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strain tension 

A phenomenological constitutive relation using the conventional J2-fiow isotropic hardening yield function as well as a 
threshold shear stress based yield function that governs a 'directionally preferred plastic component' of shear strain, 
developed by the authors in an earlier work, is used for the simulation of the shear band formation. The constitutive relation 
which is expressed as an explicit function of elastic constants, deviatoric stress state, direction of the principal shear strain 
and material flow stresses, is shown to be fully capable of capturing the formation of the shear band even under material 
hardening conditions and does not demand any prior knowledge of the orientation of the shear band. This dual yield 
constitutive relation is incorporated in an FEM procedure capable of handling large strains and rotations and a numerical 
simulation of a tensile and compressive deformation of a plane strain specimen is performed. It is demonstrated that the 
formation of the shear band can be captured more easily as a natural outcome of the simulation, without resorting to any 
instability criterion or 'enriched' elements that are usually employed in the contemporary procedures. Nevertheless, the 
usefulness of a 'local instability criterion' (Ortiz et al. (1987), Comp. Meth. AppL Mech. Eng. 61,189) is demonstrated in this 
study. The model is verified using the experimental data of Anand and Spitzig (1980, J. Mech. Phys. Solids 28, 113) and the 
agreement between the results of the simulation and the experimental data is found to be reasonably good. 

1. Introduction 

Localization of strain due to shear band for- 
mation has attracted a considerable attention in 
the past two decades. A number of investigations 
have been carried out to resolve the intriguing 
features of this phenomenon. Majority of the 
investigators explained the formation of the shear 
band in a tensile specimen as an outcome of local 
or global instabilities. This is very similar to the 
instability based description of necking of a ten- 
sile specimen. It is conjectured that at the point 
of instability, necking or shear band formation 
results as a bifurcation from the homogeneous 
mode of deformation. 
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Based on the frame-work proposed by Hill 
(1958, 1961) a number of studies (Needleman, 
1972; Hutchinson and Miles, 1974; Miles, 1975; 
Burke and Nix, 1972; Murakawa and Atluri, 1979; 
Reed and Atluri, 1983) have been carried out and 
the role of the instability criterion in describing 
the phenomenon of necking is amply recognized. 
Necking, though, could be reasonably described 
using the isotropic J2-fiow condition with smooth 
yield loci; this condition is found to be too stiff in 
describing the formation of the shear band. Con- 
sequently, more general constitutive theories 
which accommodate non-normality, vertex forma- 
tion, etc., were introduced (Rudnicki and Rice, 
1975; Needleman, 1979; Tvergaard et al., 1981b; 
Iwakuma and Nemat-Nasser, 1982). Also, consid- 
eration of macroscopic strain softening justifiably 
in voided material, is shown to facilitate shear 
band formation (Tvergaard, 1981a, 1987; Ba~ant, 
1988a, 1988b). 
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There has been a parallel development in the 
subject of shear band formation in single crystals. 
Hill and Rice (1972) constructed a constitutive 
frame-work for crystallographic shearing taking 
due account of the separate motions of the mate- 
rial and the lattice and this was later extended by 
Asaro and Rice (1977) and Asaro (1979). Peirce 
et al. (1982, 1983), D~ve et al. (1988) and Harren 
et al. (1988) performed their investigations in 
similar lines and supported the model with finite 
element simulations. 

Anand and Spitzig (1980) and Korbel and 
Martin (1988) experimentally analyzed the shear 
band formation in maraging steel and pre-strained 
mild steel, respectively. These investigations, as 
well as the results of Hatherly and Malin (1984) 
and Huang and Gray (1989) conclusively demon- 
strate a non-crystalline nature of the shear band 
formation with microscopic evidences; that is, the 
shear band runs across several grains without any 
deviation irrespective of the orientation of the 
primary slip planes in each individual grain. In 
similar type of investigations in single crystals, 
Chang and Asaro (1981), D~ve et al. (1988) and 
Harren et al. (1988) observed the active slip planes 
to be misoriented with the shear band at the 
beginning and as the deformation progresses, by 
what they conjecture as lattice rotations, the ac- 
tive slip planes tend to align with the shear band. 

