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1.  STATEMENT OF THE PROBLEM STUDIED

Adiabatic shear is the name given to a localization phenomenon that occurs during
high-rate plastic deformation such as machining, explosive forming, shock impact loading,
ballistic penetration, fragmentation, ore crushing, impact tooling failure, and metal shaping
and forming processes. The localization of shear strain has been observe in steels, nonfer-
rous metals, and polymers. Practical interest in the phenomenon derives from the fact that
progressive shearing on an intense shear band provides an undesirable mode of material
resistance to imposed deformation, and the bands are often precursors of shear fractures.

The localization of deformation is exemplified by the deformed shear band in the

aluminum alloy 2014-T6, shown in Figure 1, which is taken from Rogers’ review article [1].

Figure l. Deformed shear band produced below a flat-ended
projectile in aluminum alloy 2014TT6, showing the
high degree of shear in the band.

Precipitate particles and grain boundaries provide the markers for shear strain delineation,
which is obviously very high in an extremely thin zone of deformation. There is no evidence
from the microstructure that this was an adiabatic shear band; only the knowledge that the
deformation was caused by projectile impact would necessitate considering deformation
heating as a contributing factor in strain localization. Moss [2] used an explosively driven
punch to shear plugs from Ni-Cr steel plates, and thereby observe strain and strain rates in

the resulting shear bands. His findings, illustrated in Figures 2 and 3, clearly indicate that a

maximum shear strain rate as large as 9.4 x 107 sec™! occurred.
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Figure 2. Shear strain versus Figure 3. Shear strain rate versus
distance through an 7 distance through an 5
adiabatic shear band. adiabatic shear band.

Zener and Hollomon [3] observed 32 um wide shear bands in a steel plate punched
by a‘\standard die, and estimated the maximum strain in the band to be 100. They recog;
nized the destabilizing effect of thermal softening in reducing the slope of the stress-strain
curve in nearly adiabatic deformations, and postufated that' a negative slope of the stress-
strain curve implies an intrinsic instability of the material.

According to Johnson [4), adiabatic shear bands had been observed by Tresca (5] in
1878 and Massey[6] ir 1921 during the hot forging of platinum. They called them hot lines.

Recent experimental (7-9] investigations have established that the localization of the
deformation initiates in earnest at a value of the average strain much greater than the vaiue
at which the shear stress or the effective stress attains its peak value. Experimental tindings
of Marchand and Duify [7) on HY-100 steel, and of Marchand, Cho, and Dutfy [9] on AISI
1018 cold-rolled steel indicate that the shear strain localization phenomenon consists of
three stages. In the first stage, the deformation stays homogeneous. Stage two, stipulated
*0 1rutiate when the shear stress attains its peak value, involves non-humogeneous deforma-

rions of the block. In stage three. the shear stress drops prec:pitously and the severely
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deforming region narrows down considerably. Thus, the stability criterion [10] based on

the stress attaining a maximum value will predict the initiation of stage two rather *han the

beginning of the intense iocalization of the deformation.

We have developed a robust computer code to integrate field equations governing the

thermomechanical deformations of a viscoplastic body deformed in either simple shear or

plane strain compression. The code has been used to study the ini.iation and growth of

shear bands with the following objectives:

(a)

(b)
(¢)

(d)
(e)

[

identifying the most appropriate constitutive model for the study of shear
bands,

assessing the effect of different ways of modeling a material inhomogeneity,
identifying material parameters that affect significantly the initiation and
subsequent development of shear bands,

investigating the interaction among two or more bands, and

finding the effect of the deformation mode (i.e., simple shear or plane strain

compression) on the initiation and growth of adiabatic shear bands.

SUMMARY OF IMPORTANT RESULTS

From the research completed under this contract, the following salient conclusions

can be drawn,

L.

Of the five constitutive relations, namely, the Bodner-Partom law, the Litonsk
law, the Power law, the Johnson-Cook law, and the Wright-Batra law for
dipolar materia’s, ased to model the thermoviscoplastic response of materials
in simple shear, .ne Bodner-Partom law and the Wright-Batra dipolar theory
predict results which are in better agreement with the experimental observa-
tions of Marchand and Dusfy on HY-100 steel than are the predicuons from

the other three constitutive refations.
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The plots of the band width w computed when the ratio of the average shear
stress in the specimen to the maximum shear stress equalled 0.95, 0.90, 0.85,
0.80, 0.75, and 0.70 versus the square root of the thermal conductivity k
revealed that w decreases with a decrease in k for each of the three constitutive
relations, viz, the Litonski law, the Bodner-Partom law, and the Johnson-Cook
law, and that the relationship between w and (k)*/2 is not linear.

The consideration of inertia forces delays the initiation of shear bands. For
materials exhibiting large thermal softening effect in the Litonski law, the
stress drop within the band is rapid enough to cause an elastic unloading wave
to emanate outward from the shear band.

