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Abstract-We
study the~omechani~~
defo~ations
of a thermally softening viscoplastic block
undergoing overall adiabatic simple shearing deformations. The dependence of the specific heat,
thermal conductivity and shear modulus for the material of the block upon the temperature is
accounted for. It is assumed that the block has a geometric defect in the sense that its thickness varies
smoothly and is 5% less at the center as compared to that at the edges where essential mechanical
boundaryconditions are prescribed. It is found that with an increase in the initial temperature of the
specimen the initiation of shear bands is delayed, and wider bands form.

1. INTRODUCTION

Adiabatic shear bands are narrow regions of intense plastic deformation that form during
high strain-rate processes, such as shock loading, ballistic penetration, metal forming, and
machining. As these bands generally precede material fracture, a knowledge of factors that
inhibit or enhance their growth is essential to the production of durable materials and more
efficient manufacturing processes. These bands form in both ferrous and non-ferrous alloys,
and are called adiabatic because at high rates of deformation, there is not enough time for
the heat to be conducted away from the bands.
In 1878, Tresca [l] observed hot lines during the forging of a platinum bar and stated
that these were the lines of greatest development of heat. Subsequently, Massey [2] also
observed these hot lines in 1921 during the hot forging of a metal and stated that “when
diagonal ‘slipping’ takes place, there is great friction between particles and a considerable
amount of heat is generated”. These hot lines are now referred to as adiabatic shear bands.
During the last decade there has been a surge of activity in understanding parameters that
influence the initiation and growth of adiabatic shear bands.
Besides the experimental observations of Tresca and Massey, those reported by Zener
and Hollomon [3], Moss [4], Costin et al. [S], Hartley et al. [6], Wulf [7], Marchand and
Duffy [SJ and Giovanola [9] have contributed enormously to our understanding of the
initiation and growth of shear bands. Most of the analytical [lo-181 and numerical
[19-241 work aimed at understanding factors that enhance or inhibit the initiation and
subsequent development of shear bands have involved analyzing overall simple shearing
deformations of a viscoplastic block. Recently, there have been a few studies [25-34) of the
phenomenon of shear banding in plane strain deformations of a viscoplastic block.
Based on their observations of the formation of shear bands in thin-walled HY-100 steel
tubes, Marchand and Duffy [8] have proposed that the localization of deformation into
narrow shear bands occurs in three stages. During stage one the body deforms homogeneously. Stage two begins when the shear stress attains its peak value. At this point, the
softening caused by the heating of the material equals the hardening due to strain and strain
rate. During stage two the body deforms non-homogeneously. The initiation of stage three
is indicated by a precipitous drop in the shear stress at a point in the body and the
simultaneous localization of the deformation into a narrow band. These three stages of the
deformation have also been confirmed by numerical work [lo, 191. It is still unclear when
stage three initiates. We note that the thin-walled tubes used by Marchand and Duffy had
approximately 5% thickness variation along the axis of the tube.
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The specific heat and the thermal conductivity of plain carbon steels depend rather
strongly upon the temperature. Loosely speaking, the specific heat first increases with the
rise in temperature until the phase transformation from pearlite to austenite occurs at which
point the specific heat drops sharply and stays essentially constant with the further rise in
the temperature. The shear modulus and the thermal conductivity decrease slowly with rise
in the temperature. Since in the development of shear bands thermal softening caused by the
heating of the material plays a key role, it is imperative that we account for the temperature
dependence of the specific heat and thermal conductivity. For the same reason the initial
temperature of the specimen will influence significantly the average strain when a shear
band initiates and its subsequent development. Wang et al. [35] tested titanium alloy TB2
(Ti-8 Cr-5MO-5V-3A1) specimens in compression at various environmental temperatures
and concluded that the susceptibility to adiabatic shearing increased at lower environmental temperatures. The computed results presented herein agree with this observation.
Also the band width increases with an increase in the initial temperature of the specimen.

2. FORMULATION

OF THE

PROBLEM

We study dynamical thermomechanical deformations of an isotropic and thermally
softening viscoplastic block undergoing overall adiabatic simple shearing deformations. We
choose a fixed set of rectangular Cartesian coordinate axes with origin at the lower surface of
the block and the direction of shearing along the x-axis. The governing equations are:
poti = (w+,,

0< y< H

(2.1)

pc(e)d= [wk(e)B,,],
+ orjP. 0 < y < H

(2.2)

j = v,y
= j,+ 'i,

(2.3)

s = /#?);;,

(2.4)

i;,,=&exp[-k($y],
2 = Z1 - (Z, - Ze)exp( -

n=i+b

(2.5)

m IV,)

(2.6)

I+* = sfp.

