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INTRODUCTION

The aim of this paper is to highlight some fundamental features of existing
viscoplasticity theories in relation to various different experiments with
finite inelastic strains and strain rates. Such theories, which are
essentially phenomenological, have to obey general constitutive principles of
continuum mechanics such as objectivity, material symmetry, determinism and
Tocal action. Moreover, some additional features of inelastic rate-dependent
behaviour such as (a) material symmetry change (“deformation-induced
anisotropy”), (b) directionality effects, (c) yield surface existence, (d)
isotropic as well as anisotropic damage, creep, cycling, recovery and
softening, have to be taken into account in order to meet cumbersome uniaxial
and Tlimited multiaxial experimental data. In this paper, aspects (a), (b) and
(c) are being Tooked for in the examined theories while aspect (d) is not
considered here. Especially aspect (b), which is very often forgotten or
misunderstood, is stressed here. Finally, the role of a correct deformation
geometry as well as irreversible thermodynamics are of great importance for
inelastic deformation processes and must be properly treated. In the next
sections a comparison of some existing viscoplasticicity models is given and a
programme  of biaxial experiments on cruciform specimens is briefly
highlighted.

SOME VISCOPLASTICITY MODELS

In order to make a uniform notation for the various different constitutive
models we list the following relations (which hold for finite strains):

F=FE.Fp, (F:(KO) > (Xt)’ Fp:(KO) - (Kt), FE:(Kt) > (xt)), [@P]
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where F,Fg and Fp are total, thermoelastic and plastic deformation gradient
tensors (all configurations (kg), (kt) and (xt) are continuous and with
residual stresses in general), Ef and E are Lagrangian thermoelastic and total
strain tensors, e, 1is the Eulerian plastic strain tensor, p is the plastic
strain rate intensity, p is the accumulated plastic strain, S,S% and AS are
the Piola-Kirchhoff dynamic, static stress andoverstress tensors, T is tieCauchy
stress tensor, dWp/dt is the plastic power, Lp is the plastic velocity
gradient tensor (whose syrnmetric part D, is plastic stretching and its
antisymmetric part W, is a plastic spin tensor), & is the time rate of the
plastic strain tensoe, f and f* are dynamic and static yield functions
characterizing the behaviour of the considered body B as follows: f > O,
p >0, f* =0 (viscoplastic behaviour), f = f* = 0, p = 0 (elastoplastic yield
limit) and f = f% < 0, p = 0 (elastic interior of the yield surface).

1. In viscoplasticity theories with yield surface and the associated flow
rule (Perzyna, 1988; Chaboche and Rousselier, 1983) the evolution equation for
plastic strain rate reads:

. 1
nep = <f>w(f)asf = c(Sd—B), (Sd =S -3 T trS), (8)
with Huber-Mises yield function:
(S-B)e 1
_ 9. 9= -1+18 65 .28):(5 -B)|?

where B(p) is called the back stress representing kinematic hardening, v is a
function of f and <x> =1 for x >» 0 and «x> = 0 otherwise. Chaboche and
Rousselier assume additivity ep+Eg % E which holds for small strains only
while Perzyna in some recent papers takes into account finite plastic strain
obeying (2) . It should be noted here that evolution equation (8) is in fact
intrinsically uniaxial since it is characterized by the same scalar evolution
equation

(0-8)eq
p=<f>y IO 1 (10

for various different strain paths. However, experimentally it has already
been noted that curves (p,Seq) are diffferent for tension and torsion (Gil
Sevillano et al., 1982; Young et al., 1974). Such directionality of inelastic
behaviour has been discussed by Weertman and Hecker, 1983, in their
dislocation cell wall formation theory, but there is a need to predict such a
discrepancy in behaviour by some phenomenological theory as well.

2. The existence of plastic strains from the very beginning of a deformation
process has been postulated by Bodner (1987), admitting in that way that
plastic straining exists even during unloading. His evolution equation reads
(under the assumption of small strains):

ep = ASd, an

whose corresponding generating scalar evolution equation
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(Wp s the plastic work acting here as a plastic deformation history
parameter) is the same for all proprotional stress paths. Thus, it again does
not distinguish between tension and torsion; it is in such a way insensitive
to directionality.

A similar situation appeared for the no-yield-surface theories of Miller and
Krieg (cf. Abdel-Kader et al., 1988) whose evolution equations introduce back
stress B in (11) in the way similar to (8).

It should be mentioned that all these models may be considered as special
cases of a theory with yield surface when it shrinks to a point.

3. Cernocky and Krempl (1980), for the case of small (i.e. infinitesimal)
strains, assumed a non-associate flow rule:

. -1 . . . 1
nep =D, :(5-5%), S$¥ -EDO.E, Ty = 7Dy s a3

where &,n are scalar functions of (S,E) and Dy is the fourth order tensor of
elastic constants. Its directionality can be seen from the examples of

uniaxial tension:
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(E s Young modulus and v is the Poisson coefficient) and torsion:
00 01 . So3
{8 ? (])J [nep23+gep23-(1-£) T:l =0, (15

under the assumption that ley33l » el 33, 231 » e223.