Motivated by such experimental evidences for 
the non-crystalline nature of the characteristic 
directionally preferred shear deformation and 
also guided by the model of Hill and Hutchinson 
(1975) who employed two different elastic shear 
moduli, one for a direction parallel to the plane 
of the shear band and another one for the direc- 
tion perpendicular to it, we (Ramakrishnan and 
Atluri, 1993) introduced a dual yield model which 
accommodates this directionally preferred shear 
deformation as well as the Mises plastic deforma- 
tion. As per this model, a J2 based Mises yield 
condition supporting the isotropic material re- 
sponse, and a threshold shear stress based yield 
condition accounting for the directionally pre- 
ferred deformation, operate concomitantly. The 
finite element simulations of the single crystal 
model of Asaro and co-workers, referred above, 
also played an inspiring role in the introduction 

of this concept. In these simulations, the shear 
band emerges more naturally as a solution to the 
boundary value problem without invoking any 
instability criterion and we believe that the rea- 
son lies in their constitutive basis supporting a 
directionally preferred deformation. 

In this investigation we have used this dual 
yield constitutive model to carry out a set of finite 
element simulations of the shear band formation 
in plane strain tension as well as compression. 

2. Dual yield model 

When a uniform specimen is elongated or 
compressed, the strain distribution is expected to 
be nearly homogeneous in the beginning. At a 
particular overall critical strain, due to the imper- 
fections in the specimen, the deformation switches 
from homogeneous to heterogeneous mode which 
manifests as a decrease of the shear strain at the 
loading ends leading to the accumulation of the 
shear strain on a weak plane. The shear band, 
thus nucleated, progressively intensifies with the 
overall straining. This entire process could be 
accompanied by necking in the case of tension or 
bulging in the case of compression. The phe- 
nomenon of necking or bulging is isotropic in 
nature, whereas, the shear band formation ap- 
pears to be a directionally preferred one. The 
isotropic J2 based yield condition, essentially, 
averages the stress-strain response in all the di- 
rections at any material point, and the flow takes 
place when the effective stress exceeds a particu- 
lar limit. On the other hand, the threshold shear 
stress based yield condition supports the direc- 
tionally preferred deformation and the shear flow 
occurs when the shear stress on the current plane 
of the principal shear strain exceeds a limit. 

The total velocity strain is additively decom- 
posed into reversible elastic and irreversible plas- 
tic components and the latter is further decom- 
posed into components associated with Mises and 
the directionally preferred deformation, which 
can be expressed as, 

{D}={D},+{D}p+{D},, (1) 
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Fig. 1. Specimen geometry in global and shear band coordi- 
nate system. 

where 

{ D } T = { D l l  022  D33 D 1 2 + D 2 1  } (2)  

= {U1,1 U2, 2 U3, 3 UI,2q-U2,1}. (3 )  

The subscript 'e' refers to the elastic component, 
'p' refers to the plastic component determined by 
the J2-flow rule and 's' denotes the directionally 
preferred component; 'v' corresponds to velocity. 
Let the inclination of the current plane of the 
maximum shear strain, presumed to be the plane 
of the shear band, with the xl-axis of the global 
coordinate system be '0' (Fig. 1). Consider an- 
other coordinate system with its x~-axis placed 
along the shear band and x; placed along the 
x3-axis. According to the dual yield model, it is 
assumed that (D'I: + D;I) s be the only non-zero 
component of the directionally preferred velocity 
strain in the shear band coordinate system and an 
evolution equation is postulated to be, 

(D;2 + D; , ) ,  = A,~';2, (4) 

where A s is a positive scalar parameter and ~"12 is 
the Kirchhoff shear stress on the plane of the 
shear band. By defining a shear potential Qs, 

identically equal to a shear yield function Fs, 
expressed in the form, 

Q _ F s  ½(~.~2)2 1 2 = -- ~(Tm) = 0  (5)  

and also considering the coordinate transforma- 
tions from the shear band system to the global 
coordinate system, it can be shown that, 

{O}, = A,,{ OQs/O'r } . (6) 

Accordingly, the directionally preferred shear ve- 
locity strain does not violate the desired normal° 
ity condition. Also, it does not contribute to any 
volume change. By combining this yield function 
with the Mises flow condition, the constitutive 
matrix relating the objective Kirchhoff stress-rate 
and the velocity strain can be derived and ex- 
pressed in an explicit form as, 

[Eeps] = [E]  q- (kl / /ko){S}{s} T 

+ ( k 2 / k o ) ( { $  }{AD}T + {AD}{$}T) 

