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Abstract

High-strain-rate shear localization was induced in tantalum by (a) lowering the deformation temperature or (b) subjecting it to
high strains by dynamic deformation (up to g = —0.8) or (c) pre-shocking (at &= 0.22) and then deforming it. Although at
ambient temperature the deformation of tantalum is macroscopically uniform to high strains (5= —0.8), at 77 K shear
localization under the same loading condition was developed at a critical strain of — 0.2 to — 0.3. This higher propensity to shear
localization at low temperatures is a direct consequence of the combination of lower heat capacity and higher rate of thermal
softening. At the three temperatures investigated (77, 190 and 298 K), localization occurs at strains significantly higher than the
instability strains (the maxima of the adiabatic stress—strain curves for these three temperatures). The thicknesses of the forced
localization regions and shear bands were found to be a function of temperature, and decreased with decreasing temperature (at
the same strain) in accord with the equation proposed by Y. Bai et al. (Y. Bai, C. Cheng, S. Yu, Acta Mechanica Sinica 2 (1986)
1). Shock deformation of tantalum enhances its predisposition to subsequent shear localization, and this was demonstrated by
subjecting shocked and unshocked specimens to high strain, high strain rate deformation through the collapse of a thick-walled
cylinder assembly. © 1999 Elsevier Science S.A. All rights reserved.

Keywords: Tantalum; Shear localization; High-strain-rate deformation

1. Introduction

The two outstanding physical properties of tantalum
(high density and ductility) have made it into a very
attractive material for ballistic penetration devices, such
as shaped charges and explosively-forged projectiles [1].
A considerable number of investigations have been
conducted over the past 10 years, which emphasize the
ductility and homogeneous deformation characteristics
of this metal [2-9] in contrast with tungsten, that
undergoes a ductile-to-brittle transition as the strain
rate is increased [10]. There is only limited information,
by Worswick et al. [3], and Qiang et al. [4] of shear
localization in a tantalum explosively-forged projectile;
the present authors and LaSalvia et al. [11-14] also
observed shear localization in thick-walled cylinders
that had been collapsed through explosives.

* Corresponding author. Tel.: + 1-619-534-4719.
E-mail address: mameyers@ames.ucsd.edu (M.A. Meyers)

The primary objective of the investigation whose
results are reported herein was to quantitatively estab-
lish, (1) the conditions for shear localization and (2)
material behavior under forced localized shear. In order
to promote localization, the initial temperature was
decreased and material mesostructure was pre-condi-
tioned by shock compression. Earlier experiments by
Andrade et al. [15] and Meyers et al. {16] on copper had
revealed that shock conditioning decreased the thick-
ness of the forced localized shear regions and enhanced
the intensity of the plastic deformation produced using
hat-shaped specimens under the same deformation con-
ditions. The term ‘forced localized shear’ is used here to
emphasize the fact that in hat-shaped specimens the
origin of localization is rooted in the initial conditions
of loading and geometry of the specimen. This localized
shear is not created by instability in uniformly strained
material and will be observed in any material using
hat-shaped specimens. Both the decrease in deforma-
tion temperature and shock conditioning increase the

0921-5093/99/% - see front matter © 1999 Elsevier Science S.A. All rights reserved.
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flow stress and hence the heat generated per umit of
strain in subsequent plastic deformation; the thermal
softening is also different. Thermal softening is higher
at lower temperatures because of the shape of activa-
tion barriers opposing dislocation motion, and Andrade
et al. [15] showed, for copper, that it is altered by shock
conditioning, with a rapid drop at the recrystallization
temperature.

2. Material and experimental techniques

The tantalum used in the present investigation has
characteristics, processing, and texture described by
Meyers et al. [5]. The tantalum plate was produced and
processed by Cabot. The plate (8 mm thick) was pro-
duced by press forging 30-cm high ingots into 10-cm
slabs, which were annealed. This was followed by cross-
rolling to the final thickness with intermediate anneals.
No final anneal was performed. The final material
shows a considerable texture, that is given by Meyers et
al. [5]. Its average grain size is 41 pm and it has the
following impurities (ppm), C: 60; N: 10; O: 70; H: 4.
The dislocation density was equal to 10° cm ~?; this is
due to the fact that deformation was applied after the
last annealing step and the structure is lightly work
hardened.

Shock compression was applied using an explosively
accelerated flyer plate in a parallel, normal impact
geometry. Details of the experimental set-up are de-
scribed by Murr et al. [9]. The shock amplitude was 45
GPa, with a corresponding pulse duration of 1.8 ps and
at an initial temperature of 300 K. Pre-shocking gener-
ated a considerable density of deformation twins (in
addition to a high dislocation density), which resulted
in a hardening of the material that exceeded the hard-
ening obtained under quasi-static uniaxial compression
to the effective strain equal to the transient strain (0.22)
imparted by shock compression [9].

