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Abstract

We study thermomechanical deformations of a viscoplastic body deformed in simple shear.
The effect of material elasticity is neglected but that of work hardening, strain-rate hardening,
thermal softening, and strain-rate gradients is considered. The consideration of strain-rate
gradients introduces a material characteristic length into the problem. A homogeneous solu-
tion of the governing equations is perturbed at different values # of time ¢, and the growth
rate at time #y of perturbations of different wavelengths is computed. Following Wright and
Ockendon’s postulate that the wavelength of the dominant instability mode with the max-
imum growth rate at time 7y determines the minimum spacing between shear bands, the shear
band spacing is computed. It is found that for the shear band spacing to be positive, either the
thermal conductivity or the material characteristic length must be positive. Approximate
analytical expressions for locally adiabatic deformations of dipolar (strain-rate gradient-
dependent) materials indicate that the shear band spacing is proportional to the square-root
of the material charateristic length, and the fourth root of the strain-rate hardening exponent.
The shear band spacing increases with an increase in the strain hardening exponent and the
thermal conductivity of the material. © 1999 Elsevier Science Ltd. All rights reserved.

Keywords. Strain-rate gradient-dependent plasticity; Dominant growth rate; Material characteristic length;
Stability

1. Introduction

Nesterenko et al. (1995) investigated the initiation and propagation of shear bands
during the radial collapse of a thick-walled cylinder deformed at a strain-rate of
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approximately 10%/s. They found that twenty shear bands spaced about 1 and
0.85mm apart formed respectively in titanium and stainless steel cylinders; the esti-
mated values of the maximum shear strain were 0.22 and 0.4, respectively, in tita-
nium and stainless steel. Grady and Kipp (1987) studied simple shearing
deformations of a thermally softening rigid plastic material and determined the
shear band spacing by accounting for the momentum diffusion due to unloading
within a shear band. Wright and Ockendon (1996) also accounted for strain-rate
hardening of the material, perturbed the time-dependent homogeneous solution of
the governing equations, derived equations linear in the amplitude of the perturba-
tions, and studied the stability of the homogeneous solution. Linear perturbation
analysis has been used to study the initiation of material instability by Clifton
(1980), Bai (1982), Burns (1985), Molinari (1985) and Anand et al. (1987) amongst
others (e.g. see Bai and Dodd, 1992). Wright and Ockendon (1996) postulated that,
in an infinite body, perturbations growing at different sites will never merge and
result in multiple shear bands. Thus the wavelength of the dominant instability
mode with the maximum initial growth rate will determine the shear band spacing.
Molinari (1997) has extended Wright and Ockendon’s (1996) work to strain-hard-
ening materials and has estimated the error in the shear band spacing due to the
finite thickness of the block deformed in simple shear. Batra and Chen (1999) have
considered the effects of strain-rate gradients, corresponding higher-order stresses in
both the balance laws and the material models, and three constitutive relations, viz,
the power law, the Wright—Batra (1987) relation and the Johnson—Cook (1983)
relation. They followed Molinari’s (1997) approach and defined the shear band
spacing as the minimum of 2w/&, (%) for 7 >0 where ¢y is the time when the
homogeneous solution is perturbed and &, equals the wave number corresponding
to the maximum growth rate at time ¢y of the perturbation. They considered gen-
eralizations to gradient-dependent materials of three constitutive relations, viz. the
power law studied by Molinari (1997), the Wright—Batra (1987) relation and the
Johnson—Cook (1983) relation. In each case the effective stress is maximum at time
t = 0. It was found that for the power law, perturbations introduced just after the
effective stress becomes maximum determine the shear band spacing. However, for
the other two relations in which thermal softening is modeled by an affine function
of temperature, perturbations introduced at a rather large value of 7y determine the
shear band spacing. Molinari (1997) has shown that the strain-hardening of the
material can significantly influence the shear band spacing in simple materials. Here
we investigate the effect of work hardening in gradient-dependent thermoviscoplastic
materials modeled by a power law. As in the previous work of Batra and Chen
(1999) we include the effect of strain-rate gradients, and the corresponding higher-
order stresses in both the balance laws and the constitutive relations. Molinari’s
(1997) hardening of the material caused by plastic deformations depended upon the
plastic strain, in the present model it depends upon the plastic work done. Kwon
and Batra (1988) also considered the effect of material elasticity, perturbed a solu-
tion of the nonlinear coupled partial differential equations by introducing a tem-
perature perturbation represented by a cosine wave with twenty cusps, and
numerically solved the resulting nonlinear initial-boundary-value problem. They
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found that for a typical hard steel modeled as a nonpolar (no strain-rate gradient
effects) material, a shear band formed at each trough in the cosine wave in a speci-
men deformed at an overall strain-rate of 500/s but at each crest when the nominal
strain-rate equalled 50,000/s. For dipolar materials with material characteristic
length equal to 0.5% of the specimen thickness, at a nominal strain-rate of 500/s a
shear band formed only at the two bounding surfaces where the velocity was pre-
scribed and at each crest when the nominal strain-rate equalled 50,000/s. Both for
dipolar and nonpolar materials deformed at an average strain-rate of 50,000/s, the
distance between adjacent shear bands was found to be 0.258 mm. They did not
attempt to find the minimum spacing between adjacent shear bands.

