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1. lntroductioﬁ

Many experiments showed that bands of localized plastic deformation initiate
under certain conditions during metal forming processes [1]. Theoretically the problem
was widely discussed. Most of the authors consider conditions for plastic localization
bands initiation in homogeneous strain fields [2, 3, 4, 5]. The case of nonhomogeneous
plane strain and coupled thermoplastic processes was considered in [7]for a rigid-plastic
isotropically hardening material. Conditions for initiation of plastic localization bands
in anisotropically hardening materials are obtained in [8].

Plastic strains inside the localization bands are much higher than in the rest of
the material and they may cause void initiation and nucleation. The development
of this damage process leads to softening of the material. A coupling between
the thermoplastic and the damage processes exists. A mechanical model, descri-
bing the material damage during metal forming processes was proposed in [6].
In [9] this model was used to obtain the necessary conditions for plastic localization
bands initiation in isotropically hardening rigid-plastic materials. The case of anisotro-
pically hardening materials will be discussed here.

2. Mechanical médel

The mechanical model of anisotropically hardening materials was proposed in [10].
The case of nonsymmetric anisotropic hardening was considered in [11]. According
to that model a yield condition of the Mises type exists:
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uchy stress tensor o;;; s, is the microstress deviator. The matenal functions A and 1:
depend on the strain rate ’

d 1 -
23) l3=d—;Y= \/7 Aijhig,

on the plastic strain
t
(2:4) v=| pat
0

and on the temperature 7. The material is rigid-plastic and the strain rate coincides
with the plastic strain rate:

1
(2.5) 7\1’/‘=7 (v1,7+v;5,0)

where v; is the velbc1ty vector. The function o(y) takes into account the nonsymmetric
character of the subsequent yield surface and depends on the factor %, expressing
the difference between the directions of the preliminary and the subsequent load-

ing [I1].
According to [6] damage has a softening effect, expressed by the scalar damage
variable D, appearing in the yield condition. In that case (2.1) takes the form:

(2.6) F=112+ 5 A},—(1—D)o(x)+ T, =0.

If no damage is available D=0 and (2.6) coincides with (2.1).
The flow rule is associated with the yield condition (2.6) and it has the form .

(2.7) hij= dt Y Fi =0,
where
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The equation of evolution for the microstresses is [11]

Lo d 123
(29) U Qe

where Q*=Q*(y, B, T) is a material function.
The damage -variable changes according to the law [6]
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where DZ:%D‘ and D,, e, and g, are material constants, described in [6]. R, is

a factor, taking into account the triaxiality of the stress state [6].
The temperature equation yields:

dT _ kr

(2.11) =

T, I'l'+ Qy

where K is the conductivity coefficient, p is the material density, ¢, is the specific
heat per unit volume and

(2.12) 0=

is the strain rate energy, turning into heat. The Taylor-Quinney coefficient & takes
the value 0.9-0.95.

These are the basic equations, describing the problem. It is worth here men-
tioning the following: The anisotropic hardening of the materials is a result of preli-
minary and actual plastic deformation. The damage is isotropic, described by means
of a scalar variable D. The influence of the plastic anisotropy on damage is taken
into account only by means of the plastic strain rate invariant B, which depends on
the strain rate field, determined by the associated flow rule. Anisotropic damage,
which could take place in connection with the oriented plastic strain is not consi-
dered here,

Eqgs (2.3) and (2.7) yield

Gij 7\,‘]

3
pcy

di
(2.13) B="4 Iy,
where
(2.14) I p=\|-5FisFy,

The consistency condition Z—?:O has the form

(2.15) it ~ do Ty Tat toy ar

or
LF 2oy 455 @, pdB pdT g dD o
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i
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Taking into account the flow rule (2.7), the expression (2.12) becomes

k- ko dr— k__dh .
(2.18) ) “——‘——‘5?;*.5‘1'_,'7»;'/=T% ar Sthzj 2 ey it ((P'f"fp)'(l—D)E
k .
=25 ar, O+ 1—=D.

Substituting (2.9), (2.11), (2.18), (2.13) and (2.10) into (2.16), we obtain

(2.19) LS Y BB WY N-L I A -0,
where

z
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211=SijFi]'.
g—%-, obtained from 2.19) has the form
do as
Fy; SR ML AT
axr 1 dy |4 Bdf
(2.21) IE=T af = IIFLY
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3. Plastic localization

The necessary conditions for plastic localizaion bands initiation under plain non-
homogeneous plastic flow will be obtaned as conditions for bifurcation of the rates
of the process parameters. If at time £, such a bifurcation takes place, inside a band
of the width 2d, plastic localization will be available inside this band at £>%,.