Three complementary testing methods were used to
initiate shear localization and forced localized shear in
tantalum: (1) uniaxial compression tests; (2) hat-shaped
specimen tests; and (3) the thick-walled cylinder tests.
Uniaxial compression tests performed in a Hopkinson—
Kolsky bar lead to the spontaneous formation of shear
bands under the appropriate conditions. The same oc-
curs with the thick-walled cylinder test, in which a
gradient of plastic strain is established during the col-
lapse; it is possible to evaluate the initiation strain as
well as the propagation trajectory. In the hat-shaped
technique, on the other hand, the localization is forced
by the geometry of the specimen, and the shear local-
ization is not initiated by instability but by the external
tractions and sharp corners. These three techniques are
briefly described below.

2.1. Uniaxial compression tests

Uniaxial quasi-static and dynamic tests were carried
out in a SATEC testing machine and split Hopkinson—
Kolsky bar, respectively. The specimens were spark-
eroded and had a cylindrical shape. They had a
diameter of 5 mm and different lengths: 4, 5, and 7.5
mm. When true compressive strains in the range of
0.8 ~ 1.0 are required, a longer gage length was used to
ensure a reasonable degree of uniaxiality and unifor-
mity in the stresses. The split Hopkinson—Kolsky bar
was used with 12.7-mm diameter bars and data were
collected using a data acquisition board (with 10
megasamples per s) in an IBM compatible computer.
The high-strain-rate tests were carried out at two nom-
inal strain rates: 3.5 x 10° and 5.5 x 10®> s~ '. Experi-
ments were carried out at 77, 190 and 298 K. The
low-temperature experiments were conducted using lig-
uid nitrogen (77 K) and a liquid nitrogen—methanol
mixture (190 K). It was pointed out that frictional
effects can be higher at low temperatures because of the
freezing of the lubricant. This could have been an
additional contributory factor for shear localization.

2.2. Hat-shaped specimen tests

The hat-shaped specimen was developed by Meyer
and Manwaring [17] and has been successfully used in
the study of high-strain, high-strain-rate deformation of
metals in conditions of forced localized shear. Although
initially designed for steels, it has also been applied to
copper [15,16], titanium [18], aluminum alloys [19], and
tantalum [5]. For this research, a smaller geometry was
used due to the limited availability of material. The
specimen dimensions are shown in Fig. 1(a). The bars
compress the specimen and force the shear deformation
into a narrow region shown in Fig. 1(b,c). The total
displacement is established by a spacer ring, that limits
the relative motion of the two parts of the ‘hat’. The
diameter of the top part is slightly larger (7.6 mm) than
the internal hole diameter (7.5 mm) in order to super-
impose a small compressive stress laterally on the shear
region.

2.3. Thick-walled cylinder tests

The thick-walled cylinder technique was developed
by Nesterenko and Bondar [20] and is described, for the
specific configuration used here, by Nesterenko et al.
[12] and Chen et al. [14]. In contrast with the hat-
shaped specimen technique, in the thick-walled cylinder
technique shear localization starts from macroscopi-
cally uniformly deformed samples in a state of pure
shear. Both as-received and shock-compressed tantalum
were tested in this configuration, in order to establish
the effect of shock loading on the propensity for shear
localization.
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3. Results and discussion

3.1. Compression tests

The susceptibility to shear band formation, or critical
strain at the onset of shear localization, has been ana-
lytically expressed by a number of researchers, starting
with Recht [21]. Bai and Dodd [22] provide a systematic
comparison. Clifton [23] considered the key elements
for establishing the strain for shear localization:

1/0t B [0t . AE?
[?(55>+pcv(a_T>Jm”+pcv>° M

where 7 is the stress, y is the strain, p is the density, C,
is the heat capacity, f the fraction of work converted
into thermal energy, /A is the thermal conductivity, and
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Fig. 1. (a) Dimensions of hat-shaped specimen, and its loading
configuration in split Hopkinson—-Kolsky bar (b) before and (c) after
impact.

Fig. 2. Cross-section of the cylindrical compression specimens at
room temperature and 3.5 x 10> s~ !; (a) as-received, deformed to a
plastic strain of —0.7, showing no shear bands, (b) shocked, de-
formed to strain of — 0.65, showing diffuse shear bands (marked by
arrows).