We note that the consideration of strain-rate gradients introduces a material
characteristic length, £, in the problem. Batra (1987) and Batra and Kim (1990) have
investigated the effect of ¢ on the initiation, growth and band-width of shear bands
in heat-conducting thermoviscoplastic materials deformed in simple shear. Batra
and Hwang (1994) have studied the same problem for plane strain deformations of
thermoviscoplastic materials. Whereas we consider the effect of higher-order stresses
in both the balance laws and the constitutive relations, other approaches (e.g. see
Aifantis, 1984) have been proposed in which strain gradients are included in the
yield function only. Faciu and Molinari (1996, 1998) have incorporated higher-order
strain gradients in the relaxation function of Maxwell’s rate-type constitutive equa-
tion and determined critical wave lengths for the onset of instability and pattern
formation. Batra (1975) considered higher-order gradients of temperature and for
rigid heat conductors found constitutive relations compatible with the Clausius—
Duhem inequality. He showed that thermal disturbances can propagate with finite
speed in such materials.

The present work indicates that when the value of the material characteristic
length is increased from 0 to 0.025 mm, the shear band spacing in an infinite block of
1018CR steel deformed in simple shear increases from 1.05 to 3.4 mm. Molinari’s
estimate for the effect of the finite thickness of the block suggests that these values
could deviate by about 21%—thus bringing them closer to the observed value of
approximately 1 mm.

2. Formulation of the problem
Neglecting the effects of material elasticity, equations governing the thermo-
mechanical deformations of a strain-hardening, gradient-dependent, homogeneous

and isotropic thermoviscoplastic layer deformed in simple shear are (e.g. see Wright
and Batra (1987))

pv = (s —La,),, (1)
6= kO, + sv, 4+ Loy, 2)

oV, = L5V, 3)
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W= (sv, +Lov,,)/ (1 + i) , “4)
Yo
1= (7 +0)" = fis.0.0.9). ©)

These equations are written in nondimensional variables for a layer bounded by the
planes y = +1 and being sheared in the x-direction. Here v is the present velocity of
a material particle in the direction of shearing, a superimposed dot indicates the
material time derivative, and a comma followed by y signifies partial differentiation
with respect to y. Variables p, s, 0,6, k, ¢ and ¢ denote, respectively, the mass den-
sity, the shear stress, the dipolar stress corresponding to the kinematic variable v,
the temperature, thermal conductivity, work-hardening parameter and the material
characteristic length. Eqs. (1) and (2) are respectively the balance of linear momen-
tum, and the balance of internal energy, and Eqgs. (3)—(5) are the constitutive rela-
tions when elastic deformations are neglected. Eq. (4) signifies that the rate of work
hardening is proportional to plastic working, and in Eq. (2) all of the plastic work-
ing is assumed to be converted into heating. If v is interpreted as the Effective plastic

strain, and o, = (s? + 02)"/?

as the effective stress, then o, = (1 + %) represents the
effective stress vs the effective plastic strain curve in quasistatic deformations of the
body. Eq. (5) describes the thermoviscoplastic response of the material. The gov-
erning equations for nonpolar materials are obtained from Egs. (1)—(5) by setting
£ = 0. The non-dimensional variables are related to their dimensional counterparts

(denoted below by a superimposed hat) as follows.

