Pergamon

PII: S1359-6454(97)00746-2

Acta mater. Vol. 46, No. 4, pp. 1307-1325, 1998
Acta Metallurgica Inc.

Published by Elsevier Science Lid

Printed in Great Britain

1359-6454,/98 $19.00 + 0.00

MICROSTRUCTURE OF HIGH-STRAIN, HIGH-STRAIN-
RATE DEFORMED TANTALUM

SIA NEMAT-NASSER, JON B. ISAACS and MINGQI LIU

Center of Excellence for Advanced Materials, Department of Applied Mechanics and Engineering
Sciences, University of California, San Diego, La Jolla, CA 92093-0416, U.S.A.

{ Received 28 October 1996, accepted 22 July 1997)

Abstract—Hat-shaped specimens of polycrystalline tantalum are subjected to high plastic shear strains
(y = 170-910%) at strain rates exceeding 5 x 10%s in a compression split Hopkinson bar. The dynamic
shear tests are performed at room and 600 K initial temperatures, under adiabatic and quasi-isothermal
conditions, using UCSD’s recovery Hopkinson technique [1]. The microstructure of the post-test specimens
is examined with transmission electron microscopy (TEM). The plastic deformation is highly concentrated,
producing a narrow shear-localization region of approximately 200 ym in width. Slip of perfect screw dislo-
cations, on the {110} primary planes along the <111> directions, is found to be the dominant defor-
mation mechanism. Dynamic recovery takes place in the shear-localization regions of all adiabatically
tested specimens, and evidence of dynamic recrystallization is observed in the specimen deformed to a
shear strain of 910% at a 600 K initial temperature. The substructures of the adiabatically tested specimens
include well-defined dislocation arrays, grouped dislocations, elongated dislocation cells, subgrains, and
recrystallized micron-sized grains. The microstructure of isothermally tested specimens, on the other hand,
features high dislocation density and inhomogeneous dislocation distribution. In light of the TEM obser-
vations, the relation between the microstructure and shear stress, the causes of strain inhomogeneity, the
estimated adiabatic temperature within the shear-localization zone, the rapid quenching of the shearband
at the end of the dynamic testing, the slip characteristics of dislocations in tantalum, and the formation

mechanisms of dislocation loops, are discussed.

1. INTRODUCTION

Tantalum, a common refractory metal with a body-
centered cubic (b.c.c.) crystalline structure, has been
considered an excellent material for use in shaped
charges and explosively forged projectiles (EFPs)
due to its high density (16.7 g/em®), superior
strength, and excellent ductility over a wide range
of strain rates and temperatures [2-4]. Tantalum
exhibits a high sensitivity to strain rate and tem-
perature, whereas its work-hardening rate is rela-
tively insensitive to these parameters. The yield
strength and flow stress of tantalum increase rapidly
with increasing strain rate and decreasing tempera-
ture, in contrast to the much more modest trends
exhibited by many face-centered cubic (fc.c.)
metals. The yield strength of tantalum, for example,
increases by more than 400% when tested at strain
rates from 107%s to Sx10’s at room
temperature (5]. This type of deformation behavior
is shared by a number of b.c.c. metals and has been
attributed to a rate-controlling mechanism of the
thermal component of the flow stress, i.e. to over-
coming the Peierls~Nabarro stress barriers. It has
been shown that the activation volume for plastic
deformation decreases with piastic strain for f.c.c.
metals but is almost constant for b.c.c. metals.
Furthermore, the activation velume for b.c.c. metals
(5-50b°, where b is the magnitude of Burgers’ vec-

tor) is much smaller than that for f.c.c. metals (50—
50004°), resulting in much higher temperature and
strain-rate sensitivity.

Based on the difference of the activation volume
between b.cc. and f.c.c. metals, constitutive
equations have been developed [6, 7] for use in the
computational mechanics modeling of tantalum
subjected to high-strain-rate deformation. More
recently, similar ideas have been used to develop a
physically-based model [1] which can predict the
flow stress of tantalum and tantalum-tungsten
alloys over a wide range of experimental conditions
(strains up to 100%; strain rates up to 4x 10%/s;
and temperatures up to approximately 1300 K).
Metals used for shaped charges and penetrators
must undergo extensive plastic deformation (1000%
strain in shaped charges and 500% in EFPs) at
strain rates exceeding 10%/s. At these high strain
rates, the deformation instability often limits the
overall performance of the material [8]. It is known
that more than 90% of the energy expended in plas-
tic deformation is converted to heat. For plastic de-
formation at high strain rates, there is no time for
appreciable conductive heat flow to occur.
Therefore, the deformation can be considered as
nearly adiabatic, resulting in significant temperature
increase within small localized regions. Reportedly,
evidence of dynamic recrystallization has been
found in shaped-charge tantalum slugs and
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