¢ is a constant that quantifies the initial perturbation (it
is the reciprocal of the wavelength of the initial inho-

mogeneity). It is well-known that high , o and low

oT

ot . e ..
C,, —, m (strain rate sensitivity) favor localization. The

dy
role of thermal conductivity and the perturbations is
also included in Clifton’s analysis. The magnitude of
perturbations has a direct bearing on the localization
strain. This approach does not incorporate directly
metallurgical properties, such as grain size and crystal-
lographic changes, during deformation.
No shear localization could be macroscopically ob-
served in as-received tantalum at strain rates up to 7000
~! at ambient temperature in the cylindrical compres-
sion specimens with nominal dimensions of ¢$5 x 4 mm.
This is in agreement with earlier results by Meyers et al.
[4] and Gray et al. [6]. Fig. 2(a) shows the cross-section
of an as-received tantalum specimen deformed to a
compressive true plastic strain of — 0.7 at ambient
temperature and at 3.5 x 10° s~'. There is no sign of
shear localization in the entire cross-section. Shear
bands were also absent up to a true strain of — 1.0 at
ambient temperature at this strain rate. However, Fig.
2(b) shows the existence of shear bands in the pre-
shocked tantalum specimen (see arrow), deformed to
— 0.65 at the same strain rate and temperature. This is
attributed to the higher flow stress imparted by shock
loading. The shear bands in Fig. 2(b) are not fully
developed and are rather diffuse. This is connected with
the well-known dependence of shear localization on
thermal properties and flow stress. Fig. 2 illustrates the
significance of higher flow stress in shear band forma-
tion since shock loading does not alter the thermal
properties; shock loading increases the flow stress from
700 to 900 MPa and this represents a ~ 29% increase in
thermal energy production per unit strain.
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. . ‘ . _ o

Fig. 3. Shear band formation at 77 K and 5500 s ' in continuous
(adiabatic) deformation, (a) &, = —0.23, (b) & = —0.3, and (c) ¢ =
—0.65.

It is well known that lowering the deformation tem-
perature also results in an increase in flow stress. It can
then be easily seen that the propensity to shear localiza-
tion is higher at low temperatures. Indeed, Chin et al.
[24] demonstrated that even aluminum formed shear
bands when deformed quasistatically at 4.2 K. At room
temperature, aluminum is one of the most ductile mate-
rials. The development of shear localization in continu-
ous (adiabatic) deformation of tantalum at 77 K is
shown in Fig. 3. The following features can be seen: (a)
initiation of shear localization, (b) and (c) growth of
shear bands with increasing strain. Fig. 4 shows multi-
ple shear bands in a specimen that was triple-loaded
with a total strain of — 0.6 at 77 K and 5500 s —'. The
incremental strains were — 0.14, —0.18, and — 0.28.
The shear bands in Fig. 4 basically belong to two
systems and their formation is believed to occur in the
second and third increments of deformation experi-
enced by the specimen. Although the specimens in Fig.
3 were tested at the same temperature and strain rate as

Fig. 4. Shear band formation in incremental tests at 77 K and 5500
s~ ! with total strain of —0.6 (strains for increments were — 0.14,
—0.18, and —0.28).

that in Fig. 4, the band structure is somehow more
diffuse than in Fig. 4 (the thicknesses of shear bands in
Figs. 3 and 4 are ~200 and ~ 50 pum, respectively).

The decrease of heat capacity at low temperatures
also plays a significant role in shear localization. The
heat capacity decreases at temperatures below 300 K
while the thermal conductivity varies only slightly. At
low temperatures, due to lower heat capacity, the same
amount of plastic work will result in a higher tempera-
ture rise. This enhances the susceptibility to the forma-
tion of shear localization. An enhanced thermal
diffusivity would tend to increase the thickness of the
shear band, resulting in a diffuse shear band; however
this is not the case because it only increases significantly
below 77 K.

In order to better understand the deformation behav-
ior, a constitutive description is needed; the Zerilli—-
Armstrong model is used here. Zerilli and Armstrong
[25] developed a constitutive equation for BCC metals
and applied it to tantalum, based on the results by
Bechtold [26], Hoge and Mukherjee [27], and Mitchell
and Spitzig [28]. The constitutive equation is given
below:

