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Tantalum specimens of tubular gecometry were subjected to large
Plus‘lic shear strains (up to 1000%) at strain rates greater than 10°§°

during their quasi=uniform coliapse (partinl) by explosively-
cencrated energy (i.c. thick-walled cylinder method). Experiments
were performed on anncaled and pre-shocked (45 GPa peak
pressure and 1.8 s pulse duration) tantalum.  Optical microscopy
revealed distinet features on specimen cross-sections: (1) profuse
ductile cracks initiated at the inner surfuce surrounded by regions
of highly deformed grains: (2) regions ahcad of the crack-tips
which do not exhibit the clongated grain morphology: (3) large
statically recrystallized grains at the inner surface: (4) diffuse shear
hands ranning from the inner to outer surfaces: and (5) regions of
highly deformed grains intermixed with slightly deformed grains.
The diffuse appearance of the shear bands is belicved due to the
strong orientation dependence of the yield stress and subscquent
anisoiropy of the wark-hardening behavior of the individual
grains. The lower bound eslimated temperature near the inner
surface (macroscopic shear strain vy > 10), calculated using a
modified Johnson-Cook  constitutive  equation, exceeds  the
recrystallization  temperaiure  as reported  in the  literature.
Transmission  electron microscopy  reveaied  the  following
substructural features: (1) elongated dislocation cells (y < 2, T <
600 K): (2) dislocation subgrains (y < 6, T < 800 K); and (3)
dynamically reerystallized micrograins (1< 8, T < 900 K). The
kinetics of static and dynamic recrystallization are correliated with
the observed residual grain sizes. Itis concluded that the observed
dynamic reerystallization  probubly occurs by a  rotutional
mechanism.

Introduction

Tantalum and tantalum-tungsten alloys, due to their high
density and ductility, are aitractive materials for use in anti-armor
applications as explosively-forged projectiles (i.c. EFPs) or shaped
charge liners[1,2). Recently, Murr and co-workers characterized
the microstructural changes in recovered shaped-charge[3.4] and
LEFP[5.6] specimens.  Depending upon the location within the
specimen,  deformation  microtwinning,  dislocation  cells,
subgrains, and reerystallized grains were observed.  Utilizing the
thick-walled cylinder method[7-9], it is possible to simulate. in a
controiled manner, the thermomechanical conditions that a maicrial
undergoes during shaped-charge or EFP processes (shear strains >
10 at strain-rates > 10° s7). Preshocking the material simulates the
pressure pulse (generated by the detonation of the cxplosive)
propagating through the EFP and  shaped-charge  prior 1o
undergoing large plastic deformation. The results of this method
applicd to commercially pure tantalum, as well as their analysis,
are the subject of this paper.

Sxperimenta; ure.

Commercially pure tantalum, supplicd by Cabot
Curporation, Boyertown, PA, was uscd in (his investigation,
Tubular spechmens prepared from plates (8 min long, 3 mim thick,
and 5.5 mm inner radius) and tubes (70 mm long, 3.3 mm thick,
and 7.875 mm inner radius)[10). were inscrted into the
experimental sct-up schematically illustrated in Figure 1. As can
be scen from this figure, the radial collapse of the tantalum
specimens is driven by the impulsive motion of the copper cylinder
which itsell is derived from the detonation of a low-detonation
velocity (~ 4 km/s) and low density (- 1 g/em?) explosive. Optical
and transmission clectron microscopy (i.e. TEM) were conducted
o the collapsed specimens to identify microstructural mechanisins
leading to localization. Further information on the experimental
proccdures, material used, specimen geomctry, and results is
provided by Nesterenko et al.[10] and Meyers et al.[11].

The shock preconditioning was carried out by impacting
the specimen, using a fixture in which reflected waves were
captured by lateral and bottom momentum traps. This insured that
the material was subjected to a single stress pulse with an

amplitude of 45 GPa and a duration of 1.8 ps.  Further
information on the experimental fixture used is given by Meyers ¢t
al.[12] and Murr ct al.{13]. The pre-shocking of the tantalum
generated a microstiucture with profuse twinning (sce Figure 2).

Results and Discussion
Microstructural Observations

Figurc 3 shows transverse cross-scctional views of the (a)
anncaled and (b) pre-shocked materials after collapse. The residual
central orifice (0.5 - 2 mm radius) is duc to either jelting along the
central axis or to insufficicnt encrgy for complete collapse. Figure
4 is a partial cross-scction showing more clearly the different
microstructural features.  Arrows indicate diffuse shear bands
which connect the inner and outer surfaces. At the inner surface,
ductile cracks can be scen to propagate along these shear bands.
Figure 5 is a closc-up of the inner surface region.  Well-defined

recrystallized grains (17 pm size compared with 31 pm in the as-
received material) arc evident near the inncr surface. The regions
between the cracks show a highly clongated grain structure while
at the crack-tips, the grain structure appears morc cquiaxed. A
close-up of a crack-tip region is shown in Figure 6.
Microhardness mcasurements from the regions at the tip of the
cracks, coupled with flow stress data from Meyers et al.[14] and
Hall-Petch paramcters obtained from Armstrong[15] and Zerilli

and Armstrong[16] predict a grain size of 0.1 pm[10]. This
indicates that these regions could be recrystallized during plastic
deformation  (i.c. dynamic recrystallization).  The  Vickers
microhardness values as a function of distance from the inner
surface for a collapsed specimen prepared from the tube material is
shown in Figure 7. The curve marked A is for regions of highly
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Figure 2 Profuse twinning produced within the shock loaded Ta.