When the dependence of material properties upon the temperature is
accounted for, and the Bodner-Partom law is used to model the viscoplastic
response of the material, it was found that an increase in the initial tempera-
ture delayed the initiation of shear bands and resulted in wider bands.

When the initiation and development of shear bands in six ductjle and six less
ductile materials was studied By using the Johnson-Cook law, the homologous
temperature of a material point at the band center when the shear stress had
dropped to 85% of its maximum value was found to be independent of the
defect size.

For dipolar materials, the initiation of the localization process was delaved, the
shear stress dropped less rapidly, and bands were wider as compared to that for
the nonpolar case.

For a hollow viscoplastic ¢ylinder containing two ellipsoidal voids svmmetri-
cally located on a radial line with their centers at the midpoints of the cvlinder
thickness, the shear bands initiate at void tips near the inner surface of the
cylinder and propagate toward this surface. Even though the strain near the

other void tips is high, no bands were found to diffuse out from them.




8. The modelling of a material defect by either (i) introducing a temperature
perturbation, (ii) assuming that the material at the site of the defect is weaker
than the rest of the material, (iii) there is a non-heat-conducting rigid ellip-
soidal inclusion, or (iv) there is an ellipsoidal void at the defect site, give
simiiar qualitative results.

9. For a bimetallic body containing a thin layer of a weak material, and also an
ellipsoidal void and deformed in plane strain compression, shear bands also
originate from points where the thin layer meets the free boundaries and
propagate into the weaker layer material. These bands propagate along the
than layer first and then bifurcate into two bands that propagate into the matrix
material in the direction of the maximum shear stress.

10.  The rate of evolution of the stress, strain, and temperature at the band center
in a viscoplastic body undergoing plane strain deformations is different from
that in the same body deformed in simple shear. For example, the temperature

rises extremely sharply in the latter case, but rather gradually in the former.

3. BRIEF REVIEW OF THE COMPLETED WORK

The thrust of the research has been to increase our understanding of the physics of
adiabatic shear banding, delineate the post-localization response of the material, find the
structure within the band, and assess the effect of various material and geometric parame-
ters on the initiation and development of the shear band. For this purpor:, a robust
computer code that gives stable and reliable results, even after the localization has set in
and the band has formed, has been developed. We first outline briefly results for the simple
shearing problem, and then for the two-dimensional problems involving plane strain
deformations of a thermally softening viscoplastic body. Throughout our work, we have
assumed that softening is caused by the heating of the body due to plastc working, and the

material can undergo unlimited plastic deformation.




a.  Results for the Simple Shearing Problem.

When studying the initiation and growth of shear bands in a body undergoing overall
simple shearing deformations, we have modeled its material as elastic-viscoplastic that
exhibits strain-hardening. strain-rate hardening, and thermal softening. A material inho-
mogeneity or defect ha, been modeled by either introducing a temperature perturbation or
by assuming that the block has a non-uniform thickness. We found values of the material
parameters in the Bodner-Partom [11] constitutive relation, Litonski law {12}, Johnson-
Cook law [13], Power law [14], and the Wright-Batra [15] dipolar theory by ensuring that the
computed shear stress-shear strain curve for a block without any defect matched well with
that reported by Marchand and Duffy {7] for a HY-100 steel specimen subjected to tor-
sional loading at room temperature and deformed at a nominal strain-rate of 3300 sec™!.
The size of the defect was determined by numerical experiments, so that the sharp drop in
stress occurred at about the experimental value of the nominal strain. Subsequently,
computed band-width, temperature rise, evolution of the strain within the band, and the
rate of stress drop for tests done at nominal strain rates of 1600 sec™! and 1400 sec! were
compared with the experimental findings. This comparison [16] revealed that the predic-
tions from the Bodner-Partom law and the Wright-Batra dipolar theory are in better
agreement with experimental observations than those from the other three flow ru'»<, Each
one of the five constitutive relations predicted the three stages of the localization phenome-
non reported by Marchand and Dutfy. However, the rate of evolution of the temperatre
within the band and/or the rate of drup of the shear stress within the band depended upon
the constitutive relation used.