(2.7)

Equation (2.1) expresses the balance of linear momentum and equation (2.2) the balance of
internal energy. Equation (2.4) is Hooke’s law written in the rate form, and equation (2.5) is
the Bodner-Partom law [36] that relates the plastic strain rate to the shear stress s, the
temperature 8 in degrees Kelvin, and the deformation history through W, that equals the
density of the plastic work done at a material point. In equations (2.1)-(2.7), p is the mass
density, u the velocity of a material particle in the direction of shearing, w the thickness of
the block, c the specific heat, k the thermal conductivity, jp the plastic strain rate, p the shear
modulus, fl the elastic strain rate, a comma followed by y signifies partial differentiation
with respect to y, and a superimposed dot indicates the material time derivative. We note
that equations (2.4) and (2.5) are constitutive hypotheses and in writing equation (2.2) we
have implicitly assumed that Fourier’s law of heat conduction holds. In equations
(2.5)-(2.7), Do is the limiting value of the plastic strain rate and is generally set equal to
10’ s- ‘, and parameters o, Zi, Zo, m and b characterize the plastic response of the material.
We note that there is no loading or yield surface assumed herein. Also changes in the mass
density due to thermal expansion of the body have been neglected and, accordingly, the
mass density is regarded as a constant.
In terms of non-dimensional variables, indicated below by a superimposed bar,
j =

s =
Do

Q = p&To,
kR

=

wR),

z

s/00,
=

=

Z/30,
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(2.8)
ii =

fIR

=

!dpR

300°K

Shear bands

in a plain carbon

281

steel

equations (2.1) and (2.2) become
O<y<l

ZOti = (os)*y,
cod = j?(ok0,,),,

+ otiP.

(2.9)
O<y<l

(2.10)

where we have dropped the superimposed bars. The form of equations (2.3)-(2.7) remains
unchanged except that the variables used are non-dimensional. In equation (2.8), u. is the
final value of the speed imposed on the top surface of the block, co is the yield stress in
a quasi-static simple shearing test, and ORis the reference temperature. The value of the
non-dimensional parameter (xin equation (2.9) signifies the effect of inertia forces compared
to the flow stress of the material. For initial and boundary conditions we take
dYl0)

= 0,

s(y,O)

= 0,

v(l,t)=

f-q Y, 0) = &,

0) = 0

0 < t < 0.01
t 2 0.01

i t/0.01,

19

e,,(o, t) = 0,

W,(Y,

(2.11)

e,,(l, t) = 0.

That is, the block is initially at rest, is stress free and is at a uniform temperature 8,. The
lower and upper surfaces of the block are assumed to be perfectly insulated, the lower
surface is kept fixed while on the top surface, the prescribed shearing speed increases from
0 to 1.0 in a non-dimensional time of 0.01. For the thickness variation, we take
(2.12)

o(y)=o,[l+qdn(f+2y)n].

Thus the block is thinnest at the center (y = j) and thickest at the bounding surfaces,
y = 0, 1.
The coupled partial differential equations (2.9), (2.10) and those obtained from (2.3)-(2.7)
are highly non-linear. An approximate solution of these equations under the side conditions
(2.11) with o given by equation (2.12) is found numerically. The governing equations are
first reduced to a set of coupled ordinary non-linear differential equations by using the
Galerkin approximation. These equations are then integrated with respect to time t by
using the Gear method [37]. For this purpose the subroutine LSODE included in the
package ODEPACK developed by Hindmarsh [38] has been used. The details of the
method are given in Batra and Kim [20].

3. RESULTS

In order to compute results, we assigned the following values to various variables.
H = 2.5 mm,

co = 405 MPa,

v. = 2.5 m/s,

p = 7850 kg/m3,

Zi = 3.778,
OR= 30O”K,

Z. = 3.185,
a=

o. = 0.38mm,
CR= 426 J/kg "K,
m = 2.5,

8 me,t = 1800 “K,

6 = 0.05,
kR = 63.6 W/m “K,

C(R= 78.3 GPa

Do = 3300,

(3.1)

b = 0.

These values are for a plain carbon steel, and are such that for 8, = 300°K and
+arp= 3300 s-i, the average shear stress-average shear strain curve obtained in the numerical simulation of the simple shear test on a block of uniform thickness mimics well the
stress-strain curve given by Marchand and Duffy [8] for the HY-100 steel. By comparing
predictions from five constitutive relations, namely, the Litonski law, Batra-Wright dipolar
theory, power law, Bodner-Partom law, and the Johnson-Cook law, with the experimental
observations of Marchand and Duffy [S], Batra and Kim [21] concluded that the
Wright-Batra dipolar theory and the Bodner-Partom
law predict most aspects of the
localization process better than the other three constitutive relations. However, the range of
validity of the Bodner-Partom law with material variables assigned values in equation (3.1)
is uncertain because of the lack of availability of the experimental data. The dependence of
the thermal conductivity, specific heat and shear modulus upon temperature, taken from
[39], is illustrated in Fig. 1. The homologous temperature for a material point is defined as
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the ratio of its absolute temperature to the melting temperature tlmrtrof the material. The
sharp drop in the value of the specific heat at a homologous temperature of 0.54 corresponds to the phase transformation in steel. For assigned values of H and oo. the nominal
strain rate equals 1000 s- I. We have assumed that the block has a geometric defect and its
thickness at the center is 5% less than that at the edges. The finite-element mesh used is such
that a large number of nodes are concentrated near the center, where the shear band is
expected to develop. The y-coordinate of the nth node is given by
,.=4(~-0.5~+;,