clongated grains, while the curve marked B is for grains within
these regions which were much less deformed. Figure § shows
such a region. These microstructural features are belicved 1o be
formed due to the strong orientation dependences of the flow stress
and work hardening behavior of single-crystal tantalum[17.18]. as
well as texture and thermal softening.  During usiform collapse,
the material is under a triaxial state of compression and individual
grains become highly elongated due to the pure shear acting on
them[10]. Obviously. those grains which are favorably oriented
will experience a larger strain than those less favorably oriented.
With increased deformation, these prains rotate such that their
Schmid factors increase (i.c. texture softening) which leads to
further localization.  This is coupled with the anisotropy in the
work hardening behavior observed in tantalum.  Finally, the
deformation becomes sufficiently large for the local temperature
rise to cause a decreasc in the flow stress which further enhances
localization. The grains which were less favorably oricnted are
convected along duc to compatibility constraints with these highly
deformed grains.

Strain and Temperature Calculations

Based upon cylindrical geometry and constancy of volume,
the effective €, is given by[19]:

: (i)
V2 M

Figure 3 Cross-sectional view of a partially collapsed T tube
after experiment: (a) without shock preconditioning:
and (b) with shock preconditioning.

where €, the radial truc strain, is given by:
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i where a, is the initial inncr radius, a is the final inner radivs, and r

is the radius as measured in the final configuration.

The temperature risc in the spccnmcns was calculated using
a modificd Johnson-Cook constitutive equation[10].  Assuming
homogencous deformation and 90% of the plastic work is
converted into heat, the temperature rise as a fuhction of strain,
strain-rate, and test temperature is given by:

A n+l
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Figure 4 Partial transversc cross-scction after an experiment.
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Figure 6 Microstructural features within the region surrounding Figure §
the crack.



LaSitLy A €f o).

4 ¢

4 T - - . 1700

hocked 1300

c
g y
5 - E
7} 1103
2 o\ 3
i 490 €
2 "
ol A
500
As-Received
0 , R ) . 300
[} 2 4 8 8 10

r(mm)
Figure 9 Effective strain and temperature distributions within the
collapsed cylinder as given by Equations (1) and (3).

where g, = €84.5 MPa, B = 205.3 MPa, and n = 0.78 for the as-
received material and o = 820 MPa, B = 1388 MPa, and n = 0.84

for the pre-shocked material[13]. For both materials, C = 0.1, én
=35x 10", T, =298 K, and A = 1.4 x 107[14]. Equations (1)
and (3) are plotted in Figure Y. The temperature calculation was

conducted with € assumed constant and equal to the effective
strain divided by the total deformation time (~ 8 ps{9]). Thus, at

the inner swiface, € > 10° s, The heat capacity C, was tuken to
be 140 JA&g*K[20).  The temperature range in - which
recrystallization has been observed is also marked in Figure 9.
Kock and Paschen{21] measured temperatures in the 1200 - 1500
K range. while Beckenhauer et al.[22) measured a temperature of
1000 K for high purity tantalum heated at 800 K/s. Using 1000 K
as a lower bound for recrystallization, from Figure 9. the
recrystallized grain region is estimated to be approximately 0.5 mm
wide. This is entirely consistent with microstructural observations
(Figure 5) and microhardness measurements (Figure 7). The
temperature rise for the pre-shocked maierial is Targer than for the
as-received material due to its higher yicld stress and work-
hardening rate.

It must be noted that Equation (3) docs not ke iato
account other possible heat sources in the vicinity of the central
orifice such as jetting and compressed air. [t must be further noted
that the heat capacity C, is weakly temperature dependent (C =
160 J/kg*K @ 1500° K)[20).  Thercfore, the temperature
estimation should be regarded as a lower bound for the uue
temperature.

Transmission Electron Microscopy Observations

Transmission  clectron  microscopy  was  conducted  to
examine the cvolution of the substructure with increasing strain.
In gencral, the substructure evolves from isolated dislocations, o
dislocation cells, to sub-grains with increasing misorientation (i.c..
dynamic recovery), and finally to recrystallized micrograins. This
scquence appears 1o be consistent with the carlier results obtained
by Qiang ct al.[2], Witman et al.[23], Murr ct al[3-6], and
Meyers o al.[14).  Figures 10(a) and 10(b) show clongated
subgrains and their break-down inlo micrograins approximately
1.5 mm and 0.5 mm, respectively, from the central orifice. Note
that the apparent size of the subgrains and micrograins is 0.1 - 0.2
pm, which is in agreement with the prediction based upon
microhardness. It is apparent that the break-down of the clonguted
subgrains into the cquiaxed micrograins is accomplished by a
compatible rotation process. Gil Sevillano et al.[24] suggested that
this process is the mechanism by which dynamic recrystallization
occurs during high strain-rate deformation.  Derby[25] analyzed
rotation reerystallization, which is also discussed by Andrade ct
al.[26] for copper.