We [17] have used the Litonski law, the Bodner-Partom law and the Johnson-Cook
law to model the viscoplastic response of the material and computed results for five
different values, ie., 0. 5, 50. 500, and 500C W/m ° C, of the thermal conductivity k. The
thickness of the block was assumed to vary smoothly, with the thickness at the specimen

center being 3% smaller than that at the outer edges. For each of these three constitutive




relations, the rates of evolution of the temperature and the shear strain at the specimen
center were steepest for k = 0, and decreased with an increase in the value of k. Marchand
and Duffy [7] defined the band-width as the width of the region over which the shear strain
equalled its peak value. For most of our computations, this definition will give the band-
width to be zero. Therefore, we defined the band-width as the width of the region over
which the shear strain exceeds 95% of its value at the center. The band-width depends
upon how far the localization of the deformation has progressed, or how much the shear
stress at the specimen center has dropped. The plots of the band-width w computed when
the ratio of the average stress in the specimen to the maximum shear stress equalled 0.95,
0.90, 0.85, 0.80, 0.75, and 0.70 versus (k)!/2 revealed that w decreased with a decrease in

the value of k, irrespective of the constitutive relation employed, and that the relationship
between w and (k)*/2 was not linear as asserted by Dodd and Bai [18]. The Litonski law
and Johnson-Cook law jave zero band width for k = 0, but the Bodner-Partom law gave a
finite value of the band-width-fork = 0.

We [19] examined the effect of inertia forces on the initiation of shear bands with
each one of the aforestared five constitutive relations. It was found that the consideration
of inertia forces delayed the initiation of shear bands. With the Litonski law and when
inertia forces were considered, the stress drop within the band was rapid enougn to cause an
elastic unloading wave to emanate outward from the shear band. The difference berween
the computed speed of this elastic unloading wave and (o)t 2 was less than 1%, Here 4
and p equal, respectively, the shear modulus and the mass density of the material of the
body. No such wave effect was observed with the other constitutive relations.

When studying the effect of the initial temperature of the specimen upon the initia-
tion and development of shear bands, we [20] modeled the viscoplastic response of the
material by the Bodner-Partom law and accounted Zor the dependence of the specific heat,
thermal conductivity, and shear modulus upon the temperawre. It was found that an

increase in the initial temperature delaved the irutiation of shear bands and resulted in




wider bands. This suggests that at higher initial temperatures of the specimen, larger
changes of shape can be accommodated without da—maging the workpiece due to the
occurrence of shear bands.

In ar attempt to correlate the information regarding the initiation and development of
shear bands in different materials, we [21] have investigated the overall simple shearing
deformations of an elastic-viscoplastic block deformed at a nominal strain-rate of 1500
sec™!, and made of 12 different materials, namely, OFHC copper, Cartridge brass, Nickel
200, Armco IF (interstitial free) iron, Carpenter electric iron, 1006 steel, 2024-T351
aluminum, 7039 aluminum, low alloy steel, S-7 tool steel, Tungsten alloy, and Depleted
Uranium (DU-0.75 Ti). The thermomechanical response of these materials is represented
by the Johnson-Cook law, the material parameters are assigned values given by Johnson et
al. [22], and the thickness of the block is least at its center, and its ends are kept at a con-
stant temperature.\ It is found that the localization of the deformation begins earnestly
when the shear stress at the weakest point has dropped to somewhere between 90 and 95%
of its maximum value. The ratio of the maximum shear strain within the band to the
nominal strain is found to depend strongly upon log &, where § is the percentage decrease
in the specimen thickness at the center as compared to that at its edges. Larger defects
result in more severe localization of the deformation for the same value of the ratio of the
shear stress within the band to the maximum shear stress. The defect size has very little
effect on the value of the homologous temperaiure. defined as the ratio of the absolute
temperature of a material point to its melting temperature. when the shear stress at the
specimen center attained its peak value, and when it had dropped to 85 of its maximum
value. The band-width, defined above, computed when the shear stress at the specimen
center has dropped to 85% of its maximum value, was found to be much longer for copper
than for any of the other eleven materials studied. The computed band-width was different
for the Armco IF iron, 1006 steel, and S-7 tool steel. even though each was assigned the

same value of the thermal conductivity. No simple correlation was found between the




band-width and tke thermal conductivity for these twelve materials.

When dipolar effects, i.e., the strain gradient considered as an independent kinematic
variable and the corresponding higher order stress included in the balance of linear
momentum and the balance of energy, were considered, initiation of the localization
process was delayed, the shear stress dropped less rapidly, and the computed band-width
was more as compared to the corresponding results for the nonpolar case [23]. The
band-width and the value of the strain when the shear band initiated decreased monotoni-
cally and nonlinearly with a decrease in the value of the material characteristic length.
Also, no unloading wave emanated cutward from the severely deforming region in the
problem wherein such a wave was computed in the absence of dipolar etfects.

b.  Results for the Plane-Straia Problems.