. _1
0=0g+ Be Lo FrnOT L gen 4 kd™ 2 2

o is the athermal portion of the stress, » the work
hardening exponent, d the grain size, and f,, f,, By, K,
and k are parameters. Because of the different chem-
istry and processing history of the material used in this
research, a new set of parameters for this model had to
be determined from experiments. The thermal and
strain rate responses were experimentally determined
and are given in Fig. 5, along with the data of Hoge
and Mukherjee [27]. To minimize the deviation at high
strain rates, the strain hardening parameters were deter-
mined with the test results at a strain rate of 3500 s !
and room temperature (Fig. 6a). These are interrupted
tests described by Meyers et al. [4], which provide a
quasi-isothermal curve, from which the adiabatic curve
can be obtained. In the interrupted tests, the specimen
is allowed to return to the initial temperature after each
increment of strain. Several (three or more) sequential
deformation cycles are applied to the specimen, and the
envelope of the stress—strain curves provides a good
approximation of the isothermal curve. These inter-
rupted experiments were introduced by Wittman et al.
[29]. The parameters of the Zerilli-Armstrong model
are given in Table 1 and compared to those obtained by
Zerilli and Armstrong [25] for Hoge and Mukherjee’s
data. The continuous lines in Fig. 5(a,b) represent the
application of the Zerilli-Armstrong equation to the
various temperatures and strain rates of interest. Fig.
6(a) shows the test curves and the predictions of Zer-
illi- Armstrong model under both isothermal and adia-
batic conditions at 298 K and 3500 s~ !, and Fig. 6(b)
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Fig. 5. (a) Temperature and (b) strain rate dependence of flow stress
of tantalum.

shows the equivalent curves for 190 K and 5500 s—!.
The upturn of the measured curves in Fig. 6(b) was due
to the contact of stopper ring by the incident bar during
the tests. The stopper ring was used to limit the defor-
mation to a prescribed value, whereas for the 298 K
curves a special Hopkinson—Kolsky bar wave trapping
device was used [5].

Also shown in Fig. 6(a) is the prediction of adiabatic
temperature from the Zerilli- Armstrong model at 298
K and 3500 s~'. The adiabatic temperature of the
plastically deformed specimen was estimated by assum-
ing the conversion of 90% plastic work into heat. Due
to the form of the Zerilli-Armstrong equation, the
adiabatic temperature as a function of strain has to be
obtained with a numerical method.

At low temperatures and high strain rates, the predic-
tion of yield stress by Zerilli-Armstrong model is
higher than the experimental results in Fig. 5; this is
indicated by an arrow. This is attributed to the change
of the predominant deformation mechanism from dislo-
cation slip to twinning at low temperatures and high
strain rates. Therefore, great attention was paid to the
experimental data at low strain rates; high-strain-rate

data for room temperature and above only were used
for constructing the model. Mechanical twinning in
high strain rate testing at both 77 and 190 K was
observed in every test. The current constitutive models
do not take the slip-twinning transition into effect, and
Zerilli and Armstrong [30] have recently discussed the
importance of including twinning into the constitutive
response. Fig. 7 shows the mechanical twins formed at
190 K and 5500 s~ '. The mechanical twins formed at
low temperatures are significantly different from shock-
induced twins reported by Murr et al. [9] in the same
tantalum. The low temperature twins are usually larger
in size and have a lower frequency of occurrence. In
shock compression, the high stress (45 GPa) provides a
large driving force for mechanical twinning which re-
sults in a high nucleation rate. The size of twins was
limited by the large number of twins themselves (twin—
twin intersections) and by the limited time of pulse
duration (1.8 us); in contrast, the duration of the stress
pulse in the Hopkinson~Kolsky bar is ~ 100 ps.

The critical strains for shear localization at 77 and
190 K were determined in uniaxial compression at two
levels of strain rate: 3500 and 5500 s—!. The critical

1000 . . emeremery 550
800 ] 500
é' 1450 E
2 400 g
£ ] £
2 400 ] 2
£ -~ 350 R
= Conditions: ] ~
200 t// Strain Rate: 3500/ s ]
F Initial Temperature: 298 K =300
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Fig. 6. Interrupted (quasi-isothermal) and continuous (adiabatic) tests
and the prediction of Zerilli- Armstrong model, (a) quasi-isothermal
and adiabatic tests at 298 K and 3500 s~ !; (b) quasi-isothermal test
at 190 K and 5500 s—!.
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Table 1
Parameters of Zerilli-Armstrong equation for tantalum

tab

ogt+kd B, Bo B K n
Current 122 1330 0.00525 0.000308 197 0.5
Hoge-Mukherjee 30 1125 0.00535 0.00327 310 0.44

strains were —0.34 and —0.23 at 77 K, and —0.65
and — 0.5 at 190 K, respectively. The results are plot-
ted in Fig. 8 along with the computed instability strain
using the Zerilli- Armstrong model with the parameters
given in Table 1. The instability strain is taken as the
maximum in the adiabatic stress—strain curve and is
mathematically expressed by:

dT .
S A

de
3

The equation has to be solved numerically. The insta-
bility strain increases with temperature; this is the direct
result of the interplay among the various parameters. In
this particular case, both the higher thermal softening
rate (do/dT) and lower heat capacity, contribute sig-
nificantly to a lower instability strain.

