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INFLUENCE OF PEAK PRESSURE AND TEMPL:RATURE ON T"HE SHOCK-LOADING RESPONSE
OF TANTALUM

G.T. Gray 11l
l.os Alamios National Laboratory
Los Alamos, New Mexico, USA 87545

Wihile the deformation response of tantalum subjected to high-rate loading has attracted considerable
study, few studics have systematically invest.gated 1he influence of peak shock pressure and starting

temperature on the shock respouse of tantalum,

lu this study the deformation behavior of anncaled

tantilum has been compitred to tantalum shock pre-strained to 7 and 15 GPa at 25°C as well 15 to 7 GPa
after firsi preheating to 200° and 400°C. The reload yicld behavior ol shock prestrained Ta was found to
cxlibit no euhanced shock hardening compared to Ta defonned quasi-siatically or dynamically to an
cquivaleat strain level. In addition the reload yield behavior of ‘T 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-
hardewng response ¢f Va is discussed in tenms of defect storage and compared to that seen in fee mietals.

INTRODUCTION

The passage of sheck waves through materials has
been shown o alter to varying degrees the
strueture/property response of a broad range of
metals md alloys.  Specilic examples of post-
shock material response have been discussed
previonsly[1-3].  These effects have been
particnlarly well documented in a diverse numnber
of face-centered-cnbic(fee) netals such as copper
and nickel, and fee alloys including brass and
imstenitic stainless steels  Shock response studies
on body-centered-enbice  (hee) metnls have
prefeventially focused on iron and ferriiie steels
due to extensive interest in the ¢ v pressare-
nduced transition. Fewer studies have been
nundertaken on oher bee metals such as niobimn,
molybdennot, tinalnm, o timgsten. Shock -
wededd Gee merals and alloys have Iicen repemedly
shown o exhibit inereaseid handening behavior in
wcloin] tests afier slrock weenvery compared o ihe
same el defonned a low sicin rme to an
cquivalem suain levell 1 3L Fignee 1 illnsimanes an
example ot s substimnally inereased relod
yield stempahnesponse for polyerystalline copper
and liph prany mekel]d,5].

Winle tee, bee, and hep metals ealibit n large
mmnhey at sioilnines i peneral physical and
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Fignre 1: Reload stress-strain response of’ shock--
loaded Cu mud Ni compared to th observed
during (uasi-stnic defonumion,

mechanica)l opeities, sipnificmt differences
also exist. For exinmple, mmealed bee and hep
metals il alloys exhibit prononneed strain-rate
and wmperatime -dependent prapertics.  This
dependence is duz o iheir strong inherent Lattice
resisinee 1w dislocation moion compared to foe
metals in which the lattice vesisimee is small
Recemly, ahe high swain vne and shock respounse
of hee meials, in panicenla the refractory metnls’
tmnalim, niobiam, and tmgsien, has received”
increased dmewest for ballistic applicaions. -
While the detailed wesponse of relmerory metals.
10 a wide tange of detormanion paths has been,
widely exanmmed, sysicmanic sidies o! the shock



respouse of these metals has received limiled
attention.  Larly work by Dicter| 1] in 1951 noted
thar bee merals other im iron exhibiied no or
minimal improvement in overall mechanical
properties atter shock loadmg. Only iron which
displays an allotropic transition and extensive
twinning during shock deformation showed a
pronounced clfect of shock loading on defeet
storage. Niobimm revealed minimal twinning and
displayed virtually no increased hardening
compared to (nasi-static rolling to equivalent
strain levels. “The purpose of the present study
wis o investipate the influence of peak pressure
i temperatime on the shock-loading response of
tma .