We [24-26] have analyzed the phencmenon of shear banding in a viscoplastic pris-
matic body of square cross-section undergoing overall adiabatic plane strain thermome-
chanical deformations. Two different loadings, namely, simple shearing and simple
compression, at a nominal strain-rate of 5000 sec™! are considered. A material defect is
modeled '.; either (i) introducing a temperature perturbation at the specimen center, (ii)
assuming that the material in a narrow region around the center of the specimen is weaker
than the rest of the material, (iii) there is a rigid non-heat-conducting ellipsoidal inclusion
(the inclusion simulates an impurity or a second phase particle such as carbide or m.inga-
nese sulfide in a steel) at the center, or (iv) there 1s an ellipsoidal void at the center and also
a narrow horizontal layer of a different material whose vield stress in simple compression
equals either one-fifth or five times that of the surrounding matrix material. The thermo-
viscoplastic response of the material was represented by a constitutive relation obtained by
generalizing Litonski’s law. In each case, bands of intense shear diffuse out from the point
abutting the defect and propagate in the direction of maximum shearing. The veloaity field
suffers a sharp jump across the shear band, as asserted by Tresca [5] and sMassey [6] in 1878

and 1921, respectively. As the temperature within the band increases, the etffecuve stress in




it drops and the strain-rate rises. At a point near the inclusion tip or the void tip, the
effective stress drops first. This is followed, much later, by a sharp increase in the maxi-
mum principal logarithmic strain ¢ at the same point. The rate of drop of the effective
stress and the rate of growth of ¢ are much lower than those found in the one-dimensional
simple shearing problem (e.g., see the Fig.). These differences are possibly due to the
constraining effects of the relatively strong material surrounding the weakened material
within the shear band. A similar phenomenon was observed in the study of shear bands
originating from void tips in a long hollow cylinder whose inner surface is subjected to a
prescribed radial velocity [27]. Note that the deformations of the cylinder are non-
homogeneous, even when there are no voids. The shear bands were found to initiate first at
void tips closer to the center of the cylinder, and propagate toward the inner surface. The
shear bands originating from the other void tips propagated toward the outer surface of the
cylinder.
For the bimetallic body containing a thin layer of a different material and also an
_ellipsoidal void [26], the shear bands initiating from the tips of the void on the major axes
propagate in the direction of the maximum shear stress. These bands are arrested by the
strong virtually rigid material of the thin layer, but pass through the weaker thin layer rather
easily. Other shear bands originate from points at which the thin layers meet the free
boundaries and propagate into the weaker material. The band in the weaker thin laver
propagates horizontally first, and then bifurcates into two bands that propagate into :he
matrix material in the direction of maximum shear stress. Within the band near the void
rips, the effective stress drops quite rapidly and the temperature there rises sharply at about
the same time. However, the sharp rise in the maximum principal logarithmic strain there
occurs much later because parts of the void near the tips had coalesced.
Thus, histories of the evolution of the temperature, effective stress. and effactive
strain at a point within a shear band for the two-dimensional problems are strikingly

aifferent from those for the one-dimensional simple shearing problem.
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Adiabatic Shear Banding in Plane
r.c.eara | Otrain Problems

Plane strain thermomechanical deformations of a wviscoplastic body are studied with

the objective of analyzing the localization of deformation into narrow bands of in-

De-Shin Liu

tense straining. Two different loadings, namely, the 1op and bottom surfaces sub-

Jected 10 a prescribed tangennial velocuv, and these iwo surfaces subjected 10 a

Department of Mechanical and Aerospace
Engineering and Engineening Mechanics,
University of Missourt-Rolla,

Rolla Mo §5401-0249

preassigned normal velocity, are considered. In each case a material defect, flaw, or
inhomogeneity s modeled by wntroducing a temperature bump ai the center of .he
specimen. The solution of the witial boundary vaiue problem bv the Galerkin-
Adams method reveais that the deformanon eventually (ocalizes into d narrow band

aligned along the direction of the maximum shearing sirain  For both
problems, bands of intense shearing appear 10 diffuse out from the cenier of ine

specimen.

1 [Introduction

Adiabatic shear banding i1s the name given to a localizanon
phenomenon that occurs duning fugh-rate plastic deformation
such as machining, explosive forming, shock-impact loading,
ballisuc penetrauon, fragmentauon, ore crushing, impact

- tooling faure, and metal shaping and formuing processes. The
localization of the deformation has been observed in steels,
nonferrous metais, and polymers. Pracucal interest in the
phenomenon derives from the fact that progressive sheariny
on an intense shear band provides an undesirable mode of
matenal resistance 10 imposed deformations, and the bands
are often precursors to shear fractures. Of the many processes
just stated 1n which adiabatic shear bands have been found to
occur, flat sheet rolling and certain forging operations can be
modeled as plane strain operations.

