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Abstract

The authors review work which is part of an extensive research within the Nuclear Reac-
tor Safety Programme of the CEC-JRC Ispra Establishment, into the development and the appli-
cation of (time-independent plastic flow) constitutive equations for various types of auste-
nitic stainless steels which are candidate materials for prototype and commercial fast

breeder reactors.,

1. Introduction

Safety analysis constitutes an important part of the technical effort invested in any
nuclear system and demands careful knowledge of material behaviour especially in the non-
linear range [1]. In particular the reliability which one hopes to obtain in structural cal-
culations depends on the accuracy of the analytical expressions (in other words: constitutive
equations) used to convey the material mechanical behaviour although computer outputs may
have the appearance of precision. According to these statements, the purpose of the present
paper is to review work performed on the phenomenological description of the time-independent
plastic flow behaviour of Type 316H stainless steel over a large temperature range by taking
into account tensile strain and strain rate effects [2-4]. The work is a part of continuing
extensive research at Ispra, within the Nuclear Reactor Safety Programme into meehanical
behaviour modelling of several types of austenitic stainless steel intended for use

in advanced systems [2-15].

2. Constitutive equations (one independent variable)

First, the most popular of all the equations characterizing polycrystalline metal
stress-strain curves, for homogeneous deformation in uniaxial tension, was considered,

usually called Hollomon's law [16]

o =3Aa_€E (1)
where o is the true stress, Gp is the true plastic strain (the only independent variable,
the temperature and the strain rate being constant) and Ay and ny are constants termed

the "strength coefficient" and the "strain hardening exponent", respectively.

The Hollomon law is widely used for its simplicity, because only two constants are re-
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quired to account for the tensile behaviour, whereas the majority of constitutive relation-
ships are characterized by three or more constants. Unfortunately, as has long been recog-
nized [17 ], this relationship gives an inadequate description of the plastic flow beha-
viour exhibited by austenitic stainless steels. This statement was confirmed by the results
[2-4] concerning the least-square method fitting analysis to eqn. (1) of the

Type 316H steel true stress-—true strain data. Moreover the Hollomon law does not suitably
characterize the Type AISI 310 [ 8, 9] and high-Mn stainless steel [12] either. However,
results [2-4] indicate that at very high temperature (T = 1073) the Hollomon equation can be
applied with some accuracy for Type 316H steel.

A second constitutive equation worthy of consideration is the well known relationship,
called Ludwik's law [18]

o =A_ + B € (2)

where ny is a strain-hardening exponent and Ay and By, are material constants. A; can assume
the meaning of a yield stress (or alternatively a threshold stress). At very high tempera-

tures where the diffusion processes are very rapid, Ar is close to zero because the thres-

hold stress is very small, in other words a very small finite stress is sufficient to pro-

duce flow in a metal. Eqn.(2) then reduces to egn.(1l).

The third equation considered is Voce's law [19]

= exp(C_€ ) + B 3
o =R, p(vp) N (3)
in which A, Cy and B, are material constants, three and no more, as in Ludwik's law. This

equation was derived from a saturation stress model [19]. The last equation considered among

those having only one independent variable is the more sophisticated Ludwigson's law [20]

Ly

g = A exp(C +BLw b (4)

LW y

Lwep
where Ny is a strain-hardening exponent and Apy, Cpy and By are material-dependent con-
stants. Results [2-4] show that the Ludwik and the Ludwigson laws give the best fit for Type
316H steel at room temperature and Voce's law above room temperature up to 1073 K, as shown
by the values of the statistical index, correlation coefficient R and Fisher function F

(see Tables 5 — 8 [2], Tables 4 - 8 [3] and Table 2 [4]). However, the Ludwik and Ludwigson
laws give a good representation of the data at low deformations for all temperatures tested.

It should be mentioned also that the Ludwigson law gives the best description of tensile be-
haviour for Type AISI 310 steel [ 9 ] and high-Mn steels [12].

Finally, following the approach of Klueh and Hebble [21], it was possible to link the
coefficients Ay, etc., which define the magnitude of the stress in eqns.{1-4), to the ten-

sile strength Su by relationships which are linear. As examples from [2]

A = 440.4 - 2.897 Su (6)

B_ = 364.1 + 3.813 Su (6)bis

These relationships have only a practical significance.
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3. Constitutive equations (two independent variables)

Generally the face centered cubic metals are little affected by the strain rate. How-
ever, the results [2-4], as previously mentioned, showed appreciable rate sensitivity of
Type AISI 316H stainless steel at room temperature and still more at high temperature (T =
1073 K) . The same behaviour was observed by Krempl [22] in Type AISI 304 stainless steel at
room temperature. This means that for these materials and for the temperatures indicated we
must treat plastic deformation as a rate process.