Hy,é:HZ,ll;: w,§:/<0s,&:/<()éa,

¥
. oA N A, K (6)
= 1/y0,0 = 6,0, p = pH*V} [xc0, k = k/(péyoH?), 6, = ;Z

Here 2H equals the thickness of the layer, g is the yield stress of the material in a
quasistatic simple shear test, yy is the average strain-rate, and ¢ is the specific heat.
We postulate the following form for the function f'in Eq. (5).

n

.00 =05 (14 ) T2 02 -

Here u is a strength parameter, m describes the strain-rate hardening of the mate-
rial, and v its thermal softening. The relation between nondimensional wy and
dimensional i is

m v—1
o = — xag Mo 8
0 (32) 0 ®)
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A homogeneous solution of Egs. (1)—~(5) and (7) under the boundary conditions

9,y|y=i1 =0, V|y=:l:1 =1, )
is
v Y
5 o(Wo)"(0)"*"
s=y0¢= ) o , (10)
6 [0/ + 1(n — H)lfoﬂlﬂo)"]l/('1_”)
¥ Yo((Yo)"(0)" — 1)
where
& _(l+n) ;= n A= 1 _1_’59:9_(0)_(14_&(0))1%1/&
0= lﬂo ’ _1+n’ _1+I’Z_ T - 1//() 0

(11)

6; and 1}(0) are respectively the values of the homogeneous solutions 6 and ¥ at time
t = 0. When 6; and ¢(0) are not related by (11)4, which is generally the case, then a
homogeneous solution of Egs. (1)—(5), (7) and (9) is

y - n
‘Sf Moé‘(l +%)
s=16}= 0 (12)
9_ ' l- n+l_ M n+1 B
I/; 91 + |:<1 + I//.O) _(1 + I//O ) /wO
14

and v is found numerically by simultaneously solving 9_ = Iﬂ(l +v%>n, 1} = ,uoé_v.

Henceforth we work with the homogeneous solution given by Eq. (12).

3. Perturbation analysis

Consider an infinitesimal perturbation of the homogeneous solution at time ¢ = #.
That is, let

8s(y, 1, tg) = Mg 1> 1, (13a)

where

8" =810, 85°, 80°, 86°, 5y°17, (13b)
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is a small disturbance in the homogeneous solution. Here & is the wave number and
n its initial growth rate. Re(n) < 0 implies that the homogeneous solution is stable at
time #9, and Re(n) > 0 means that it is unstable.

Substitution of

s(y, t, to) =s(y, 1) + 8s(y, t, ty) (14)

into Eqgs. (1)~(5), and linearization in 8s gives

Altg, 0, £)8s” = 0 (15)
where
on  —if —8 0 0
—is%e -1 0 n+k& 0
— 25082 0 —1 0 0
A= """ o | (16)
—is’e —1 0 0 (1 + %) n
i& A A -/,

f f)s = 3f"/ds |s_¢ etc., and superscript zero on a variable signifies its value for the
homogeneous solution at time #y. The condition det A =0 yields the cubic equation

ap +b* +en+d=0 17)

for the growth rate n, where
0 n
P 14
a(t)) =—(1+—) ,
(f0) ms® ( 1/f0>
1

62 k o\ 7 o\ —
b(E, 10) = <E54+<1+%> 2—%)(1+%) +mp—:;0(1+%> :

ng 52 0 0 N
ew= (G (=) ) (1) a9
" <1 + wo)l(ﬁzsofél + (pk — 50)52)
mro Yo ’
_ 0y —1
d(&, to) = mTZO (1 —1—50) sok(zzgé . 54).

For given values of ¢y and &, Eq. (17) will have one real and two complex roots,
ni(& t0),i=1,2,3. The root with the largest positive real part will govern the
instability of the homogeneous solution, and is hereafter referred to as the dominant
instability mode. For fixed f, one can compute the dominant instability mode as a
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function of the wave number & and find the supremum, 7,,, of the real parts of the
roots of Eq. (17); henceforth we denote the wave number corresponding to 7, by &,,.
Clearly, n,, and &,, are functions of ¢.

Using Wright and Ockendon’s (1996) postulate that the wavelength of the domi-
nant instability mode with the maximum growth rate at time 7y determines the shear
band spacing L, we have

L= 277/5111(181)1 (19)

where 7' corresponds to the time when 7,,(#) is maximum. Molinari studied power-
law type strain-hardening materials and found that

Ly=inf _2% (20)
to=0 %_m(tO)

gives essentially the same value as Eq. (19). Batra and Chen (1999) found that Egs.
(19) and (20) give quite different results when thermal softening of the material is
described by an affine function of the temperature rise.