Obviously, (13) accounts for d1rec%1ona]1 y but %o does not properly predict
the direction of ep. This is clearly seen from (14) which can be satisfied
only if v = 4, which does not hold for most metals.

4. In a fourth viscoplastic model with yield surface and non-
associate flow rule for the case of finite strains (cf. Micunovic, 1987;
Maruszewski and Micunovic) the evolution equation for the plastic ve10c1ty
gradient tensor is obtained by isotropic tensor functions (Boehler, 1987) and
thermodynamic restrictions imposed by the second law:

nL = <F>Ld 1+ dy(1-K0S + dy(l- k%52 4 d3(1-k)(S.e ve . S) +
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Wy(s®.e e .S )(1+k) + W3(S.e2-ef.5) + wy(S .eg e.sH 0401, (16
where terms with coefficients dp,...,ds determine the plastic stretching
tensor whereas terms with coefficients wj,...,ws define the plastic spin
tensor and d is found from the condition ter = 0, while the static stress
tensor 1is naturally assumed to have the same direction as the dynamic stress
tensor, i.e. $% = kS. Here coefficients dy,...,d5, W ,...,wq, N depend on

I\)'U

invariants {e, n],nz,n3,o],02,03,u],u2,u3,u4} =

2 .3
{e,trep,trep trp,trS ,trS=,trs”,S: ep ,S%:e p,S eg 52 e2} with 6 as the temperature.
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Consider the special case of an_ initial yield surface with mp ~ 0. In this
case (16) reduces into (with Dp Y € from (6) ):

& % ay(s - 1/31trs) + ay(s? = 1/3 1 trshy, Wy o, a7
where op = (1-k)dyp/n(m = 1,2). This equation is a good approximation of (16)
for small plastic and elastic strains.

Obviously, (16) is able to take into account the directionality of an
inelastic deformation process. For instance, the example of uniaxial tension
is given by the evolution equation:

3 . _ ¥
?r1(1+2ep33)ep33 -<f>{[S33-S33(ep33)](d +2d ep33+2d e? 3) +

2 0 5 p3 (18)
+ [S35-S35(e p33)I(d +2d, ep33+2d6 ep33)},
while in the case of torsion we would have:
. _ ok _ 2 2 2
nép23 =<f>[S,3 523(ep23)][d1 2d3ep23+2d5ep23(I+2ep23)l. amn

Here, finite plastic strains (without necking) and sma]] elastic strains are
assumed. It should be noted, however, that dj,...,d 6 in (18) depend on
{6,533,ep33} whereas in (19) dy,d3,d; depend on {g,S, 3} and could be
determined from experimental results by making use of (16) aﬁg 9.

5. At the end of this section a few remarks about material symmetry deserve
our attention. In the theories of Perzyna, Chaboche and Rousselier, Bodner,
Miller, Krieg, Cernocky and Krempl for an initially isotropic body B, stress
is the linear function of elastic strain (a is the coefficient of thermal
expansion):

S =DO:(EE—aA9]), (20)

with elastic constants given by

ByS §
Dg YO _ gaBgY " u(gay BS angY)

2N

g8 being a fundamental tensor of the (x¢) configuration (for small strains
spatial coordinates in (xt) may be employed as well).

On the other hand, anisotropy caused by plastic deformation enters also
elastic constants in the model of Micunovic (1987) (cf. also Micunovic et al.,
1988) where:

_ 2
Pagys = 9ap(M9ys 0580y 570780y 19, 95579, 00y ) *

* CZ(gaéepBY+gBYepa6) 4(ga6 pBY gBYepué) *

2 2
+
(ng 4 pys+C6ep¥5)epaB (c 7gyd+c69pyé+c3epY6)epaB’ (22>
under the assumption that thermoelastic strains are small whereas plastic

strains finite. Again, if plastic strains are also small we should have D % Dg;
BIAXIAL EXPERIMENTS ON CRUCIFORM SPECIMENS

Having 1in mind the brief review of the viscoplasticity models listed in the
preceding section, an experimental programme of the kind given in Fig.]l
becomes logical. For a cruciform specimen engineering (i.e. Piola-Kirchhoff)
stress, temperature and Lagrangian total strains are measured as functions of
time. Then plastic strains are either calculated or measured by unloading.
From the determined plastic strain tensor as a function of time we calculate
its time rate, plastic strain rate intensity and accumulated plastic strain.
Either by p = 0.2% or by temperature measurements dinitial yield surface is
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0 detected. Finally, evolution equations

S(t) = {“1] ng 0} (16) or (17) are applied and for the
- initial yield surface associativity of
the flow rule is investigated.
oct) Further experimental details and results
are given 1in our next paper at this
conference.
Eip E2 B3
E(t) = E E
{ 22 Egg} CONCLUDING REMARKS
Concerning the viscoplasticity models
| considerd, the following conclusions may

be drawn:

a) In the theory of Perzyna and Chaboche
and Rousselier (with Huber-Mises yield
surface and the associated flow rule)