LEAXPERIMENTAL

Commnercial purity timtalnm plate S unn thick
with a measured composition (in wt. %) of
Carbon-6 ppin, Nitrogen-24 ppin, Oxygen-56
ppui, Hydropen-<1 ppm, Tron-19 ppin, Nickel-25
ppm, Chrominm 9 ppm, “Tangsien-41 ppm,
Niobimu-26 ppunand balimiee ‘15 was nsed in this
study,  The plae was stadied in - amealed
condition i possessing i cquiased grain
stmetme ~08pm in dineter. . Shock reeovery
experiments were perfonned ntilizing an 80-nnn
single -stage lmmcher and recovery techniques as
described previonsly| 3], Tantalmm samples weie
shock loaded in ‘Ta shoek-recovery assemblies to
7 and 20 GPa for 1 ps pulse duraions under
symmetine  impact  comditions filevated
wmperanne shoek loading experiments at 7 GPa
were conducted at nominnly 220" and 4000
using 2 esistive heating element fumace placed
ciicunterentially  monnd the ounter momentmm
tapping, ring, ol the asscmbly.  Compression
samples were EDM machined from the as-
weceived Taid shocked sanples, imud reloaded at
s es anging hom U0 W s 1.

RESDLTS AND DISCISSION

Ihe veloand mechameal esponse of shock
prestamesd smtahen was fod to depend on bah
the peak shock pressme ad the tempeatine at
wineh shiock prestimnng, was pefonned. e
Y pesents a plor of the quasi stanie weload siess
st belavan ot the amealed sttty “Ta, as

well as the samples shocked at room temperatre
to 7 and 20 GPa. ligure 3 shows a plot of the
same shocked Tua shock j.estrained samples
rcloaded dynaniicalty using 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 (o the annealed Ta response at
low and high strain rate by the transient strain
generated by the shock defined as 4/3 In (V/Vy),
where V and Vg arc the final and imtial volumes
of Ta during the shock cyele. Contrary to the
results reviewed for Cu and Ni in Figure 1, Ta
shocked to 7 and 20 GPa does not exhibit an
inereased shock handening response compared to
Ta quasi-suatically deformed 10 an cquivalent
strain level. The reloml mechanical response
following shock prestraining to 7 GPa exhibits a
redneed Mow stress level compared to the quasi-
static loading path. ‘The 20 G’ reload stress-
strain curve follows nearly the identical yield and
Iardening path as the low-rate amicaled response
ai the equivalent strtin level. ‘The dynamic relead
stress-strnn response in Figure 3 shows the saine
response as thin seen in the gnasi-static reloads
ahthongh the averall flow stress levels are higher,
consistent with the high rate-ser “ivity of "Ia
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Fignre 3: lligh-siva-rane reload stress-strain
response of shock prestrained tamalum,

defect siorage response of shock loading in fee
metals compared to conventional strain-rate
loading paths|3[. ‘This observation is identical to
ihiat seen previonsly by Lassila and Gray|6].

Inereased hardenn:g during shock loadiny in the
fee case has bheen gualitatively linked to the
snbsouic restriction on dislocation velocily,
reguiiting the generation amd storage of a larger
namber of dislocations for a given sirain,
Obseivations of a strong dependence of the initial
Stage 1 work-hardening rate] 5,71 on strain rate in
Tee metals suppons this fact ind the data for Cu
and Ni in Fignee 1. This increased hardening
response cleinly  shows  that ihe  inherem
dislocation-dislocation  micro-mechanisms
responsible for defect storage are ahered in the
shock, The exact phenomena responsible for this
mcreased hardening efficiency m the shock has
yer to be adequately explained or modeled|5,7].
However, its namifestation in high SFE fee
metals snpgesis that it is linked to both: (a)
increased dislocation interactions resulting from
cnhanced dislocarion mneleation at the higher
siess levels achieved at high streain rates, und (b)
suppression of dynamic recovery  pProcesses,
which depend on cross-ship. Cross-slip is made
more dittienlt when defonmation neenrs at Ingher
strain aes doe tocdneed thennal activation] 8|
and mowe pliman shp resnlts, The absence of
shock enlimeed  hardening in low SEFE Si
Bionze]?) and low SELE N based 230 alloy| 10]
is consistenmt with diffirrences in cross slip
e the o ot ol deteer orage inhe