For locally adiabatic deformations of a nonpolar thermoviscoplastic material,
£ =0, k=0. In this case d =0, and Eq. (17) reduces to a quadratic equation in n
whose both solutions are real and the positive solution is a monotonically increasing
function of & Thus for £ =0 and k=0, we have L; =0. A similar result was
obtained by Batra and Chen (1999) for non-strain-hardening (n =0) thermo-
viscoplastic materials.

3.1. Results for CRS 1018 steel

We assigned the following values in S7 units to the material parameters for the
CRS 1018 steel studied by Molinari (1997).

p = 7800 kg/m>, m = 0.019, v = —0.38, 1o = 334 x 107,
¢ = 500 J/kgK, k = 50 W/mK, &y = 405 MPa, £ = 0.001,n = 0.015,  (21)
Yo = 0.01, yor = 10%/s, ¥(0) = 0, 6; = 300 K, H = 2.5 mm.

Values of material parameters except for £ are the same as those used by Molinari
(1997); that for £ is somewhat arbitrarily chosen, ¥ is set equal to his prestrain y;,
and o = o motinari(¥0)". The effect of £ on the shear band spacing is discussed
below. Results presented herein are for a layer of infinite thickness, thus the effect of
boundary conditions is not considered. The value of H is used to nondimensionalize
the variables, and the homogeneous solution (12) is used to compute numerical
results. When conducting parametric studies, values used of all parameters except
the one being varied are those given in (21).

Fig. 1 depicts for homogenecous deformations of the body the shear stress s vs the
work hardening parameter i, for n =0, 0.015 and 0.1. When there is no work
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Fig. 1. Shear stress vs the work hardening parameter ¢ for homogeneous simple shearing deformations of
a thermoviscoplastic block.

hardening, i.e. n =0, the stress decreases monotonically. However, when work
hardening effects are considered, the value of ¥ when the stress attains its maximum
value increases with an increase in the value of the work hardening exponent n. Fig. 2
shows the growth rate 5 at time #; or average strain y, vs the wave number & for six
different values of the average strain y, when the initial perturbation is introduced.
For each value of yy, the initial growth rate n first increases with &, attains a max-
imum value and then decreases; henceforth we call the maximum value 5,, of n the
dominant or the critical growth rate, and denote the corresponding wave number by
&n. As noted earlier, n,, and &, depend upon yy or equivalently #,, and 7,, is not a
monotonically increasing function of #y. Figs. 3a and b exhibit, for four different
values of the material characteristic length ¢, the dependence of 7, and the corre-
sponding wavelength L,, = 27/&,, upon the nominal strain j when the perturbation
is introduced. For each value of £, 1, is maximum at yy ~ 0.5, but L,, is minimum
for a little smaller value of y,. Molinari studied nonpolar (¢ = 0) materials only and
assumed that these two values of j, are the same. Whereas the hardening of the
material due to its plastic deformations depends upon the plastic work done in our
constitutive hypothesis (7), it depends on the plastic strain in the constitutive rela-
tion used by Molinari (1997). The values y;' of yy corresponding to the maximum of
Nm or the minimum of L, equal about twice of that () where the stress attains its
maximum value (cf. Fig. 1b) in the homogeneous solution. Note that the curves of
L,, vs yp near the infimum of L,, are nearly flat. When thermal softening is modeled
by an affine function of temperature, the infimum of L,,(#y) occurs for a rather large
value of 1y (e.g. see Batra and Chen (1999)). The values of the shear band spacing
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found by using Eqgs. (19) and (20) and the plots in Figs. 3a and b are essentially
equal to each other; values of the shear band spacing given below have been com-
puted by using Eq. (20).