+ ( k3 / k  o) { A} { AD} T, (7) 

where 

k0 = (¢2/9/x2)(3tz + Hp)(/x + Hs - ~-1~2) 

-(Up. 

k 1 = - (O/p)(llz 't- Us - Tl#2), 

k 2 = (Otp.as)t.~rm, 

k 3 = -- (a~)(a2m/9)(3/x + Hp),  

[E] is the elastic constitutive matrix; {s} is the 
deviatoric stress matrix and {A D} is a coordinate 
transformation matrix where, 

{S} T =  {$11 $22 $33 T12}, (8)  

{AD} r =  {--2 sin 0cos 0 2 sin 0cos 0 

0 cos20 -- sin20}, (9) 

/x is the elastic shear modulus; Hp is the tangent 
modulus of the stress-plastic strain variation of 
the uniaxial tension test and H s is the tangent 
modulus of the variation of the shear stress-di- 
rectionally preferred shear strain along the plane 
of the shear band, obtained preferably in a pure- 
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shear experiment. ~rrn and r m are flow stresses 
corresponding to the two yield functions, r ~  is 
the shear stress in a coordinate system with its Xl # 
inclined at an angle of ( 'rr/4 - 0) with the global 
x~ and x3 # placed along x 3 and this term arises 
due to the rotation of the shear band. 

Here a e and % are binary switches which 
depend on the yield conditions as given below 
(for monotonic loading): 

a e = 0 ,  when Em~{O'm/[Z/z( l+~ ' ) ]} ,  

or ( d e m / d t ) e  < 0 

= 1, when E m > {~rm/[2/x(1 + v)]} 

and ( d E m / d t ) p > 0  

and 

O{ s ~ O~ when 7m ~< ( % / t * ) ,  

or ( d T m / d t ) ,  < 0  

= 1, when 7m > ( % / ~ * )  

and ( d T m / d t ) , > 0 .  

For a p = l  and a ~ = 0 ,  [Eep,] reduces to the 
conventional constitutive matrix of the Mises 
plasticity (J2-flow); for ap = 0 and a ,  = 1, [Eep s] 
reduces to a case corresponding to an exclusively 
directionally preferred deformation and a e = a~ 
= 1 represents a special case where both the 
types of yield conditions operate simultaneously 
which may happen when there is a transition 
from one type of yield to the other (such as a 
vertex). 

'0' in Eq. (9) refers to the angle of orientation 
of the current plane of the maximum shear strain 
(the shear band) and may continuously change 
depending on the loading conditions; this has to 
be iteratively determined in each increment of 
the plastic deformation. 

3. Finite element method 

In this section, we briefly present the salient 
steps involved in developing an algorithm for the 
finite element method (FEM) (for further ditails, 
see Aifantis (1979)). The formation of the shear 
band, being a directionally preferred one, neces- 
sitates the use of a suitable mesh in which the set 

of elements forming the shear band is oriented in 
the direction of the principal shear strain 
Pietruszczak and Mrdz (1981) assumed a shear 
band of a prescribed thickness to exist within the 
elements where the maximum stress intensity is 
reached. They conducted the analysis employing 
Coulomb's contact friction inside the band. Tver. 
gaard et al. (1981b) analyzed a plane strain ten- 
sile test using FEM, based on a phenomenologi- 
cal corner theory proposed by Christoffersen and 
Hutchinson (1979). Ortiz et al. (1987) character- 
ized the shear band formation as a type of jump 
discontinuity in the velocity strain distribution at 
a local material point and established a parame- 
ter to examine it and carried out certain finite 
element simulations. This parameter  is a function 
of stiffness matrix and the angle of orientation of 
the plane of the discontinuity. Using this parame- 
ter they detected the elements which exhibit 
non-trivial directions of the plane of the disconti- 
nuity and assigned special shape function to facil- 
itate numerical capture of the shear band. 
(Hereafter  we refer to this non-trivial angle as 
O - L - N  angle and the parameter  as O - L - N  pa- 
rameter. A negative O - L - N  parameter  indicates 
a jump discontinuity in the velocity strain distri- 
bution.) Nacar et al. (1989) extended this proce- 
dure for finite deformations. 