n-1,2,3

,...,

101.

(3.2)

We have carried out the investigation for six different values of the initial temperature,
namely, 8, = 83, 200, 300, 343, 407 and 523°K. In the results presented below, curves
corresponding to different values of 8, are distinguished as follows.
Curve type

0, (‘K)

523

(
( - - _ - - - - _))
----;_____

1
---

1

[II-_-i)

407
343
300
200
53

Figure 2 depicts the evolution of the average shear stress spr defined as
1

sdy

s, =

J’0
and the homologous temperature at the center of the specimen as it is deformed. As
expected, with an increase in the initial temperature 8, of the specimen, the maximum value
of the average shear stress decreases. Also with an increase in @,,the average strain at
S mrx
which s,,, occurs, increases and the stress drop becomes more gradual. We should note that
at yavs = 1000 s-i, inertia forces do not play an important role and the shear stress depends
upon y because of the dependence of o upon y. At about the instant the shear stress begins
to drop, the homologous temperature at the center of the specimen increases and the rate of
temperature rise approximately equals the rate of stress drop. This becomes more evident
from the plots of the homologous temperature 0, at the center of the specimen vs s,/smax
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Fig. 2. (a) Average shear stress vs the average shear strain for six different values of the initial
temperature of the specimen. (b) Homologous temperature at the center of the specimen vs the
average shear strain.

given in Fig. 3a. Note that s,/s,,, and the average strain correspond to different time scales
along the abscissa. Since the shear stress drops rapidly [ 19,203 during the time a shear band
develops, s,/s,,,
represents expanded time scale. During the time interval when
0.75 < s,/s mrxQ 0.95, these plots are essentially parallel straight lines. For s,/s,,, < 0.75,
these curves become convex upwards and the deviation from the straight-line behavior
decreases with an increase in the initial temperature of the specimen. In Fig. 3b, we have
plotted the homologous temperature at the specimen center vs the normalized average
strain. Since the average strain y, at which s,,, occurs depends upon the initial temperature
of the specimen, and the sharp rise in the temperature occurs after the shear stress begins to
drop, we have normalized the average strain with respect to y,. The shapes of these curves,
except that for 8, = 523”K, change from convex upwards to convex downwards at
y/yI u 1.4. The curvature of the convex downwards part of the curve decreases as
6, increases. The curve for 8, = 523 “K remains convex upwards.
The distribution of the plastic strain within the specimen at three different values of
s, /s,, is plotted in Fig. 4. One can conclude from these plots that a narrow region near the
center of the specimen undergoes considerably more severe deformations as compared to
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p, equals the value of ;‘.“*when the average shear stress attains its maximum value.