We have plotted in Fig. 4 the shear band spacing and the maximum initial growth
rate as a function of the material characteristic length £. With an increase in the
value of ¢, the maximum initial growth rate decreases gradually but the shear band
spacing increases from 1.05mm for £ = 0 to 3.4 mm for £ = 0.01. The higher values
of ¢ increase the stabilizing effect of the dipolar theory, and increase the shear band
spacing. Batra and Kim (1988) numerically studied the initiation and development
of shear bands in dipolar thermoviscoplastic materials and found that the band
width and the average strain at which a shear band initiated increase with an
increase in the value of £. Nesterenko et al. (1995) observed L; = 0.85 mm during
the radial collapse of a thick-walled austenitic stainless steel cylinder deformed at a
strain-rate of about 10%/s, and values obtained from Wright and Ockendon’s (1996)
and Grady and Kipp’s (1987) models are (see Nesterenko et al., 1995)

Lwo = 0.33 mm, Lgk = 1.8 mm. (22)

For the CRS 1018 steel with material properties given in (21), Molinari (1997)
computed L; = 1.4 mm. The difference between the presently computed value of L
and that obtained by Molinari (1997) is due to the different way of modeling the
hardening of the material caused by plastic deformations. Wright and Ockendon
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(1996) did not consider strain hardening of the material, and Grady and Kipp (1987)
considered only thermal softening. It is not clear which microstructural parameters
(e.g. grain size) determine the value of the material characteristic length. The present
results suggest that the consideration of the microstructural effects significantly
influences macroscopic phenomenon.
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For a layer of finite thickness 2H, the only admissible modes that satisfy the
boundary conditions at y = +H are &, =nn/H,n=1,2,.... Molinari (1997) has
estimated the error caused by neglecting the effect of boundary conditions to be
Lg/2H. For the problem studied herein with £ =0, L;/2H = 0.21, the shear band
spacing can vary from 0.84 to 1.26 mm. In the dipolar theory, one can determine £
by matching the computed shear band spacing with the observed one. The validity
of the dipolar theory then depends upon a favorable comparison of the computed
and test results for other loadings.

Figure 5a evinces the effect of the work hardening exponent »n upon the shear band
spacing and the maximum initial growth rate. The shear band spacing increases and
the maximum initial growth rate decreases monotonically with an increase in the
value of n. The latter trend signifies the stabilizing effect of work hardening upon
thermomechanical deformations of the viscoplastic body. Results plotted in Fig. 5b
reveal that the average strain corresponding to the shear band spacing increases
significantly as » is increased. Figures 6-9 exhibit the dependence of the shear band
spacing, the maximum initial growth rate, and the nominal strain corresponding to
the shear band spacing upon strain-rate hardening exponent m, thermal-softening
exponent v, thermal conductivity k, and the nominal strain-rate y;. The shear band
spacing increases monotonically with an increase in the values of m and k, but L;
first decreases and then increases with an increase in the magnitude of the thermal
softening coeflicient. A five-fold change in the value of & from 50 to 250 W/mK
increases L; from 1.04 to 1.63 mm. However, a five-fold increase in the value of m
from 0.02 to 0.10 enhances the value of L, from 1.4 to 2.9 mm. The average strain
corresponding to the shear band spacing decreases with an increase in the value of m
but increases with an increase in the absolute value of the thermal softening coeffi-
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cient. An explanation of the results plotted in Figs. 5b, 6b and 7b can be obtained by
looking closely at the shear stress—shear strain curves for the homogeneous solution
of the problem. Figures 10a—c depict the stress—strain curves for different values of
m, n and v. As |v| and n increase, the shear stress vs the average strain curves beyond
the peak in the shear stress become flat, |ds/dy| at a fixed value of y decreases, and
the stress drops rather slowly with an increase in the average strain. However, with
increasing m, . Thus the average strain corre-
sponding to the shear band spacing seems to depend upon the rate of drop of the
shear stress in the homogeneous solution. For the range of values of k considered,
the nominal strain corresponding to the shear band spacing was virtually unaffected
by the value of k. Note that k and £ do not appear in the homogeneous solution of
the problem. Results plotted in Fig. 9b reveal that the average strain corresponding
to the initiation of the shear band spacing first decreases with an increase in the
value of the nominal strain-rate from 100/s to 2x10%/s and then increases. Wright
and Walter (1987) neglected the work-hardening of the material and obtained a U
shape curve for the average strain at the initiation of an instability vs the nominal
strain-rate. Our results show that beyond a nominal strain-rate of 3x10%/s, the
average strain corresponding to the shear band spacing and also to the initiation of
an instability is essentially unaltered by the nominal strain-rate. It should be noted
that the results depend upon the constitutive relation employed, and Wright and
Walter (1987) modeled thermal softening by an affine function of the temperature
rise.