In contrast to these earlier studies, we did not 
invoke any instability condition to capture the 
shear band or use any special element. Because 
of the threshold shear stress based yield function 
included in our model, the shear band emerges as 
a natural result of the simulation. The list of the 
basic equations employed for deriving the force-  
displacement relation for the finite element 
method, follows. The detailed derivation is pro- 
vided elsewhere (Ramakrishnan and Atluri, 1993). 

(a) Equilibrium equation: 

7~A,A ~ b, = o, ( l o )  

where Tai is first Piola-Kirchhoff  stress and bi 
represent body forces. Indices ABC . . . . .  refer to 
the current configuration and ijk . . . . .  refer to the 
deformed configuration. 

(b) Constitutive equation: 

( ÷i/ ) j = e i / k ,Dk ,  -- ([f  ( w* ),  ( 1 1) 
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where Zgj represents Kirchhoff stress and the 
subscript ' J '  denotes Jaumann rate; Eijkt is the 
constitutive tensor for the elastic-plastic (includ- 
ing the directionally preferred deformation) solid 
and Dkt is the velocity strain tensor. In our 
earlier work (Ramakrishnan and Atluri, 1993), we 
have shown that the rotation of any line-like 
feature in a continuum material is simply the 
shear velocity gradient perpendicular to it. The 
average of the rotations of such lines with orien- 
tation ranging from 0 to 2w, interestingly, turns 
out to be the conventional expression for the 
material rotation. Therefore, for the isotropic 
J2-fiow we used the conventional expression for 
describing the material rotation, whereas, for the 
directionally preferred shear deformation we used 
the expression for the material rotation of the 
line-like feature. In Eq. (11), (*  is a correction- tJ 
stress rate arising exclusively due to the direction- 
ally preferred deformation and it is expressed as 
a function of w*,, a rotation-rate parameter, o9" 
is similar to the plastic spin appearing in the 
internal time theory of finite strain plasticity (Im 
and Atluri, 1987). The correction-stress rate is 
expressed in a frame indifferent form as, 

;~i* = - w~rk~ + rik w~*., (12) 

where w~2 = -w~l = - l(v2, j + vm),with the rest 
of the terms of ~0" becoming zero. 

(c) Jaumann rate of Kirchhoff stress: 

( + i j ) j  = ;~ , j -  OJikTkj q- TikC-Okj, ( 1 3 )  

where %/= 2(c~,/ Uj,i). 
By combining Eqs. (10) to (13) and using a 

weighted residual method, the stiffness matrix 
relating the nodal force and the nodal displace- 
ment in rate form, can be shown to be, 

[Kl=~2e[nlT[Eeps][Bl  d~Qe 

+ f~ , [B ' ]T[E ' ] [B  '] d ~  (14) 

and the force-displacement relation is given as, 

[K]{Vn}={l~n}+ f a [ B ' ] T { ( * }  d ~  e, (15) 
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where [Eeps] is the constitutive matrix defined in 
Eq. (7), [B] and [B'] are defined in: 

[ B ] { b ' n }  = {Ul ,1  U2,2 U3,3 U 1 , 2 - ~ U 2 , 1 }  T 

and 

 2,2  '3,3 v,,2 }T, 

({v n} is the nodal velocity matrix). [E'],  a finite- 
deformation correction matrix is expressed as: 

- r x l  0 0 0 - 712 

0 - '/'22 0 - T12 0 

0 0 - ~'33 0 0 

0 -- 7"12 0 21(722 -- Tll ) -- 1(T22 q- ,rll ) 

rl2 0 0 + r11) ~22) ~(T l l  -- 

{~-*}T,  a finite-rotation correction matrix associ- 
ated with the directionally preferred deformation 
is given as: 

{2"rlZW s --2"r12O)s 0 nWs(T22--Tll ) Ws(Tll--T22)} ' 

1 ¢ ,¢ 
(here w, = ~-(u1, 2 q- Uz,1)s). 

(17) 

4. Simulation and discussion 

Anand and Spitzig (1980) performed a few 
experiments to study the formation of shear band 
during tensile and compressive loading of a plane 
strain specimen. We numerically simulated these 
experiments using the FEM to validate our model 
as well as to analyze certain aspects of the me- 
chanics of the shear band formation. 