Figure 10 Break-down of elongated subgrains into micrograins:
() 1.5 mm and (b) 0.5 mm from the central orifice.

Recrystallized Grain Size Analysis

As was mentioned previously, well-defined recrystallized
grains were observed at the inner surface of the collapsed
cylinders. Given that the grains are well-defined and fairly large, it
is belicved that they are mainly the result of post-deformation
growth. Assuining that this is true, their size can be predicted
using the simple steady-state grain growth equation{27]:

_ Vin Q
Ad =k At cxp(— _-2RT(1))

4)

- where d is the instantancous grain size, k, is a rate constant, t is
time, n is the growth exponent (which varics between 2 and 10

depending upon impurity content[271), Q is the activation energy
for the ratc-controlling grain growth process, and T is the absoluic
temperature. The rate constant k, and activation energy Q can be
estimated from experimental results reported in the literature.
Vandermeer and Snyder[17] reported the activation energy for sclf-
diffusion to be cqual to 394 kJ/mol. Krashechenko and
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Figure 11 (a) Caleulated temperature distribution within partially
ed Ta tubes for several times. (b) Static
illized grain size estimate withn= 3.1,

recryst

Statsenko[28] repoited  the  activation  energy  for  plastic
deformation occuring near half the melting temperature (o be cqual
0 217 Kl/mol. Assuming Q to be cqual to 300 ki/mol, the rate
constant k, can be cvaluated using the experimental result by
Vandermeer and Snyder[17]; an annealing treatment at 1473 K for
7200 s resulted in a fully reerystallized grain size of 230 pm.

he functional time dependence of temperature, T(x.t),
shown in Equation (4) was determined by conducting a heat
transfer analysis on the collapsed cylinder, assuming that the initial
temperature distribution is given by Equation (3). Tt was further
assumed that the radius of the central orifice before unloading was
5x 10 m. For this analysis, the thermal conductivity was taken
to be cqual 10 60 W/m*K{29]. Figure ll(a) shows the spatial
variation of the temperature within the cylinder for t = 0, 0.025.
and 0.5 5. As can be scen, the temperature is essentially uniform
after 0.5 s.

Substituting the temperature history determined {rom the
heat transfer analysis into Eyguation (4) and then integrating over
time yields the rcerystallized grain size estimate.  Figure 11(b)
shows the results including the experimentally incasured grain
size. The best fit was obtained for n = 3.1, which corresponds to
relatively pure malerial.

It is also possible to cstablish, using the above analysis,
whether the fine reerystallized grains with sizes 0.1 - 0.2 pm,
observed at the tips of the cracks (approximately 0.5 - 1.0 mm
from inner surface) and only resolvable by TEM, could be
produced by a migrational mechanism during plastic deformation.

Bascd upon a deformation time of approximately 8 ps[9] and n =
3.1, the predicted recrystallized grain size is 0.01 pm.  Thus, a
migrational mechanism is highly unlikely and thercfore, these
grains were probably formed by a rotational mechanism.

Cm

(b)

(©

Figure 12 Microstructural cvolution with plastic deformation: (a)
clongated cells and  subgrains; (b) break-up  of
subgrains; and (c) relaxed micrograin structure.

Conclusions

The thick-walled cylinder method was used to deform
tantalum specimens at strzin-rates > 10° s (o cffective strains
cexceeding 3. The plastic strain increases logarithmically during
collapse in this simple gcometry. Another interesting feature of
this technique is that the material’s response to the deformation
(i.e. shear localization) is not gcometrically forced as it is in the
hat-shaped specimen technique.

Optical and transmission electron microscopy reveal that
the cvolution of the microstructure consists of the formation of
dislocations and dislocation cells, sub-grains (dynamic rccovery).
micrograins (dynamic recrystallization), and then large cquiaxed
grains (static recrystallization). Figure 12 illustrates the observed
microstructural evelution.  Profuse ductile cracking (propagating
along shear localized regions) initiated at the inner surface. These
cracks are evidence of residual tensile “hoop™ stresses produced as
a result of unloading.

The mechanism of localization appears to be dominated by
the large oricntation dependence of beth the flow stress and work
hardening behavior. This leads to texture softening. Favorably
oriented grains localize first; however, further localization may
become inhibited by surrounding grains which arc less favorably
oriented. Only after the shear stress is sufficiently large do these
grains themselves localize. The result of which is a microstructure
with both highly elongated grains and slightly clongated grains,
which gives the appearance that the collapse process occurred
uniformly.
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