For the material parameters used by Kwon and Batra (1988) with affine thermal
softening and average strain-rate of 5x 10%/s, definition (20) of the shear band spa-
cing gives L;=0.294, 0.32 and 0.68 mm for ¢=0, 0.001 and 0.01, respectively;
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corresponding values obtained from definition (19) are 1.73, 1.94 and 6.0 mm. Kwon
and Batra’s (1999) numerical solution yielded the same value of L;<0.258 mm for
¢ =0 and 0.01. They considered the effect of material elasticity and boundary con-
ditions, and solved the complete set of coupled nonlinear partial differential equa-
tions, and did not find the minimum value of the shear band spacing.
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Fig. 11. Dependence of §/s,,,c upon various material parameters. Here § equals the value of the shear
stress when perturbations of minimum wavelength begin to grow predominantly.

Batra and Kim (1992) conducted numerical experiments on the initiation and
development of shear bands in twelve materials and modeled the thermoviscoplastic
response of these materials by the Johnson—Cook (1983) relation which represents
thermal softening by an affine function of temperature rise. They concluded that a
shear band begins to grow in earnest when the shear stress has dropped to nearly
90% of its maximum value. In order to examine how this value correlates with the
average strain )}’ or time ' corresponding to the infimum of L, (#), we have plot-
ted in Fig. 11 §/s,,4x Vs m, n and v, where § equals the value of s at an average strain
of y¢' in the homogeneous solution. For a large range of values of m, the perturba-
tion introduced when §/s,,,,x = 0.955 yields the shear band spacing. However, §/5,,x
decreases from 0.98 to 0.92 as |v| increases from 0.09 to 0.9. The decrease in 5/, 1S
quite sharp when # is increased from 0 to 0.02 but §/s,,,x =~ 0.94 for 0.2>=n>0.02.
As noted earlier, for the affine thermal softening, the shear band spacing corre-
sponds to perturbations introduced at a much larger value of y, or a smaller value of
§/Smax as compared to that for a power law material.

4. Approximate expressions for shear band spacing
The following analysis follows closely Molinari’s (1997) work. The numerical results

presented above indicate that for given & and ¢, (17) always has a root with a positive
real part. For a fixed 7y, n assumes a maximum value at the wave number &,,. Therefore,
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377(5, ZO)
ke,

=0. (23)

We first consider locally adiabatic deformations, i.e. Kk =0 and determine an
approximate expression for the shear band spacing in thermoviscoplastic materials
characterized by (7). Differentiating (17) with respect to &, evaluating the result at
& = &, and using (23) we obtain

;nnm + C;n =0 (24)
where
ab(, 1 dc(&, 1
b,,." — (;;-‘ 0) i C;n — C(g 0) , (25)
8& ,é:&m ag §=Em

b and ¢ are given by (18). Evaluating (17) at n = n,, and & = §,,, and eliminating 7,
from it and (24), we arrive at

a(c;n) bmb/ ¢, + Cm(b;n)z =0, (26)

m-m

where by, = b(&m, t0), cm = ¢(Em, t0)-

The left-hand side of Eq (26) is a polynomial of degree 12 in &,, with coefficients
depending upon ¢, since s°, #° and y° are functions of #;. Estimating the order of
magnitude of each term in Eq. (26), noting that £ < <1, and retaining only the

dominant terms, we get
1/4

Jo 4 v oon 1
Em = <W) - E - %W . 27
(1+5)

Evaluating (12) at ¢=1t,, substituting for ¥° in terms of €°, recalling that
= 2 /&, and using (6), we obtain

; 1,2 —1/4
i111 =2 - ) R i % . 28
() ”(7'/0) () [ @1+ - 90)} 29

A6 w U\ i indi
where 6y = 6(0) — 6, 5 Trs (1 +W> , and a superimposed hat indicates that the

quantity is expressed in SI units. When n = 0, expression (28) reduces to Eq. (40) of
Batra and Chen (1999). For ) = 0 and | v |> n/(1 + n), it follows from Eq. (28) that
Lm(lo) i1s minimum at ¢, = 0 since @ is a monotonically increasing function of .
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Eq. (28) and df,m/dto =0 give
6°(15) = /11 — (—v/iy™"/?] (29)

where ¢ corresponds to the time when L(10) takes on an extreme value. Equations
(12) and (29) show that ¢’ is unaffected by the value of £ which also could be con-
cluded from the results plotted in Fig. 3a. Substitution from (29) into (28), and using
definition (20) of the shear band spacing results in the expression,