those experienced by the material near the outer edges. For a given value of s,/s,,,, the
width of this severely deforming region increases with an increase in the value of 0.. The
width of this severely deforming region continues to decrease with the drop in the value of
the shear stress at the specimen center. Another way to study the localization of the
deformation is to observe at different instants the deformed position of an initially straightline. We recall that Marchand and Duffy [83 use this technique to find the plastic strain at
a point. In Fig. 5, we have plotted the deformed positions of an initially straight-line at
&l/s,., = 1.0, 0.95, 0.85 and 0.75. For each value of 0, considered, the deformation has
become non-homogeneous by the time the average shear stress s, attains its peak value. As
8. increases, the width of the central region that has undergone more deformations as
compared to the deformations of the outer region increases. At s,/s,., = 0.95, the localization of the deformation near the center of the specimen becomes evident at 0, = 83 “K but is
less transparent for other values of 0, considered. However, the plots in Fig. 4 indicate that
the deformation at other values of 0, has also begun to localize near the center of the block
when s,/s,,, = 0.95. At s,/s,,, = 0.85, the deformation has clearly localized near the center
of the specimen. The width of this severely deforming region has narrowed down significantly by the time s,(t) = 0.75 smar and one may say that a shear band has fully developed.
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The deformed configurations of the initially straight-line vividly reveal that the shear
strain -jloCat the band center is very high. Figures 6a and 6b give the plots of yloCvs
yavpand f~lOCljllVpl
vs s./~,,,,~. The value of yavpwhen yloc begins to increase rapidly equals the
nominal strain yi when a shear band initiates. Thus the value of yi increases noticeably with
an increase in the value of 8,. Also at higher values of 8,, yloCincreases slowly with yavsin the
beginning implying thereby that the rate of development of a shear band decreases with an
increase in the value of the initial temperature of the specimen. Once a shear band has fully
formed, then yloC increases essentially linearly with yavE and the slopes of the nearly
straight-line portions of the curves yloC vs yoVl are independent of 8,. The quantity
~,OClylVp
which equals the ratio of the shear strain at the band center to the average strain in
the specimen may be interpreted as the localization ratio. The plots in Fig. 6b indicate that
for a given value of s,/s,,,, the localization ratio increases with a decrease in the value of 8,.
Thus when the shear stress at the band center has dropped to, say, 80% of s,,,, more severe
deformations have occurred at the band center if 8, is less as compared to those for higher
values of 8,.
We now explore the dependence of the band width upon the initial temperature 8, of the
specimen. Marchand and Duffy [8] define the band width as the width of the region over
which plastic strain stays constant and equals the maximum strain attained at any point in
the specimen. This definition would give the band width as zero in the numerical work.
Therefore, we define the band width as the width of the region surrounding the specimen
center where the plastic strain is at least equal to 0.95 yrnaX;Y,,,,~equals the maximum plastic
strain in the specimen. It is clear from the plastic strain distribution plotted in Fig. 4 that the
band width depends upon s,/s,,,. The dependence of the band width upon s,/s,,, for
different values of 0, is shown in Fig. 7. We add that the finite-element mesh used had 20
elements within 5 pm wide region surrounding the specimen center. For each value of B,,,
the band width decreases with a drop in the value of the shear stress at the band center. For
a given value of s,/s,,,, wider bands form at higher values of 8.. As the shear stress drops
below s,/s,,~ = 0.7, the band width tends to stabilize. If all other material parameters are
kept fixed, Batra and Kim [40] found that the band width increases with an increase in the
value of the thermal conductivity. Figure 3a reveals that at s,/s,, = 0.75, the homologous
temperature at the specimen center is higher for larger values of 0,. Hence, the thermal
conductivity will be lower, and the band width should be smaller. But we get wider bands,
because here the specific heat is also taken to vary with the temperature, and the initial
specimen temperature is higher. In Fig. 8 we have plotted the dependence of various
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normalized quantities upon 8,. A quantity is normalized with respect to its value at the
room temperature, taken to equal 300°K. Even though the dependence of the shear stress
upon temperature 0 in the Bodner-Partom
law is quite complicated, the value of normalized s,,, decreases linearly with the rise in the initial temperature 8, of the specimen. The
value of the normalized yavpwhen the shear stress attains its maximum value increases first
linearly with 0. until 8. = 0.188,,,, and subsequently this rate of increase slows down with
an increase in the value of 8,. However, the values of the normalized nominal strain when
sJsln,X equal 0.95, 0.85 and 0.75 first increase linearly with 8, until 8, = 0.18&,.,,, subsequently this rate of increase picks up with an increase in the value of 8,. Note that
0.18 emelr equals the room temperature. The normalized band width increases with
8, irrespective of the value of s,/s,,, when the band width is computed.
The aforementioned computed results can be explained as follows. For the same amount
of plastic work done, because of the smaller value of the specific heat at lower temperatures,
the temperature rise at lower values of 8, is more than that at higher values of 0,. Recall that
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the thermal conductivity and the shear modulus do not depend upon the temperature as
strongly as the specific heat does. The higher temperature rise at low values of 8, softens the
material more, and consequently the shear stress attains its peak value at lower values of the
average strain. Because of the smaller thickness at the center of the specimen, the shear
stress there is higher as compared to that at the edges of the specimen. The resulting greater
value of W, at the center of the specimen results in higher values of 0 there. At low values of
the initial temperature 8, of the specimen, the temperature gradient near the center of the
specimen is steeper than what it is at higher values of 8,. Thus shear bands form more
quickly at the center and are narrower than those at lower values of 8,.
4. CONCLUSIONS

We have studied the effect of the initial specimen temperature upon the initiation and
growth of shear bands in a viscoplastic body undergoing overall adiabatic simple shearing
deformations. We have accounted for the dependence of the specific heat, thermal conductivity and the shear modulus upon the temperature and have solved numerically the coupled
non-linear governing equations. It is found that the average strain at which shear bands
form and the band width decrease with a decrease in the value of the initial temperature of
the specimen. This has important implications in practical applications in that at higher
initial temperatures of the specimen, larger changes of shape can be accommodated without
damaging the workpiece due to the occurrence of shear bands.
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