400°C
using a wesistive heating element fumace placed
circumterentially  around the outer momentum
tapping ring ol the assembly.  Compression
svunples were EDM machined from the as-
received Taand shoched samples, and reloaded at
stran sutes anging, hom 001 o Y00 s I

RESULTS AND DISCUSSION

e eload mechamoal esponse of shock
prestramed tantalum was foud o depend onbath
the peak shock pressime wnd the empeatone a
which shock prestiammy, wias pedfommed. Fipure
2 presents o plor of the quisi static eload stiess
stam hehavior of the annealed starhg Ta, as

well as the sumples shocked at room temperature
to 7 and 20 GPa. Vigure 3 shows a plot of the
same shocked Ta shock j.estrained samples
reloaded dynamically usinrg a Split-Hopkinson
Pressure Bar at a strain rate of 3000 s-1. The
reload shock curves in Figures 2 an 1 3 have been
offset with respect to the annealed Ta response at
low and high strain rate by the transient strain
generated by the shock delined as 4/3 In (V/Vy),
where V and Vg are the final and initial volumes
of ‘I'a during the shock cycle. Contrary to the
results reviewed for Cu and Ni in Figure 1, Ta
shocked 10 7 and 20 GPa does not exhibit an
increased shock handening response compared to
Ta quasi-statically deformed o an equivalent
strain level. The reload mechanical response
following shock prestraining to 7 GPa exhibits a
reduced flow stress level compared to the quasi-
static loading path. The 20 GP’a reload siress-
strain curve follows nearly the identical yield and
hardening path as the low-rate anncaled response
at the eqquivalent sirin level. ‘The dynamic relead
stress-striin response in Figure 3 shows the same
response as that seen in the quasi-static reloads
although the overall flow stress levels are higher,
consistent with the high rate-ser “ivity of ‘Fa
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The cload How stiess iesponse of shocked Ta
Jdoes not display the otten documented increased
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Iigure 3: lligh-strain-rate reload stress-strain
response of shock prestrained tantalum,

defect storage response of shock loading in fcc
metals compared 1o conventional strain-rate
loading paths{3). ‘This observation is identical to
that seen previously by Lassila and Gray|6].

Increased hardenrg during shock loading in the
fee case has been qualitatively linked to the
subsonic restriction on dislocation velocity,
requiring the generation and storage of a larger
number ol dislocations for a given strain,
Obscrvations of a strong dependence of the initial
Stage 1 work-hardening rate] 5,7] on strain rate in
fee metals supports this fact and the data for Cu
and Ni in Figure 1. This increased hardening
response clearly shows that the  inheremt
distocation-dislocation  micro-mechanisms
responsible for defect storage are altered in the
shock, “The exact phenomena responsible for this
increased irdening etficiency in the shock has
yet to be adequately explained or modeled(5,7).
However, its manifestation in high SFE fee
metals supgests that it is linked to both: (4)
creased dislocation interactions resulting from
cohianced dislocation nucleation at the higher
stress levels achieved at high strain rates, and (b)
suppression ol dynamic recovery  processcs,
which depend on cross-slip. Cross-ship is made
more ditficult when deformation oceurs at higher
strain rates due to educed themual activation| 8]
and mote plane ship results, The absence of
shock enhanced hardening in low SFESi
Bronze] ) and low SEFE Ni based 230 alloy| 10]
is consistent with differences in cross slip
reducimyg the amount of otal defect storapee in the

shock cycle. More "homogeneous” dislocation
nuclcation or widespread multiplication from
existing sources with increasing stress levels at
high/sheck strain rates will lead to reduced
dislocation slip distances prior to tangling with
other defects.

The results in this study on Ta, similar to those
described by Dieter for Nb|[1], reveal that
increased hardening due w shock loading in Ta is
not observed. In both Nb and the current Ta, this
behavior is consistent with defet sturage being
dislocation controlled; no significant twinning
occurred in the Ta at 7 or 20 GPa. Accordingly,
defect storage phenomena may be viewed using
the frumework of dislocation kinetics as is the
casc for low-rate plasticity[5,9]. The observaticn
of no enhanced shock hardening is believed to
reflect the influence of the large lattice friction
(Peierls Stress) component of the flow stress in
both Ta and Nb. At low tecmperatures and high-
rales, the Peierls stress(~0.48 GPa shear stress for
Ta) is a significant portion of the flow stress.

As such, under high-rate loading dislocation
motion in ‘T'a will be significantly restricted and
cross-slip inhibited or totally suppressed. These
clfects will be particularly pronounced on screw
dislocations which have a higher Peierls barrier
than edge scgments in bee metals( 11}, The
predominance of long straight screw segments in
Ta following low temperature or shock
deformation is  consistent  with  this
mechanism|6,9].  This disparity in crogs-slip
ability in a bee metal where defect generation is
dominated by dislocation processes  will
significantly decrease defect storage in bee
metals at high-rate or low temperatures.  The
suppression of cross-slip in Ta at shock -loading
stradn rates will change dislocatior motion from
"arcal’ to 'lincal’ glidel £2]. ‘This will significantly
affect work Lardening by suppressing the storage
of new dislocation line leogth. “The absence of a
shock enhanced work-hardening rate in Ta is
consistent with the lack of a dependence of the
Stage 1 hardemng rate in polycrystailine Ta on
strain rate. Recent modeling of shock-loaded 'Ia
shows the mpotiee of rapid dislocution
evolution and a very sitong dependence of the
plastic strain tate on shear stress in the duag,



regime| 3] Increased viscous-drag - tfects will
also decrease detect stowage in the shock by
reducing cross-slip.
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Figure 4: Reload stress-strain response of Ta
shock prestrained to 7 GPa at three different
starting lemperatures,

The lack of an enhanced shock-hardening
response in Ta supports the importance of
dislocation kinetics in describing the thermally-
actlivated generation and storage of dislocations
in bee wetals. Inaccoidance with this idea the
influcnce of lemperature on defect storage in tivwe
shock process was investipated.  Tantalum shock
assemblies  were  preheated 1o celevated
tempeeratures and shock loaded to a peak pressure
of 7GPa "The reload siress-strain response of the
shock -recovered Ta as a function of shock
prehead wmperature i shown in Figute 4.
Increasing the wemperature at which shock
prestraining was cenducted increased the reload
yicld strength of the shocked Ta. This result
sugpests that the temperature increase either
increases the reload response by: 1) directly
alfecting defect storage during the shodk by
vacreasing, thermally activated cross-slip, or 2)
post zhoek pinning of the dislocations generated
in the shiock by mobile interstitials; this pinning is
abded by thermally activated diffusion of the
mlerstinals, e, assisting static strain-aging. The
yield diopr evident in e 21R8°C shock prestrained
cunve is consistent with at least somie staunapiny,
contrhution, supporting the assertion thal
interstitial etfects are mportant.

SUNMMARY AND CONCLUSIONS

C. Aitanatis and ),

Based upon a swdy of the variation of peak shock
pressure and temperature at which shock
prestraiuing was conducted on the mechanical
response of tantalum, the following conclusions
can be drawn: 1) the reload yield behavier of
shock prestrained Ta exhibits no enhanced shock
hardening compared o Ta deformed quasi-
statically or dynamically to an equivaleat strain
level, and 2) the reload yield behavior of Ta
shock prestrained 10 7 GPa at 200 or 400°C
exhibits increased hardening compared to shock
prestraining at 25°C,
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