Wright and Walter [31] discuss at length the two
separate phenomena of instability and localization, and
note that the former is a necessary condition for the
latter. Consistent with their prediction, the localization
strains (experimentally obtained), are substantially
higher than the instability strains. They are also shown
in Fig. 8. It is interesting to note that both the instabil-
ity and localization strains increase with temperature. It
can also be seen that the temperature dependence of
critical strain for localization and instability are signifi-
cantly different. The large gap in Fig. 8 between the
critical strains for shear localization and the corre-
sponding instability strains is consistent with the theo-
retical predictions on the separation of instability and
shear localization [32-37]. At ambient temperature,
instability occurs at the strain of — 0.1 at a strain rate
of 3500 s—!, as shown in Fig. 8, while the shear
localization was not observed at a strain of — 0.7 and
required a long specimen to manifest itself. At 77 K,
instability occurred almost at the beginning of deforma-
tion, while localization did not appear until the strain
accumulated to — 0.34. It should be mentioned that the
development of instability is a function of strain rate,
and was modeled by Wright and Walter [31]. The
instability strain, where the maximum stress is ob-
served, decreases with increasing strain rate or decreas-
ing temperature, as shown in Fig. 9.

The importance of thermal properties in shear local-
ization is revealed in the works on low temperature
instabilities, that can be traced back to the 1950s when
Basinski [38] first proposed the existence of thermo-me-

chanical instability at low temperatures due to the
decrease of the heat capacity. This type of instability is
also called adiabatic instability. Usually, adiabatic in-
stability occurs in tensile testing, although it was also
reported in compression test for tantalum single crystals
at liquid helium temperature [39]. Since the heat capac-
ity of a material is reduced as the temperature is
lowered, the adiabatic temperature rise per increment of
plastic work will be greater. Hence, materials have a
higher propensity to shear localization in low tempera-
ture deformation.

The absence of shear localization at ambient temper-
ature can be clearly seen in Fig. 2(a), despite the

Fig. 7. Mechanical twinning formed (a) by deformation at 190 K and
5500 s~ !, and (b) by shock compression to a pressure of 45 GPa.
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ture, using Zerilli-Armstrong model with parameters given in Table
1.

corresponding adiabatic stress—strain curves in Figs. 6
and 9 showing the occurrence of instability (i.e. a
negative slope in the curve). This phenomenon is con-
sistent with earlier results by Meyers et al. [18] for
titanium. They observed that the occurrence of unstable
plastic flow preceded shear localization by a significant
amount of strain. Meyers et al. [18] also provided a
microstructural interpretation in terms of dynamic re-
crystallization. They suggested that instability in tita-
nium is produced by the increase of temperature,
enhancing the mobility of dislocations, while localiza-
tion requires dynamic recovery/recrystallization.

Increasing the strain rate has the same effect on the
onset of shear localization as decreasing the tempera-
ture. This is similar to the relationship of the effects of
strain rate and temperature on flow stress. However,
the influence of strain rate on the initiation of shear
localization is a more complicated issue than that of
temperature, and inertial effects come into play at very
high strain rates.
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Fig. 9. Adiabatic stress—strain curves at different strain rates and
temperatures; note the change of instability strains.

Table 2 lists the effects of specimen dimension and
deformation conditions on the formation of shear local-
ization. When localization occurs after significant plas-
tic strain, frictional end effects play an important role
and can delay the phenomenon. The uniaxial stress
state can be retained to larger plastic strains if the
length/diameter ratio is increased. In Table 2, the
longer specimens show a higher propensity to shear
localization. Fig. 10 shows the microstructure of this
long specimen at room temperature and 3500 s —!. The
shear localization observed at room temperature is
more diffuse than at 77 K. These results confirm that
lowering the deformation temperature enhances the
localization.

3.2. Hat-shaped tests

The objective of the experiments with the hat-shaped
specimens was to probe the development of forced
shear localization, and to compare their thickness with
shear band thickness. The initiation of localized shear is
due to the particular geometry of hat-shaped speci-
mens. The specimens were subjected to different dis-
placements at a nominal local strain rate of 4 x 10 s !
(inside the localized shear regions). As-received tanta-
lum was tested at temperatures of 77, 190 and 298 K,
while shocked tantalum was tested at 298 K only.