Since the ume Zener and Hollomon (1944) recogmized the
destabilizing effect of thermal softening in reducing the slope
of the stress-strain curve in nearly adiabauc deformations.
there have been numerous stuaies aimed at delineatung
material parameters that enhance or retard the isuation and
growth of adiabatic shear bands. Most of the efiort has been
concentrated 1n analvang the simple shearing problem. Chf-
ton {1980) and Bai (1981) studied the growth of infimtesimal
peniodic perturbations superimposed on a body deformed by a
finite amount n simple shear. Burns (1985) used a dual
asymptotic expansion to account for the ime dependence of
the homogeneous soluton in the analysis of the growth of
supenmposed periodic perturbations. Merzer (1982) used the
constitutive rejation proposed by Bodner and Partom (1975}
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to study the problem of twisung of a thin tubular specimen
having a notch n its periphery. He concluded that the band
width depends upon the thermal conducuvity Wu and Freund
(1984} used a different material model and studied wave pro-
pagation 1 10 infinute medwum. They concluded that the ther-
mal conductiviy has essentialy no effect on the width of a
shear band. Other sorks analyzing the imnauon and growth
of adiabatic shear bands include those due to Clifton et a
(1984), Wnight ana Batra (1985), Wright and Waiter 11987,
Batra (1987), and Batra and Kim. (1989). Rogers (1979, 1983}
and Timothy (198~ have reviewed various aspects of agiatatic
shear banding, ¢specially from a matenals point ot -iew

Experimental studies deaiing with adiabatic .hear panding
inciude those of Zezner and Hollomon (1944), Moss (1981),
Costin et al. 11979), Linaholm and Johnson (1983), ana Mar-
chand and Duffsv (1988) Marchand and Duffy have aiven 2
detailed historv of the temperature ind strain flelds »itn 2
pand.

Needleman (1989) has recentlv stugied 'he .muaton ara
growth I shear bands .n piane ~train Jetormauons Ot
-1scoplastic materials  He stuaied a1 purelv mechanical
oroolem and approximated the etfect ot *hermal sortening »
assumung that the stress-strain .urve nas a peak n .t He
modeled a material inhomogeneity by assuming that rhe ‘low
stress for a small amount of material near he .enter 3t 'ne
olock was less than that of the surrounding material “We stua.
aerein the thermomechanical plane strain Jdeformauons ot 2
‘hermally >oftening .iscoplastic ;otid and model the mater.al
inhomogeneity by introducing a temperature bump at 'ne
center of the block. The block boundaries are assumed 10 ne
perfectly insuiatea. Two different detormation states, namety,
that of a simpie shearing of the block. and the block deformea
in sympie compression are analyzed. In each case a shear pand
Jevelops along the direction of maximum shearing .train
Whereas the deformation .ocalizes 4t an average compressive
strain of 0.059 when the block 1s aetormed in compression, .he
average shear strawn equais 0.227 when the block s ze-
formed @0 gmple <hear




2 Formulation of the Problem

We use a fixed set of rectangular Cartesian coordinate axes
to describe the thermomechanical deformations of the body.
In terms of the referential descripuon the governing equanons
are

) =0, (1)
Pol, = Tra.a' )
Poe= —= Qa.a + Tla Uras 3)

and a suitable set of imuial and boundary conditions. Equation
(1) expresses the balance of mass, (2) the balance of linear
momentum, and (3) the balance of internal energy. In these
equations, p is the current mass density, o, the mass density 1n
the reference configuratuion, Jis the determinant of the defor-
mation gradient, v, the velocity of a matenal particle in the x,
direcuon, @, the heat flux, e the specific internal energy, T,
the first Prola-Kirchoff stress tensor, a supenimgposed dot
stands for the matenal ime derivative, and a comma followed
by an index () implies parual differentiation with respect to
X, | x,). Also xdenotes the present position of a matenal parti-
cle that occupied the place X in the reference configuration,
and a repeated index implies summation over the range of the
index. For plane strain deformations, xy = X, and the indices ¢
and «o take on values | and 2.
For the constitutive relations we take

= -pip)l +2uD, T,‘,a%xa_,a,,, 4)
~ 2 % -
u= e (L= )1+ 00", 2D,y = v, + 0y, &)
P 1 "
*=—-ub?, B=D-— (D), )
I}
=8{—-1},
plo) (Oo ) M
Q,= —kb.., (8)
e=c8 + ppip)/ (ppg). (%)

Here, g, s the vieid stress in simple tension or compression, »
is the coefficient of thermal softening, parameters b and m
represent the strain rate sensiuvity of the matenal, 8 may be
thought of as the butk modulus, £ 1s the thermal conductivity,
and ¢ the specific heat. Equanon (7)1s a part of the Tillotson
11962) equation wherein the dependence of the pressure upon
:he changes in remperature has not been considered, and equa-
zion (8) 15 the Fourner law of heat conduction.
Defining s as
s

s =g~ (p-—";“—trD)l. (10)
3
= Zuﬂ. (11}
equauons (4) and (5) give
1
(—mirst) =2l =)t = 017, (12)
- AVIK]