; 1/2 % 1/4
Fo_ A mcoo N=1/8r N1/2 =\1/29—1/4
Ls—zn(y()) <(1_ = /ﬁ)_1/2)> (=) Vo0 = @ (30)

for the minimum spacing among adiabatic shear bands. For the shear band spacing
to be positive, |v| > 1. Thus the critical shear band spacing in locally adiabatic
deformations of a strain-hardening dipolar viscoplastic material depends upon the
square-root of the material characteristic length, fourth-root of the strain-rate
hardening exponent, and the negative square-root of the nominal strain-rate. Figure
12 shows a comparison of the shear band spacing as a function of the material
characteristic length as computed from the definition (20) with the numerical solu-
tion of the homogeneous problem, and the approximate relation Eq. (30). It is clear
that (30) gives very good values of the shear band spacing.

We now derive an approximate expression for the shear band spacing in heat
conducting nonpolar (£ =0) thermoviscoplastic materials. With the assumptions
m < 1, pkfs < 1, pk < s, expressions (18) for b, ¢ and d can be approximated as
follows.

1

) () e ()
b~ |14+-— ) =14+ ,
<+1ﬁ0 m®) "o\ v

= bo&> + by,
D) () () e

k1 +— — 1+ — (1 +— , 31
cxk{1+3 “(m@O ) T\ ) ) b
= cof' + 18,

nks" Y - A 4
d=—-1_[1+— =

mdfo( +1//0) §' = do

Substitution from (17), (18); and (31) into (23) yields
boty, + (c1 + 2¢0&p)0m + 2do&;, = 0 (32)

whose approximate solution is
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Fig. 12. Comparison of the shear band spacing as a function of the material characteristic length as
computed from the numerical solution of the complete set of equations and the approximate relation (30).

. N_q+am$+ 2dyE2,
" bo ¢+ 2C0$§1 ’

(33)

Substituting from (33) into (17), estimating the order of magnitude of each term and
retaining only the dominant terms, we obtain

AE + BEL+C=0 (34)

where

A = (coc1/bo) — do,
B = 6aC1(d0 — C()C]bo)/b%, (35)
C = —acl/b}.

Equation (34) can be solved for &, and then 7,, can be computed from (33). Since
coefficients a, by, co, dy, b1 and ¢; depend upon #, ’2” computed from (34) is a func-
tion of ¢y. The expression for ¢} that makes &, maximum is very involved. However,
&, can be plotted as a function of 7y and the maximum value of &, and the shear

band spacing determined.
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Figs. 13a and b compare the dependence of the critical wavelength of the domi-
nant instability mode upon the nominal strain as computed from (28) and (34) with
those obtained from a solution of the complete set of equations. A close agreement
between the two sets of results indicates that the assumptions made in deriving (28)
and (34) are reasonable.

5. Conclusions

We have ascertained shear band spacing in strain-rate gradient-dependent, work-
hardening, strain-rate hardening and thermally softening viscoplastic materials
undergoing simple shearing deformations. Higher-order stresses corresponding to
the strain-rate gradients are included in the governing equations and the yield func-
tion. A homogeneous solution of the governing equations is perturbed at different
times ¢y and the growth rate at ¢y of perturbations is computed as a function of the
wave number. The wavelength of the dominant mode of instability with the max-
imum growth rate at 7y is assumed to determine the shear band spacing. The shear
band spacing rapidly increases with an increase in the work-hardening exponent and
in the material characteristic length. It also increases with a rise in the value of the
thermal conductivity and the strain-rate hardening exponent. The average strain
corresponding to the shear band spacing correlates well with the rate of drop of the
shear stress in the homogeneous solution; higher values of j, correspond to the
slower rate of drop of the shear stress. Approximate analytic expressions for the
shear band spacing in locally adiabatic deformations of dipolar thermoviscoplastic
materials indicate that the shear band spacing varies as the square-root of the
material characteristic length, fourth-root of the strain-rate hardening exponent,
and negative square-root of the average or nominal strain-rate. The effects of the
thermal softening and the work-hardening exponents are inter-related. When work-
hardening of the material can be neglected, then the shear band spacing varies as the
negative fourth-root of the thermal softening exponent.
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