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SUMMARY

For the design of LM¥BR reactor systems, it is necessary to consider the time
independent (short-term tensile) behaviour of the structural materials, such as austenitic
stainless steels, which are important for nuclear applications because of their characteris-
tics of mechanical and corrosion resistance at high temperatures. It is desirable, therefore,
to have at one's disposal as input for calculations, a set of constitutive relations which
describe the plastic behaviour of these materials over a wide range of temperatures under
tensile loading.

In this work, a large collection of tensile stress-strain curves for different strain
rates (4.17 x 10~ - 4,17 x 10—2) and for a variety of temperature conditions (293 -
1073 K) concerning the AISI 316 type stainless steels (annealed conditions) is examined.

A numerical analysis of the stress-strain data is performed, using a curve fitting
program and taking into account the following constitutive equations, which describe the
macroscopical mechanical behaviour of the metallic materials.
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where 0 is the true stress, ep the true plastic strain, € the true strain rate, ép the true
plastic strain rate, T is the temperature expressed in degrees Kelvin and the other symbols
are constants.

The statistical analysis shows that among laws having plastic strain as the only in-
dependent variable Voce's law is the best for temperatures above 293K and Ludwick and
Ludwigson's law are the best at room temperature. Hollomon's law is sufficiently satis-
factory for T = 1074,



As far as the power laws taking into account both the strain and the strain rate influence
are concerned, it appears that the strain rate is a variable of low significance. As a
conclusion, in the case of AISI 316 stainless steel deformed by uniaxial monotonic straining,
different mathematical formulae are to be considered in order to describe the real response

of the material to the load over a large behaviour range.

1. Introduction

The design of liquid metal fast breeder reactors (LMFBR) must take into conside-
ration time independent (short-time tensile) behaviour of austenitic stainless steels which
are the major structural alloys used in these sophisticated nuclear systems. It is useful
therefore to have at one's disposal the constitutive equations which describe the plastic
behaviour of these materials over the entire range of behaviour. However, the constitutive
relationships for plasticity are not well established and according to Malvern /1/, it is
more profitable to use ''separate equations describing various kinds of ideal material res-
ponse, each of which is a mathematical formulation designed to approximate physical ob-
servation of a real material response over a suitable restricted range''. This philosophy,
which in virtue of its interdisciplinary attitude can be accepted by different categories of
scientists (continuum mechanics specialists, designers, metallurgists and solid state
physicists), has been adopted by the authors in the course of research into relating the
flow stress of AISI 316 type stainless steel to strain, strain rate and temperature in a given
range of behaviour. The studies were conducted by performing: a) an experimental in~
vestigation of plastic behaviour under uniaxial monotonic-loading over a variety of tempe-

> to 4.17x10_2 s_l)

ratures (273o to 1073°K) and strain rates (4.17 x 10~ ;  b) a numerical
analysis of the stress-strain data by a curve fitting program which considered different
types of phenomenological equations describing the stress-strain behaviour of the material.
The results are reported here.

This work is part of continuing research within the Nuclear Reactor Safety Program
at the JRC, Ispra Establishment, concerning the development of constitutive equations for

stainless steels intended for use in advanced reactor systems /2-6/.

2. Experimental

2.1 Material

The material used in this work has been supplied by Uddeholm (Sweden) (heat LK
4290) in the form of 50 mm thick plate. The chemical analysis is given in Table I. The
plate was machined into round samples with a 4 mm diameter and 20 min gauge length.
All specimens were machined to allow stressing in a direction parallel to the rolling direc-
tion of the plate material. Some of the specimens shown thereafter as AISI 316 1 were ob-
tained from the outer layer, and some, shown hereafter as AISI 316 II, from the inner

layer. The specimens were annealed at 1080°C for half an hour and water quenched to give

an austenitic grain of the order 3-4 according to A.S.T.M. -E112.
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2,2 Tensile tests

Tensile tests have been carried out at steady state extension rates on an INSTRON
machine in a controlled atmosphere of argon on 56 test samples (28 test samples of AISI
3161 and 28 of AISI 316 II). The test temperatures, controlled at a standard deviation of
+ 2°K, and the cross-head velocities are given in Table II. Figs.1l, 2, 3 and 4 give the
behaviour of the engineering tensile strength (ac,u) of the engineering yield strength at
0.2% (ac, 0. 2) of the conventional uniform plastic percentage elongation (A u) and at the
breaking point (Apb) as a function of the temperature for the AISI 316 I (Figs.1 and 3) and
AISI 316 II (Figs. 2 and 4) test samples. Figs.5, 6, 7 and 8 give the behaviour of
ac,u’ ac’ 0.2’ Apu and A pasa function of the engineering ?train rate éc. It can be
seen that ac, 0.2 is little affected by engineering strain rate EC, while 0O “ is sensitive