whicn can be viewed as a generalized von Mises netd surface
when the flow siress (given by the rigni-hand side of (12)) at a
matenal pariicie gepends upon its stran rate and iemperature.
The :inear cependence of the flow stress upon the temperature
cnange has oeen observed by Bed (1968), Lindholm and
Jonnson (1983), ana Lin and Wagoner (1986). & consututive
relation similar 10 equation (4) has Deen dsea by ZienKiewicz e¢

al. (1981) in analyzing the extrusion problem, by Batra (1988)
in studving the steady-state penetrauon of a viscoplastic target
by a ngid cylindrical penetrator, and by Batra and Lin (1989)
in studying the steady-state axisymmetric deformations of a
cylindncal viscopiastic rod upset at the bottom of a
hemisphencal rigid cavity. Equation (4) may be interpreted as
a consututive relanon for a non-Newtonmian fluid whose
viscosity x depends upon the sirain rate and temperature
We introduce nondimensional 1anabies as follows:

G=0/0y, f=plog,§=5/00,8 =V/ Ly, 1= 0y H, T=T/ay,

. : z v -

K=x/H, §=0/6,, b=b[_:]_ 5=v8. v =ps0g, X=X/ H.
5=D°Ué/ﬂ'c, 6=k/{p0CUOH]. 80 =0n (pf)f), B—=B/00- (l3]

Here, 2 15 the height of the block, v, 1s the imposed velocity
on the top and bottom surfaces, and o, 15 the mass density
the unstressed reference configuration. Subsututing from
equations (4) through (9) into the balance laws (1} through (3),
rewriting these in terms of nondimensional vanables, denoting
the partial differentiation with respect to ¢ (.X,) by a comma
followed by an index i(«), material differentiation with respect
to ¢ by a supenmposed dot, and dropping the superimposed
bars, we arrive at the following set of equations

p=ov,, =0 T3]
e=T, .. (15)
8=30,0q = (176 3D)(L =i =OD™D D, (16)
!
o=~B8(p- N +~—=(1-00"(1-)D.  (I7)
v3f

15 simpler to state boundary conditions for the specific
pi~blem studied. We aralyze plane strain thermomechanical
defonnanons of an immunaily-square block of dimension
2H % 2H. The X, - X, pilane, with the onigin of the coordinate
system located at the center of the block, 1s taken as the plane
of deformation. For the simple shearing problem the boun-
dary conditions are taken 10 be

n=xf(), =00V, =0atX,= = A, (18

TN, =0,eT N, =h(), 2, N, =0atX. = =H, (19

where m 1s a unit outward normal ana e is a unit sector tangent
to the surface 1n the present configuranon and N s a unit out-
ward normal in the reference configuration. Equations ([8)
and (19) imply that the boundar.es ot the block are perfectly
insulated, the top and bottom ‘faces are olaced 'n a1 nara
loading device and are suojected to a \nown velocuty tteid On
the other two faces of :he vlock, zero normai tractions are
assigned and the tangennal tractions are such as to equilibrate
the ones acting on the top and bottom faces For a known
funcuon f, the values of # depend upon the consutcuve refa-
uon for the matenai of the block, ana hence, are not known «
priori. As discussed 1n Section 3, we solve the resuiting svstem
of equantons iteratively and fina 4 as a part of the solution of
the problem.

For the sumple compression proviem, we restrict oursetves
10 the deformanons that remain symmetric about potn .Y =1
and X, =0. The boundary :onaitions !or tne quadraat ana-
lyzed aumencaily are

=0, 7., =0, Q,iKuh, =0.atx, =X, =0, 1200
.=0,7,=0,0.=0.atx, =X, =9, B3HE




That is boundary conditions resuiting from the assumed sym-
metry of deformations are applied to the left and bottom
faces, the right face of the block is taken to be traction free,
and a prescribed normal velocity field and zero tangential trac-
tions are applied on the top face. All four sides of the block
are assumed to be perfectly insulated.

In each of the two problems, a material .nhomogeneity or
flaw is modeled by adding a temperature bump at the center of
the block to the temperature field that corresponds 10 a
homogeneous deformation of the block.

3 Finite Element Formuilation of the Problem

In order to avoid having to deal with a severely distorted
finite element mesh within the region of localization of the
deformation, we employ an updated Lagrangian formulation.
Thus to find the deformed shape of the body at time 7 + At, we
take the configuration at time ¢ as the reference configurauon,
and denote the region occunied by the body at time 7 by Q. At
subsequent times the current locations of the nodes are com-
puted and  equals the umon of the 9-noded quadrilaterai
elements obtained by joining these nodes. No attempt was
made to ensure that when the deformation localizes, the ele-
ment sides will be aligned along the direction of the maximum
shearing strain (cf., Needleman, 1989). However, for the sim-
ple sheartng problem, the element sides are so aligned at the
initiation of the localization of the deformauon.