In order to perform a realistic simulation, we 
did not presume a symmetric deformation. The 
specimen geometry is shown in Fig. 1. The top 
surface AC and the bottom surface GI were 
subjected to step-wise incremental displacements 
to simulate tension or compression. The nodes at 
B and H were constrained in the x 1-direction. 
This type of constraint keeps the direction of the 
loading axis fixed throughout the deformation 
process. The experimental material data were 
incorporated using the following empirical equa- 
tions: 

n l  ~r,, = kpEm, (18) 
L Vt2 rm = ~sYrn , (19) 
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where 

kp=o-y/{Cry/[2#(1 + v)]}"' 
and 

ks = 

cr m and r m are the effective uniaxial stress and 
equivalent shear stress, respectively, the subscript 
'y' denotes yield condition, and n l  and n2 are 
material hardening exponents. While Eq. (18) can 
be established using a uniaxial tension test, Eq. 
(19) is, preferably, to be established using a tor- 
sion test. However, for the purpose of this simu- 
lation, we determined all material constants from 
Anand and Spitzig's results of the uniaxial ten- 
sion test itself, in such a way that the load-dis- 
placement variation is satisfied in both the cases 
for an ideal homogeneous specimen. 

We considered all the three possibilities of Eq. 
(7), that is, 
(1) a r, = 1 and d s = 0 (J2-flow); 
(2) d e = 0 and d s = 1 (threshold shear flow); 
(3) d e =  1 and d s =  1 (both J2 and threshold 

shear flow). 
The Young's modulus and the Poisson's ratio 
used are 207 MPa and 0.3, respectively. % and ~-y 
are 1539 and 866.2 MPa; nl  and n2 are found to 
be 0.0335 and 0.0366, respectively. For case (3), 
while retaining the values of O-y and n l, 7"y and 
n2 were assigned 980 Mpa and 0.0, respectively, 
so that the deformation switches from J2 yield to 
the threshold shear flow. Also, as expected, for 
the applicable range of 7y, the variation of the 
shear band inclination is found to be not very 
sensitive to the actual value of ~-y. For analyzing 
compression, O-y, 7-y, nl  and n2 were assigned 
1738 MPa, 978 MPa, 0.0358 and 0.0387, respec- 
tively. 

A perfectly homogeneous and uniform speci- 
men undergoes a homogeneous deformation even 
under metastable conditions, when it is uniformly 
loaded. But we rarely encounter  such a perfec- 
tion in reality. Therefore,  in numerical simula- 
tions certain imperfections have to be introduced 
deliberately in order to direct the deformation 
path towards a stable condition. This is normally 

a b 

Fig. 2. Deformed configurations of the specimen subjected to 
a tensile loading: (a) necking; (b) shear band formation. 

achieved by incorporating a mild heterogeneity or 
non-uniformity in the geometry, boundary condi- 
tions or the material properties. To trigger the 
necking in case (1), a taper from the loading end 

x]X>4x 
XXXx 
X:d; x 
XXXx 
XXXx 

XX× 
 XX× 
XXXX 
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a b c 

Fig. 3. Deformed configurations of the specimen subjected to 
a tensile loading, exhibiting both necking and shear band 
formation for an overall tensile strain of: (a) 0.0; (b) 0,10; and 
(c) 0.17, 
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to the center of the specimen was incorporated, 
by keeping DF less than AC or GI (Fig. 1) by 
about 2%. On the other hand, to initiate the 
formation of the shear band, the plane passing 
through E was made weaker by assigning a lower 
shear strength to a couple of elements in that 
plane. The deformed configurations of the simu- 
lated specimen in tension, exhibiting necking and 
the shear band formation are shown in Figs. 2a 
and 2b, respectively. It is imperative in the dual 
yield model that the exclusive necking or the 
shear band formation are only special cases and 
the real case may exhibit both of them but with 

different relative intensities as dictated by the 
material behavior. The deformed configurations 
of a specimen undergoing such a deformation is 
depicted in Fig. 3. The angle of inclination of the 
shear band gradually increases with the overall 
tensile strain and it is about 500-52 ° for an over- 
all tensile strain of 1.7 and this is in agreement 
with the experimental results. 