Introducing a convective orthogonal curvilinear coordinate system (n, &) so, that
E=const are lines parallel to the middle line L of the band and n=const are straight
lines, normal to L and assuming the localization band to be thin and material, we apply
the straight normals hypothesis [7] and the basic equations describing the process take
the form

1
Aap =~ (Vaip+ Upja),

GE,B;BZO,
: aF B
7\‘(1 :;\4 Fﬂ y F(l = N ),,:-——,
8 B B 36. 1,
. k.. & . ) B
(3.1 . It T (9+7)(1—D) 7 go=T. 4.

(Cl, 3=TI, é)

Outside the localization band all process variables are unique. Inside the band the fol-
lowing bifurcation takes place

(3'2) A)\'HB:iZO’ A&aﬁ:!:O, A‘S:gﬁi‘o’ ATZO, A(va::O.
Due to the plastic incompressibility, plastic localization bands are shear bands [4]
3.3) Adegg=0, Adyy=0, Aker=0.

The compatibility condition (3.1) leads to
(3.4) Adap =5 (Aap+ATp0)
and the condition, that the solution is unique outside the bifurcation band yields
(3.5) Avy(—d)=Av(d)=0.
It follows from (3.3), (3.4) and (3.5) that
(3.6) Av:=0, Avn,=Av,E)

inside the localization band. Introducing the bifurcation vector g,, (u=n, &), the rela-
tion (3.4) leads to [4]

1
3.7 AXap= 5 (&u p+ &5 11a)
and hence 7 o B
(3.8) Ary=gyny=0, gu(—d)=_gud)=0,
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or
3.9) Adtn=—5gn(E) Aree=0, Adyy=0
and
(3.10) &n(8)+0, g=0.

The flow rule (3.1); leads to the relation
(3.11) e e . Ahg=ALFy

and due to 3.7)
1 1
(3.12) Fup=-5 (Hotp+Hp N, uu=ﬂga.

The consistency condition (2.19) leads to
(3.13) AF=FgAce+L, Ay +LgAB=0.
Taking into account (3.12), the first term in (3.13) is

. 1 .
as due to equilibrium A cune=0. The condition (3.13) takes then the form

(3.15) « : LyAy+LgAp=0.

This equation will be fulfilled in the following cases:

i. Ay=0, AB=0. No bifurcation takes place then.

ii. Ay==0, AB=0. Bifurcation of strain rates is available, but no bifuration of strain
accelerations exists. In that case the condition

(3.16) L,=0
should be fulfilled.

iii. Ay=0, AB==0. Only bifurcationof strain accelerations is available. This leads at
the next moment to bifurcation of strain rates too. The condition

3.17) Lg=0

should be fulfilled in that case.

iiii. Ay=£0, AB=£0. This means bifurcation of strain rates and strain accelerations.
The necessary conditions. are

(3.18) Ly=0, Ly=0. ‘

Conditions (3.18) are the necessary conditions for initiation of plastic localization bands
in the general case. Substituting (2.20) into (3.18) we obtain

*

D
Ca R, Fp=0,
D

k % 1
(3.19) Q2+ Fyt 25— (051 DY 1~ Fret =
Fa=0.
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This could be fulfilled in the partivcular case when Fy=Fg=F;=F;,=0. This re-
quires that

A, Ay AL Yo+t X1-Dp
Oty OptTy Optip i '
(3.20) )
D . 1
Q=2 R+ P(1-D) s~

In the regions of the deformed body, where relations (3.20) are fulfilled, plastic locali-
zation is possible to take place. Substituting (2.20) into the more general case (3.19)
we obtain

(3.21) Q" Si+ ,,F{L 2 A—2(1—D)(o+1 ){(1_0)(<py+r,)

o+, )]} (I—D)Q[ 5 A

8-—8

—1 -D)’(ao+r;)((pr+rr)] 0,

53, A= 2o+ )1 —DY(9p-+75) =0,

These are the necessary conditions for initiation of plastic localization bands in aniso-
tropially hardening materials, when damage is taken into account. The case of a ma-
terial which is symmetrically hardening is easily obtained, substituting ¢=0@,=¢3
=@,=0. If damage does not take place, then D=0 and (3.21) takes the form

(322)  Q“Eu+llp|- AT, — Ao+ )(q)y+xy)‘+2 @+ 52 A

—20+ )07 +77)| =0,

1 *
5 L3 Ap— A9+ 1,)(9p+75) =0.
If the material is isotropically hardening, then Q*=A=¢=2X;;=0 and (3.21) yield

*

D, 1
1—D)‘EPTT——§_——— T——D—R” ‘L'p=0,

tp

(3.23)

‘CB=O,

which coincides with the result, obtained in [9].
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