We first rewrite equations (14)-(16) so that terms involving
the partial denivative with respect to time ¢ only are on the left-
hand side and then use the Galerkin method and the lumped
mass matrix (e.g., see Hughes (1987)) to denve the following
semi. discrete formulation of the problem.

d=F(d, 5, 8, b, m, v). (24)

Here, d is the vector of nodal values of the mass density, two
components of the velocity, and the temperature. Thus the
total number of unknowns or the number of components of d
equals four umes the number of nodes. The vector-vaiued
funcnon F on the nght-hand side of equauon (24) is a
nonlinear function of 4 and of the matenal parameters §, 3, b,
m, and ». For a given set of intual values of p, v and 8, one can
deduce the initial conditions on d. The nonlinear coupled set
of ordinary differential equations (24) are soived by using the
backward-difference Adams method included in the IMSL
sudbr.  ~e LSODE. During the solution of these equations,
the > _ aual traction on the current posiion of the faces
X, = =1 as determuined from the immediately preceding solu-
tion, is applied. The subroutine LSODE has the option to use
the modified Gear me.hod appropnate for suff equations.
This could not be usedt because of the limuted core storage
available on the local FPS164 processor attached to [BM 4381
computer. For the Adams method, the subroutine LSODE ad-
justs the size of the time increment adapuvely unul it can com-
pute a solution of the nonlinear equations (24) to the prescrib-
ed accuracy.

4 Computation and Discussivn of Resuits

We took the following vaiues of varnous matenal and
geometric parameters to compute numencal results.

b=10,000 sec, »=0.0222°C~!, 04 = 333IMPa, m =0.025,
k= \22Wm-'°C-}', c=473Jkg"'*C~!, o, = 7,800 kgm ",

B=128GPa, A= Smm, vy =25 msec ™’ (25)

For these choices, 8 =89.6°C, the nondsmensionai melting
temperature equals 0.5027, and the overall applied strain rate
15 5000 sec ! We assigned a rather large vajue to the thermai
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Fig. 1 (a) The shape of the block in the reference conliguration and
after it has been deformec uniformly n simple shear, (b) Stress.strain
curve it simpler shear, and (c) Slress:stran curve 1 simple
compression

softening coefficient » to reduce the CPU time required (o
solve the problem.

Figure | depicts the block (n the undeformed reference con-
figuration and its shape atter it has been deformed umformly
n simple shear. Also piotted are the stress strain curves for the
material defined by parameters (25) when the block 1s de-
formed in simple shear and simple compression. It i1s obvious
that the softeming caused by the heating of the matenal ex-
ceeds the hardeming due to strain rate effects nght from the
beginning. Ths 1s due to the rather high  alue of the thermal
softening coefficient assumed for the matenal of the block.
Once the deformauon begins to localize, equauons (24)
become suff and the maximum size of the ume step one can
use and sull integrate these equations to the desired degree of
accuracy becomes extremely small. Ideally, one should then
use the Gear method. But, as stated previously, we could not
do so because of the limited core storage available The results
presented and discussed next are up to the moment when the
deformation has localized into a narrow band. Resuits com-
puted earlier for the one-dimensional problem (Batra (1987),
Bartra and Kim (1989), and Wnght and Waliter (1987)) suggest
that the presently computed results represent essenuaily all of
the salient features of the localization of the deformation. We
first discuss resuits for the simple shearing proolem, and then
the compression problem.

(a) Resuits for the Simple Shearing Problem. The square
region in the configuration at ume ¢=01s divided into 16 x 16
Jniform 9-noded square clements. The velocity STeld

126)

that corresponds (o steady shearing of the block, and the
temperature field

Uy = 0, Vs =9

§=0

are taken as the imual condiuons at ume =9, anda for the
boundary conditions we take

f(6)=1.0,t>0.

Tiws, the effect of imtial transients 1s assumed t0 nave diea
out. This reduces the computauonal effort required without
altering noticeably the computed results Subsequent .alcuia-
uons with zero-imual condiuons for ¢, t:, ana 9 have anen
essenually similar results.
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At ume =0, a temperature bump given by
A=0.21 - FYexp(—5r), = X + X3 (28)