When the material is made weaker at one 
particular location in the specimen, both the pri- 
mary and the conjugate planes passing through 
that location exhibit equal propensity for develop- 
ing shear bands. On the other hand, if the shear 

. . . . . . . . . . . . . . . . . . . . . . . .  ! 

i 
i 

a b 

1 - 4 . 4 4 6 7 N I 0  "=' 7 .  1194MI0 "~ 1 2 . 2 2 7 9 N I 0  "= 4 . 4 0 4 7 N 1 0  "I 

2 7 . 1 1 9 4 N I 0  "~ 1 .4683MI0  ° 2 4 . 4 0 4 7 . 1 0 "  8 . 5 8 6 6 . 1 0 "  

3 1 . 4 6 8 3 . 1 0  e 2 . 2 2 4 8 . 1 0  = 3 8 . 5 8 6 6 . 1 0  "~ 1 . 2 7 6 8 . 1 0  = 

4 2 . 2 2 4 8 . 1 0  o 2 . 9 8 1 2 . 1 0  = 4 1 . 2 7 6 8 *  10 = i . 6 9 5 0 *  I 0 = 

5 2 . 9 8 1 2 N I 0  e 3 . 7 3 7 6 . 1 0  • 5 1 . 6 9 5 0 . 1 0  = 2 .  1132NI0 ° 

Fig. 4. Iso-shear strain contours drawn on a specimen subjected to tensile loading, with shear band on the: (a) primary plane only; 
(b) primary as well as the conjugate planes. 
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band is to be nucleated only along the primary 
plane, at least one more weak spot is needed on 
the primary plane. Figures 4a and 4b show the 
iso-shear strain contours drawn on the specimen 
geometry. The second one (Fig. 4b), where the 
imperfection is simulated by assigning a lower 
shear strength to the element placed symmetri- 
cally at the center of the specimen, shows sym- 
metrically developed shear bands on both the 
primary and the conjugate planes. The first one 
(Fig. 4a), where one more weak element is as- 
signed to the primary plane, shows a pronounced 
development of the shear band exclusively on the 
primary plane. It can be seen that the shear 
strain concentration is much higher in the single 
band than the double band, nearly double, as 
expected. 

In all the three cases mentioned earlier, the 
nodes at B and H (Fig. 1) were constrained in the 
x~-direction to simulate a fixed vertical loading 
axis. Instead of the node at B, if the node at E is 
constrained in the x~-axis as well as the node at 
H, it allows the top portion of the specimen to 
slide over the bottom portion by shear deforma- 
tion as shown in Fig. 5. Figure 5a corresponds to 
tension and 5b pertains to compression. In this 
case, there is very little rotation of the shear band 

J 
a b 

Fig. 5. Deformed coordinates of a specimen without fixing the 
vertical loading axis: (a) tension; (b) compression. 

: T :  " T " 

~ ,  ~ r  4 , 

a b o 

Fig. 6. Deformed coordinates of a specimen undergoing com- 
pression for overall strains of: (a) 0.0: (b) 0.10: and (c) (t.i 7. 

in both the tension and the compression with the 
overall straining. 

We simulated the compression of a sample 
with an aspect ratio of three, assuming sticking 
friction on the top and the bottom surfaces (Figs. 
6a-6c). While the shear band rotates towards the 
loading axis in tension it is reversed in the case of 
compression. In compression also, the orientation 

/ i I " i i c- - - -  

/ i / I / I / i / . , /  - -  - -_11 i . . . . .  - 

/ i i , . _  - -  - -  - 

j ~  I I i] t  m L  ~ - - ~ - - - ~ ; ~ / - -  " 

C"',  / ' / I j /  
I , ,  : 

• . / / r / i  
i'b "I" ifl i 

: % : . J  i - " - 2  2L - 

/ I X  i l l / I l l  -- ~ - ~ T  - i 

/ 1 1 / 1 1 /  I / i /  . ~ "  f ] ' - ~ - -  / "  
I / f ; -.  -- - 

~ ' / - - t - - - ' / 1 1 /  I - - - 

a b 
Fig. 7. Vector plot drawn on the specimen exhibiting shear 
band formation: (a) angle of orientation of the principal shear 
plane; (b) O - L - N  angle. 
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of the shear band satisfactorily agrees with the 
experimental results, for the imposed overall 
strain. 

The kinematics of the shear band formation 
can be examined using the vector plot depicting 
the orientation of the shear plane in each ele- 
ment as shown in Fig. 7a. Along the plane of the 
shear band, the orientation of the principal shear 
direction in each element is in perfect alignment 
with that of the other elements. At all the other 
locations, such an alignment is missing indicating 
a type of kinematic locking. Therefore,  the nucle- 
ation of the shear band can be visualized as a 
type of kinematic docking of the principal shear 
plane at every location with that of the adjacent 
locations along the plane of the shear band. By 
this kinematic docking process, the shear flow 
can take place easily across the entire specimen. 
Though the kinematic locking and the kinematic 
docking processes are the results of the contin- 
uum analysis, they seem to offer an explanation 
for the experimental observation of the shear 
bands formed across several grains without any 
deviation. 