Fig. 11 shows the microstructures of the localized
shear regions deformed at 77, 190 and 298 K with
different displacements. The shear strains were esti-
mated by dividing the displacement by an approximate
shear localization thickness, L, as indicated in Fig.
11(d). This method is not very rigorous, since the
thickness of the shear band is not constant and the
shear strain varies with distance from the central area.
Additionally, the shear strain near both ends of the
localized shear regions is the highest. Table 3 lists the
measured thicknesses and shear strains of the localized
shear regions at different initial temperatures and for
different displacements, and the maximum calculated
temperatures inside localized shear regions. The maxi-
mum temperature increases with shear strain.

It is clear from Fig. 11 that the development of
localized shear regions occurred progressively with in-
creasing of shear strain. While a clear localized shear
region is seen at a displacement of 0.3 mm (y = 3.0) and
77 K, at room temperature higher strains are needed;
the localization only manifested itself for a displace-
ment of 0.5 mm (y=2.5). The development of the
localized shear regions can also be seen with decreasing
initial temperatures. The thicknesses of these regions
are ~ 200 um at 298 K, ~ 190 ym at 190 K, ~ 80 um
and ~ 130 pm at 77 K. Fig. 11 shows the thickness of
the localized shear region increasing with shear strain at
77 K.
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Table 2
Dimensional effect on the formation of shear localization

Sample dimensions (mm) Temperature (K) Strain rate (s™1) True strain Localization
b5 x4 298 3500 1.0 No
d5x7.5 298 3500 0.7 Yes
b5x8 298 6x10~* 0.5 No
bS5 x4 71 5500 0.23 Yes
$10x8 71 5500 0.3 No

Fig. 12 shows the development of shear localization
region at room temperature for shocked tantalum. The
thickness increases from 130 to 180 pm when displace-
ment increases from 0.5 to 1.4 mm. Because shocked
tantalum has a higher flow stress than as-received, a
narrower and sharper localized shear region was pro-
duced with the same displacements as their as-received
counterparts (compare with Fig. 11).

Shear stress-displacement curves can be obtained
during the deformation of a hat-shaped specimen. This
is a considerable advantage of this experimental
method over the thick-walled cylinder method. Fig. 13
shows the shear stress-displacement curves at all three
temperatures. The curves show a plateau at different
shear stress levels for different initial temperatures and
a sharp increase in shear stress when the stopper ring is
contacted. Fig. 13 also illustrates the increasing shear
stress with the decrease of the initial temperature. In
conjunction with the measurement of the localized
shear thickness listed in Table 3 and the microstructures
in Fig. 11, it can be stated that the higher shear stress
produces thinner localized shear and requires smaller
displacement to generate fully-developed localized shear
regions. These experimental results confirm that the
thickness of a localized shear is directly proportional to
the adiabatic temperature inside the region and in-
versely proportional to the shear stress.

It is well known that two counterbalancing factors
strongly influence the growth of localized shear regions:
heat generation due to plastic work and heat dissipa-
tion via heat conduction. In the hat-shaped specimens
the forced localization regions are governed by the
same effects. It is therefore reasonable to extend the
analyses on the shear band growth to the study of the
growth of the localized shear region in hat-shaped
specimens. The thickness of shear bands has been satis-
factorily predicted analytically and numerically with
perturbation analyses [22]. The contribution of heat
conduction to the thickness of a shear band was in-
cluded in these analyses [40—42]. The simplest among
all predictions is due to Bai et al. [40,41] who have
proposed the following equation for the thickness, L of
a shear band:

4

where 4 is thermal conductivity, T,,, is the maximum
temperature inside the shear band, r is the shear stress
acting in the shear bands, and j is the strain rate. f is
the fraction of plastic work converted to thermal en-
ergy, which is usually taken as 0.9. In Eq. (4), thermal
conductivity and maximum temperature inside the
shear band have a positive effect on the thickness of
shear bands, while strain rate and stress have a negative
effect. This relationship is generally consistent with
other more complicated models which predict shear
band thickness [22]. For tantalum, thermal conductivity
is fairly constant at temperatures above 77 K. At a
fixed strain rate, such as 4 x 10* s~ !, typical for the
hat-shaped specimens in the current research, from Eq.
(4), the thickness of shear bands can be considered as a
linear function of |/ T,,,,/7, the square root of the ratio
of maximum temperature, 7, inside the shear band
and the applied shear stress, 7, on the shear band.