was ntroduced and the resuling mual boundary value
problem solved. The temperature bump (28) simulates a
material inhomogeneity or defect: the height of the bump
represents, tn some sense, the strength of the singuiarity.
Without the temperature bump or some other mechanism to
make the deformation nonhomogeneous, the block will
undergo unhmited simple sheaning deformauons and no
locahization of the deformation will occur. We note that other
ways to model an 1nitial imperfection 1n the body include hav-
ing a notch (Clifton et al., 1984) and a small region with a
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Fig. 2 isotherms plotted !n the reterence configuration at different
values of the average strain lor simple shesring deformations of the
Block: (8} Yayg 301 Imax 302 ~ 0,15, + + ¢ ¢ 010, = oeme e s 0,15, 0.08,
B Yoyg =013, Frngy 20344, — 015, -+ o+ 020, —omeeme 025,
+ == =0.30,(6) vqug =0.208, drpy; 30,441, = 0.25, ¢ + + ¢ 0.30, momees
0.35, = < = = 0,40, = = = 0.45, (d) ygpg 20.215, 41 gy = 0.448 (300 part (c}
for values ot d correspondlivg to ditterent curves), and () Tavg =0.227,
Imax =0.463 7see part (c) lor values of # corresponding to ditferent
curves)
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shightly lower value of the yield stress (Needleman, 1989). For
strain hardening materials the introducuon of a temperature
bump, a notch or a softer region does not, in general, lead to
the locaihization of the deformation The average strain at
which a shear band forms depends upon, among other factors,
the amplitude and shape of the temperature bump

Figure 2 shows 1sotherms n the reference contiguraton of
the block at four different values of the average strain v,,,. In-
wally, these isotherms look eltipucal because of the different
choice of scales along the horizontal and vertical axes. The
temperature bump is symmetrical \n x, and x, A reason for
selecing different scales along the two axes 1s that the
1sotherms eventually flaten out and spread to the vertical
boundaries of the block. Thus, larger scale 1s chosen along the
vertical axis t0 decipher these isotherms. The imual
temperature equals 0.20 only at the origin. ‘At an average
strain of 13 percent, the isotherms have changed shape; those
for a lower temperature ook like a rhombus and the ones for
the higher remperature resemble closed polygons. B~cause of
the piastic working and zero heat flux boundary conditions the
temperature rises everywhere. The heat i1s continuously being
conducted outwards from the central hotter region. Near the
corners of the block deformauon s nonhomogeneous (e.g.,
see Fig. 5) and the temperature rise there 1s more than thar at
other points except posstbly near the center of the block. The
nonhomogeneity of the defermauon near the corners 1s a
numencal artifact rather than due 10 the physics of the
problem. The use of a very fine mesh should reduce the effect
considerably, but a mesh finer than the one ¢employed here
could not be used because of the hmited core storage
available. Once the deformation begins to localize, the
temperature rise within the band 15 sigmficantly more than
what 1t 1s elsewhere. The temperature contours at average
strains of 20.8 percent, 21.5 percent, and 22.7 percent bear
this out. At an average strain of 22.7 percent the maximum
temperature at the center equals 92 percent of the presumed
melting temperature of the material. The isotherms are quite
narrow 1n the vertical direction and progressively become nar-
rower as the deformation localizes.

Figure 3 depicts the v,-velocity field in the reference con-
figuration of the block at average strains of O percent, 18 ¢
percent, 20.8 percent, and 22.7 percent. Because of the imual
temperature bump, the deformaton vecomes nonhomo-
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geneous. This nonunuformity becomes perceptible at an
average strain of 18.5 percent and is quite noticeable when the
average strain equals 20.8 percent and 22.7 percent. The
nonhomogeneity n the deformauon at the corners 1s not
noticeable 1n these plots probably because of the scale chosen
to plot the data. The v,-velocity field appears to stay anti-
symmetric 1n X, even through the [ocalization of the deforma-
tuon. At an average strain of 20.8 percent the shearing strain
rate at the center is noticeably higher than what it is within (he
region |x,1=0.1. Dunng the ensuing deformations of the
block, the cegion near the center undergoes intense straining
and that outside of the domain Ix,| 0.1 deforms at a strain
rate much smaller than the imposed strain rate of 5000 sec ™!
With a finer mesh one could sharpen a bit more the boun-
daries of the two domauns,
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Fig. 4 Contours of the second invariant | of the devistorie strain rate
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In Fig. 4 we have plotted the contours of the second -
vanant / of the deviatoric strain rate tensor D at different
stages of the localization process. At an average strain of 18.5
percent the peak value of / equals 3.47 and 1t equals 4.45 when
the average strain is 19.8 percent. We note that these are plot-
ted in the reference configurauon. It is clear that during the
deformation of the block from 18.5 percent average strain to
19 8 percent average strain, the contour of /=2.5 has spread
out honzontally and become narrower in the vertical direc-
tron. The various plots 1.. F1g. 4 give the impression that there
ts a kind of source term for / at the center. Once the deforma-
uon has started to [ocalize, contours of successively higher
values of / seem 10 originate at the center and fan out. They
spread out in the direction of shearing. As noted earlier, severe
deformations of the block occur now In this narrow region.

Figure S depicts the distribution of the effecuve stress s,,
defined as being equal to the nght-hand side of equation (12)
within the block at average strains of 0 percent, 18.5 percent,
20.8 percent, and 22.7 percent. Imually tt looks like an in-