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

The resnlts in this study on Ta, sunilar to those
described by Dieter for Nb|1], reveal that
increased hardening due 10 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
ocenrred in the Ta at 7 or 20 GPa. Accordingly,
defect storage phenonicna may be viewed using
the framework of dislocation kinetics as is the
case for low-rate plasticity|5,9]. ‘The observaticn
of no enhanced shock hardening is believed to
refleet the influence of the large lattice friction
(Peierls Stress) component of the flow stress in
both Ta mud Nb. At low temiperatures and high-
rates, the Peierls stress(~0.48 GPa shear stress for
Ta) is a significant portion of te flow stress.

As such, under high-rae loading dislocation
motion in i will be significantly restricted and
cross-slip inhibited or totally suppressed. ‘These
clfects will be particularly pronounced on screw
dislocations which have a higher Feierls barrier
than cdge scgmeuts in bee metals| L], The
predominance of long striaight screw segments in
Ta following low emperatnre or shock
deformation  is  consistent  with  this
neclanism|0,9].  This Jdisparity in cross-slip
ability in a bee metal where defeet generation is
dominated by dislocntion processes  will
significantly decrease defect storage in bee
metals at high-rate or low temperatures.  ‘The
sappression of cross-ship in Ta at shock -loading
strain rates will change dislocatio 1 motion from
‘arcal’ to ‘lineal’ glide] 12). This will significantly
alfect work Lardening by suppressing the storage
of new dislocanion line length. “The absence of a
shock enhanced work-hardening rate in ‘Ta s
consisient with the lack of a dependence of the
Stage 1 lardemng vae in polycrystalline “Tn on
sirnin rne, Recent modeling of shock-loaded "I
shows e impoitmee of rapid disfocation
evalntion mud a very snong dependence of the
plastic: snain e on shear stress i the diag



regime| 3. luercased viscous-drag - 1feas will
also decreiise deteet stomage i ihe shock by
reduving cross-slip.
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Fignre 4: Reload stress-straim response of Ta
shock presicained to 7 GPa at three differem
starting wperatares.

The Lack of an enhanced shock-hardening
response in Ta suppons the importance of
dislocaion kineties i deseribing the thermally-
activated generition amd storage of dislocations
in bee meals. I accoudance with this idea the
nflience of temperature on defeet storage in tive
shock process was investigated. Tantalmn shock
assemblies  were  preheated 1o elevated
temperinures and shock loaded to a peak pressure
ol 7Gla, "The reload siress-strain response of the
shock crecavered Ta as o function of shock
peheat wemperamre i shown in Figme 4.
Inereasing: the emperaure at which shock
presteaining was cendnewed increased the reload
yirld strengih of the shocked Ta. This resnlt
sugpests i ahie temperature increase cither
mereases the acload response by: 1) directly
altecting defect swrage diaring the shock by
tacrcasing thennally asivated cross-slip, or 2)
pust zhock poning, oF the alislocions generated
i e shock by mobile imerstinials; this pinming is
aided by alenmally activaed ditfusion ef  the
mierstntals, ve. assisting static stain-aging. “Che
yirld diope evolem in the 218C shock prestiined
cmve iy caastem withan feast some stiaineaysing:
contabntion,  supponing the asseition it
ntersnpal cttects me impoitio,

SUMMARY AND CONCLUSIONS

Based wpon i smdy of the variation of peak shock
pressure and temperaiure at which shock
prestrainine was conducted oa the mechanical
responsc of tamalum, the following conclnsions
can be drawn: 1) the reload yield behavier of
shock prestrained Ta exhibits no eahanced shock
hardening compared 1w Ta deforined quasi-
statically or dynamically to an equivalent sirain
level, and 2) the reload yicld behavior of Ta
shock prestrained to 7 GPa at 200 or 400°C
exhibiis ncreased hardening compared to shock
prestraining at 25°C.
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