Although the localized shear regions in hat-shaped
specimens were forcedly initiated upon deformation
with an especially designed geometrical imperfection,
they were still developed into different thicknesses at
different deformation conditions. Table 3 provides the
experimental parameters. The maximum adiabatic tem-
peratures were calculated using Zerilli- Armstrong con-
stitutive models. Since all the hat-shaped specimens
were tested at the same strain rate (4 x 10* s 1), the
aforementioned linear analysis can be readily applied.
The applied shear stresses were determined from Fig.
13. The minimum shear stress in each test was taken as
the shear stress corresponding to the thermo-mechani-
cal conditions experienced by the particular sample at
the end of its deformation, because the strain was
obtained at the end of deformation.

Fig. 10. Cross-section of 7.5-mm specimen deformed at room temper-
ature and 3500 s—! to a strain of —0.8; shear bands marked by
arrows.
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Fig. 11. Hat-shaped specimens of as-received tantalum deformed at
different temperatures and displacements: (a) 0.3 mm at 77 K; (b) 0.5
mm at 77 K, (c) 1.0 mm at 190 K, and (d) 1.4 mm at 298 K.

Fig. 14 shows the thickness of the localized shear
regions; L is plotted against \/ T, ,./7. Linear regression
analysis was applied to the data of the localized shear
regions. The correlation coefficient, R is equal to 0.951,
showing the existence of a good linear relationship

between L and /T, /7. The linear regression slope is
0.114.

Table 3

Fig. 12. Hat-shaped specimens of shocked tantalum deformed at 298
K and different displacements: (a) 0.5 mm, (b) 1.0 mm and (c) 1.4
mm.

Also plotted in Fig. 14 is the thickness predicted
using Eq. (4). The slope of 0.080 was calculated from
2\/4A/B7p, where A=59 W/m> K, j=4x10*s~ ' and S
is the conversion of plastic work to heat (90%). The
predicted slope is smaller than the experimental one,
and the thickness measurements of the localized shear

The measured thickness and shear strain and the calculated maximum temperature of the localized shear regions in hat-shaped specimens

Displacement (mm)

Initial temperature and material

77 K; as-received

190 K; as-received

298 K; as-received 298 K; shocked

0.3 Shear strain 3.0
Thickness (um) 80
Tnax (K} 684
0.5 Shear strain 4.5
Thickness (jum) 110
Tnax (K) 897
1.0 Shear strain -
Thickness (pm) -
Tonax (K) -
1.4 Shear strain -
Thickness (pm) -
Tmax (K) -

- 1.5 -
3.8 2.5 3.8

130 200 130

829 670 1100
5.3 5.0 6.7

190 200 150

1000 960 1650
- 5.5 7.7

- 200 180

- 1011 1800
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Fig. 13. Shear stress vs. displacement of hat-shaped specimens at
different temperatures.

regions are all located above the prediction of Eq. (4).
This difference may be due to the initiation mechanism
and non-uniformity of the localized shear in such a
particular geometrical configuration of hat-shaped
specimens. In hat-shaped specimens, localized shear is
initiated by the stress concentration at both ends of a
localized shear region, while in other cases a shear band
is initiated by the thermo-mechanical fluctuation at the
site. The non-uniformity in the thickness of the local-
ized shear regions in hat-shaped specimens is the evi-
dence for this difference. As seen in Fig. 1, the thickness
varies along the length of the localized shear region.
Consequently, the strain and therefore the adiabatic
temperature vary along the length of this region. The
adiabatic temperature probably is higher at both ends
of this region than at the middle which is listed in Table
3. If this non-uniformity were considered, the measured
line should have been flatter. In this sense, the shear
localization in hat-shaped specimens is really a 3-D
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Fig. 14. Thickness of the localized shear regions in tantalum hat-
shaped specimens as a function of the maximum temperature inside
the region and shear stress acting on the region. Also plotted is the
theoretical prediction using the model by Bai et al. [40,41].
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Fig. 15. Microindentation hardness as a function of distance across
the localized shear regions at 298 K; prescribed displacement: (a) 0.5
mm and (b) 1.4 mm.

problem. Moreover, the thickness of the localized shear
regions in hat-shaped specimens is also affected by the
stress profile at their initiation stage. The stress profile
is determined by the difference of diameters of the top
plug and the underneath hole (Fig. la). The sharper
stress profile may create a narrower region, although
this effect may be reduced to a minimum when shear
localization is fully developed. Therefore, the condi-
tions experienced by the localized shear region of hat-
shaped specimens are different from those under which
Eq. (4) was derived.