The kinematic docking process can be viewed 
in a vector plot depicting the O - L - N  angle also, 
as shown in Fig. 7b. As we stated earlier, a 
negative O - L - N  parameter  indicates a jump dis- 
continuity in the velocity strain distribution. But 
when we substituted our stiffness matrix (dual 
yield model) in the general equation for deter- 
mining the O - L - N  parameter,  it turned out to 
be always positive. This is apparently because of 
the hardening conditions assumed in this study 
whereas a J2 softening material behavior has 
been assumed by Ortiz et al. (1987). Therefore,  in 
each element, we computed the non-trivial O - L -  
N angle for which the O - L - N  parameter  be- 
comes minimum and not necessarily negative. 
This non-trivial O - L - N  angle turns out to be the 
same as the orientation of the principal shear 
direction along the shear band. It must be noted 
that this simulation study did not make use of 
either the O - L - N  parameter  or the angle, in 
either nucleating or orienting the shear band but 
used them only for examining certain characteris- 
tic features of the shear band. 

To understand the implications of the O - L - N  
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Fig. 8. V a r i a t i o n  o f  O - L - N  p a r a m e t e r  (in M P a  2) wi th  the  

overall tensile strain for the strain hardening exponents: (a) 
n2 = 0.0; (b) n2 = 0.0331; (c) n2 = 0.1; and (d) n2 = 0.3. 

parameter in this context, we plotted this value 
against the overall tensile strain of the specimen 
for different cases of material hardening and the 
plot is shown in Fig. 8. For zero hardening, the 
value of the parameter  remains at zero for the 
entire deformation and with increasing hardening 
the minimum value of this parameter increases. 
The shear band formed only for the zero harden- 
ing and the mild hardening cases but the other 
two higher hardening cases did not show any such 
formation. This suggests the O - L - N  parameter 
to be a good indicator of the shear band forma- 
tion. Also, this implies that the jump discontinu- 
ity could be a sufficient condition for the shear 
band formation but certainly not a necessary con- 
dition. 

This constitutive model does not eliminate any 
commonly known limitations associated with mesh 
dependence. The minimum band width is re- 
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stricted to the size of the element. Also, it is 
necessary to orient the set of elements constitut- 
ing the shear band in a direction close to the 
direction of the principal shear strain to accu- 
rately predict the shear band inclination. The 
details regarding the mesh dependence is pre- 
sented elsewhere (Ramakrishnan and Atluri, 
1993). 

5. Summary 

A set of numerical simulations of deformation 
in plane strain tension and compression was per- 
formed employing the dual yield model, devel- 
oped by the authors earlier, using an FEM capa- 
ble of treating finite strains and rotations. The 
constitutive equation supporting this model takes 
into account a J2-flow based Mises yield condi- 
tion as well as a threshold shear stress based flow 
condition. As per this model, the J2-flow condi- 
tion supports the conventional deformation and 
the threshold shear flow accounts for a direction- 
ally preferred deformation observed experimen- 
tally. The constitutive equation which is ex- 
pressed as an explicit function of elastic con- 
stants, deviatoric stress state, direction of princi- 
pal shear strain and material flow stresses, is 
shown to be capable of resolving the nucleation 
and the growth of the shear band even under 
material hardening conditions and does not de- 
mand a prior knowledge of the orientation of the 
shear band. It is demonstrated that the formation 
of the shear band can be captured as a direct 
outcome of the finite element analysis without 
resorting to any instability criterion, which are 
usually employed in the contemporary proce- 
dures. 

The results of the simulation agree well with 
the published experimental results and validate 
the dual yield model. Also, a possible explanation 
for the microscopically observed shear band nu- 
cleation across several grains without any devia- 
tion, is offered based on a kinematic docking 
mechanism exhibited by the principal shear 
planes. Though the model does not invoke any 
instability criterion to nucleate or orient the shear 
band, the simulation demonstrates the usefulness 

of the local instability criterion of Ortiz e~ ai  
(1987), for examining the characteristics of the 
shear band. 
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