=e (6,5,E) (2), & (20
ep(t) b 3

e (t),p(t),p(t) (3) & (6)

p the accepted scalar evolution equation
for the plastic strain rate intensity
l does not recognize the directions of
strain paths being the same for
tension and torsion, for 1instance.
INITIAL YIELD SURFACE Plastic strain-induced anisotropy is
l taken into account only by kinematic
hardening, i.e. the back stress.
b) The theories of Bodner, Krieg and
Miller (without yield surface)
gbé?g%glgﬁigosi¥é) & a7 incorporate the same directionality,

as in the theories of Perzyna and
Chaboche and Rousselier. Again, their
evolution equations essentially do not
recognize diverse strain path
directions and the back stress is
taken into account in the same way as
above.

c) The overstress -concept and a non-associate flow rule are essential
ingredients of the theory of Cernocky and Krempl. It 1{s sensitive to
directionality effects but colinearity between the plastic viscosity fourth
rank tensor Tp and the fourth rank tensor of elastic constants &, fails for
some cases of deformation such as tension.

d) The non-associate theory of Micunovic (1987) allows for directionality
effects and introduces plastic strain-induced anisotropy even in the fourth
rank tensor or elastic “constants”.

A multiaxial experimental programme is planned so as to be able to decide

among the different theories based on a reliable judgement of the associativity

or non-associativity of experimentally obtained flow rules.

Figure 1: Experimental programme

REFERENCES

Abdel-Kader, M.S., El-Hefnawy N.N. and Eleiche A.M. (1988). A comparative
study of six viscoplasticity theories. Fourth Cairo University MDP
Conference, Cairo, December 27-29.

Albertini, C., Cenerini, R., Curioni, S. and Montagnani, M. (1983). Dynamic

mechanical  properties of austenitic stainless steels - fitting of
experimental data on constitutive equations. SMIRT-7(L), Amsterdam, North
Holland.

Albertini, C. and Montagnani, M. (1979). Testing techniques in dynamic biaxial
loading. Inst. Phys. Conf. Ser. N°47, Chapter 1, pp.25-34.

Albertini, C., Micunovic, M. and Montagnani, M. (1989). Biaxial strain-rate
controlled viscoplastic experiments on cruciform specimens of AISI 316H
up to 100/s. Fourth Int. Conf. on Mech. Properties at High Rates of
Strain, Oxford, March 20-22.

41




Albertini, C., Montagnani, M. and Micunovic, M. (1989). Viscoplastic behaviour
of AISI 316H - multiaxial experimental results. SMiRT-10(L).

Bodner, S.R. (1987). Review of a unified viscoplastic theory. In: A.K. Miller
(ed.), Unified Constitutive Equations for Plastic Deformation and Creep
of Engineering Alloys, London, Elsevier.

Boehler, J.P. (1987). Representations for isotropic and anisotropic non-
polynomial tensor functions. In: J.P. Boehler (ed.), Applications of
Tensor Functions in Solid Mechanics (CISM Lecture N°292), Wien, Springer.

Cernocky, E.P. and Krempl, E. (1980). A theory of thermoviscoplasticity based
on infinitesimal total strain. Int. J. Solids Structures, Vol.16, pp.723-

741.
Chaboche, J.L. and Rousselier, G. (1983). On the plastic and viscoplastic
constitutive equations - Part I: Rules developed with internal variable

concept. ASME J. Pressure Vessel Tech., Vol.105, pp.153-158.

Gil Sevillano, J.F., Von Houtte, P. and Aernoudt, E. (1981). Large strain work
hardening and textures. In: B. Chalmers, J.W. Christian, T.B. Masalski
(ed.), Progress in Material Science 25, Oxford, Pergamon.

Maruszewski, B. and Micunovic, M. On neutron irradition of an isotropic
thermoplastic body. Int. J. Engng. Sci. (in press).

Micunovic, M. (1987). A thermodynamic model of ideal cyclic viscoplasticity.
SMiRT-9(L), Rotterdam, Balkema.

Micunovic, M., Albertini, C. and Montagnani, M. (1988). Viscoplastic material
properties at non-proportional strain histories of AISI 316H stainless
steel. In: C. Oytana (ed.), The Inelastic Behaviour of Solids - Models
and Utilization, Besancon, MECAMAT.

Perzyna, P. (1988). Temperature and rate dependent theory of plasticity of
crystalline solids. Revue Phys. Appl., Vol.23, pp.445-459.

Weertman, J. and Hecker, S.S. (1983). Theory for saturation stress difference
in torsion versus other types of deformation at Tlow temperatures.
Mechanics of Materials, Vol.2, pp.89-101.

Young, C.M., Anderson, L.T. and Sherby, 0.D. (1974). On the steady state flow
stress of iron at low temperature and large strain. Met. Trans., Vol.5,
p.519.

42