This inhomogeneity of shear strain along the length
of the localized shear region manifests itself in the
differences of the residual microhardness along the
length of localized shear regions, which are plotted in
Fig. 15 for different displacements at 298 K and in Fig.
16 for different temperatures with the same displace-
ment. Hardness profiles are shown for three positions
along the localized shear region; they are indicated as
top, middle, and bottom, respectively. For a displace-
ment 6 = 0.5 mm (y = 2.5) at 298 K, the hardness along
the bottom traverse increases significantly more than
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along the other traverses (Fig. 15a). At the higher
displacements, such as 6 =14 mm (y=>5.5) at the
same temperature as shown in Fig. 15(b), the differ-
ences of hardness in the corresponding sites have van-
ished. Lowering the temperature also causes such
differences in hardness to vanish. Fig. 16 shows the
hardness profiles of the specimens with a displacement
of 0.5 mm at 190 and 77 K. Compared with Fig.
15(a), the differences of hardness in the different sites
along the length of the localized shear region were
reduced at 190 K (Fig. 16a) and further reduced at 77
K (Fig. 16b). The reduction of such differences in
hardness profiles is another indicative of localized
shear regions toward its fully-developed stage.

These differences of hardness along the band length
are due to stress/strain concentrations at the sharp
corners and variations in the band thickness, that can
be seen in Fig. 11. These results indicate that varia-
tions in shear strain occur along the length of the
localized shear region. Therefore, the shear strains
measured at the middle of the bands as given in Table
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Fig. 16. Microindentation hardness as a function of distance across
the localized shear regions; the prescribed displacement of 0.5 mm at:
(2) 190 K and (b) 77 K.

3 are only minimum values in these bands and so are
the estimations of the adiabatic temperature inside the
localized shear regions. This can be responsible for the
marked differences in TEM observations of deformed
structures [5].

3.3. Thick-walled cylinder tests

Unlike the formation of the localized shear region
in hat-shaped specimens, which is due to the particular
external tractions, shear bands formed in thick-walled
cylinder samples are initiated through naturally occur-
ring instabilities. A typical shear band pattern was
reported in pure titanium by Nesterenko et al. [43].
The shear bands were spiral, starting at 45° about the
radial direction at the initiation, which is the direction
of maximum shear stress in this loading configuration.

Two collapsed tantalum specimens are shown in
Fig. 17; (a) as-received material, (b) pre-shocked mate-
rial. The central orifice was not completely collapsed.
The residual radius is approximately 0.5 mm in Fig.
17(a), and it is larger for shocked tantalum in Fig.
17(b). This orifice is due to either jetting along the
cylinder axis or to insufficient energy for collapse; it is
more likely due to insufficient energy for shocked tan-
talum because of its higher strength. Nevertheless,
over 90% of the process of collapse was successfully
achieved. Cracks were also observed in the central
orifice region. These cracks propagate mainly in shear
localized regions very near the central orifice. With
increasing radius, the shear bands become diffuse in
both specimens.

For as-received tantalum (Fig. 17(a)), there are typi-
cally no shear bands. However, shear localization re-
gions exist which are due to grain orientation
softening and thermal fluctuation as analyzed by
Nesterenko et al. [12] and Chen et al. [14]. The grains
in the preferred orientation deform more and become
softer than other adjacent grains. With the progress of
deformation, this positive feed-back of thermal fluctu-
ation causes more deformation in the grains originally
in the preferred orientation and forms shear localiza-
tion in these regions.

For shocked tantalum, the shear bands are clearly
seen in Fig. 17(b). They are indicated by arrows. The
trajectories of these shear bands are logarithm spirals
and are typical for this geometry, as predicted by
Nesterenko et al. [43]. Perhaps due to the incomplete
collapse, the majority of shear bands are not well-de-
veloped. Fig. 17 shows better developed shear bands
in the shocked tantalum than the as-received one. This
is consistent with the results in cylindrical and hat-
shaped specimens: shocked tantalum has a greater
propensity to shear localization due to its higher
strength imparted by plastic deformation during the
shock compression process.
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i

Fig. 17. Final configurations of thick-walled cylinder samples for (a)
as-received tantalum, (b) shocked tantalum; notice shear bands,
marked by arrows.

4. Conclusions

Shear localization was observed in tantalum de-
formed at low temperatures and high strain rates. The
critical strain for shear localization increases with in-
creasing temperature and decreases with increasing
strain rate. The thickness of the forced localized shear
regions was observed to decrease with decreasing tem-
perature and to be reasonably well described by a
simple equation proposed by Bai et al. [40,41]. The
growth of localized shear regions in tantalum as studied
with hat-shaped specimens exhibits a linear relationship
with the square root of the ratio of the adiabatic
temperature and the applied shear stress. Pre-shock

conditioning increases the propensity of shear localiza-
tion, as seen in all three techniques: cylindrical speci-
mens, hat-shaped and thick-walled cylinder techniques.
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