The plastic behaviour of a metallic material which exhibits strain rate sensitivity is
generally described bv a phenomenological relationship in which the flow stress is expressed

as the product of the strain hardenina of the strain rate hardening:

where é is the true total strain rate, EO is a reference strain rate and K (strength coeffi-
cient) . n (strain hardening exponent) and m (strain rate hardening exponent) are constants
which depend upon the material (the temperature being constant, Gp and é are the two inde-
pendent variables). Recently Ghosh [23] has proposed an alternative constitutive law in

which a logarithmic strain rate hardening term is additive to the strain hardening term:

' 1
a = K',én + m’JLn[ i J-l (8)
P e JJ

o

In this formulation, K', n'

and m' again represent a strength coefficient, and strain har-
dening and strain rate hardening constants, respectively, but obviously these are different
from the K, n and m values of eqn.(7). It is claimed that eqn. (8) applied better at room
temperature [23] but clear evidence for this claim does not exist. The above egns.(7-8) are
based on the assumption that the two hardening processes are independent. B different ap-
proach was followed by Matteazzi, Petrone and Piatti [4] by incorporating the strain rate

effect in the parameter Ay and n, of the Hollomon law (eqn.(1)). Such a mew constitutive

law is given by [4]:

e[

_ . ot
o = K"\l + m"ln[i] e L € - 9

L c &
o

where the constants K", m", and n" represent a strength coefficient, a strain rate hardening
index and a strain hardening exponent, respectively. C is a material dependent constant.
A curve fitting exercise concerning several experimental tensile tests on type
AISI 316H stainless steels [4] allowed us to verify whether the above mathematical formula-
tions were suitable for the approximation of physical observations of real materials.
The results presented in Table 3 [4] refer to calculations performed
assuming éo = 4.16 s!. The correlation coefficient R values show that egn.(9) satisfactorily
describes the plastic behaviour of the material used at all the temperatures investigated.
while the Ghosh laws follow the material behaviour better at intermediate temperature (673
and 873 K) than at room temperature and at very high temperature (1073 K). The power law

(eqn. (8)) does not give a good representation of the data especially at room temverature.
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However, the choice of the reference strain rate has some effect on the calculations. It

was shown [4] that in the case of a choice for éo of a low value, 4.16-107° s_l, the power
and Ghosh laws do not suitablv characterize the AISI 316 stainless steel and only egn.(9)

can be applied with some accuracy. The results then show that the last equation is not very
sensitive to the choice of the reference rate. This is due to the fact that, as long as con-
stitutive laws for strain rate sensitive material describe the tensile behaviour for the
strain rate of interest, the choice of the reference value has a minor effect on calculations,
For more details see the paper mentioned [4]. It should be mentioned that eqn.(9) could also

be applied with accuracy to high Mn stainless steel [12].

4. Constitutive equations (a unified model)

Using the experimental data of the paper mentioned [2-4], detailed numerical analysis
was performed using a general 1D plastic-viscoplastic computer code based upon a non-linear
finite element technique [14,15]. Wwith this code, the usual assumptions for interpretation
of data are removed and the complex time history of the material can be taken into account.
For a given true stress-true strain relation, the local plastic and/or viscoplastic deforma-
tions of the sample are analysed in detail. The main parameters such as displacements, strain,
strain rate and stress through the specimen were computer output which could easily be com-
pared with the experimental results. Hence, within a general framework, the conijunction of
experimental and theoretical analysis can be performed in order to provide a new insight into
the domain of application of the constitutive laws for stainless steels.

As outlined previously, there are a lot of phenomenological constitutive laws, each
having its own interest, but for computational purposes it is undesirable to use separate
laws as is frequentlv done in most of engineering codes. Thus, the main goal is to develop
unified models which should be widely applicable in order to simulate complex non-elastic
deformation under static and transient conditions [24].

The constitutive law presented herein represents an attempt to meet the objective. With-
out entering into details, it can be observed that the main laws are obtained by modifying
the Ludwick law, the coefficient of which being functions of the true strain-rate é. In
addition, the true reference strain-rate éo plays in any case the central role. On the one
hand, there are the so-called power laws while on the other hand one can find the logarithm
laws.

In order to dather these two points of view, the following equation has been proposed:

n
o=A+BE
P (10)
where:
. |’1 e ™
= + | —
A=A +A og|_ éJ
o
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The parameter Ao’ Al, ml, Bo’ Bl’ m2 and no, nln m3 are typical constants.

It can easily be verified that most of the known constitutive laws can be derived from

the previous equation (10). It must be kept in mind the following approximations:

)

o

I

EE é
if GAEO « 1 then log[; + [—7—1n]
- e
o]
1
€
o

As a conclusion. the present constitvtive laws apply over a wide range of monotonic

fle

. D e
if €L » 1 then log;l + m log|——
° L é

o]

loading conditions including strain rate sensitivity. In addition, the proposed form can
easily be implemented in classical Einite €lement computer code giving a good accuracy and

very short computation time.
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