)

to éc at T = 1073°K. The plastic elongations APu and A _, are sensitive to éc for both

pb

T =1073°K, and T = 293°K. We can note that only the ultimate plastic elongation Apb

is plainly affected at 1073°K by the different sample positions (internal, external).

3. Mathematical description of the diagram

The load-elongation curves obtained from the tensile tests have been stored by
points in a Hewlett-Packard 2100-A computer and then processed.

To estimate first the influence of true plastic strain ep, true strain rate both
total (¢) and plastic (ép), and of the temperature on the plastic behaviour of the AISI 316
stainless steel, we have carried out a statistical analysis by means of exponential equations

previously proposed /5/:
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where 0, indicates the true reference stress produced at a reference temperature T at
the true plastic strain eop with a true strain rate € _ or éo' Kl’ KZ’ a; and a, are
constants ny and nj are strain hardening exponents and mj; and m; are strain rate hardening
exponents.

By means of linearization of equation (1) and (2) and of the following deletion of the
variables ep, ép (or € ) and T, assumed to be independent variables, we have a first
estimate of how significant the variables themselves are., Table III gives the values of the
coefficients which appear in the equations (1) and (2), the calculated and the reference
table values, at the corresponding degrees of freedom and at the indicated probability levels,
of the correlation coefficient R and of Fisher's function F that corresponds to the law
examined and moreover the value of Fisher's function F; calculated after the removal of an
independent variable.

By examination of this table, it can be seen that, with exponential laws such as

those proposed, the most significant variable is the true plastic strain ep (it is in fact the
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variable to the removal of which corresponds the highest value of F). Because of this, we
have examined the following laws: Hcllomon /7/, Voce /8/, Ludwik /9/ and Ludwigson /10/

which have only one independent variable €_.

P
o =aAy ean (Hollomon eq. ) (3)
9 =A_+B/ exp(cvep) (Voce eq.) (4)
o = AL + B ean (Ludwik eq.) (5)
o = ALU exp (CLU ep) + BLU eanU (Ludwigson eq.) (6)
where AH, Av’ BV, Cv, AL’ BL’ ALU’ BLU and CLU are material constants and
Npps By and ny 4y are strain hardening exponents.,

Tables IV, V, VI, VII, concerning AISI 316 I test samples and tables VIII, IX, X
and XI, concerning AISI 316 II test samples, give the tabulated values appearing in these
equations, each computed through non-linear regression analysis /6,11/, with the com-

puted and reference table values of the indicators of significance (R and F).

4, Discussion of the results and conclusions

The examination of Table III shows first of all that in exponential laws of type (1)
and (2) or derived from them, one can consider both € or €, connected very simply to
the cross-head velocity as had already been found for AISI 316 at high temperatures /6/
and for AISI 310 /5/. Besides, the values of Fisher's function F;, calculated after removal
of one of the variables, show that é¢ (or éP) is an insignificant variable, while they
show ep to be the most significant variable. Amongst laws having € _as the only inde-
pendent variable, the results of the statistical analysis show Voce's law as the best for
temperatures above 293°K and Ludwik and Ludwigson's laws asthe best at room temperature.
In fact, as was previously noticed /5/, even if Voce's law is the best from a statistical
point of view, it does not show satisfactorily the behaviour of AISI 316 in the plastic field
for small deformations, while we must consider Ludwik and Ludwigson's laws as the best
and equivalent to one another. Also Hollomon's law is sufficiently satisfactory for T=1073°K.
Unlike what is shown in /12/for 2,25 Cr-1 Mo stainless steel and in /6/ for AISI 316
stainless steel at high temperatures, it was not possible to determine a good linear relation-
ship between the coefficients of Hollomon, Voce, Ludwik and Ludwigson's laws and ac,u'
To examine whether there exists a significant difference of behaviour between the AISI 316 I
and AISI 316 II test samples, the comparison between Hollomon's law exponents calculated
through linear regression was used as a test. The result is that the difference in the be-
haviour between the outer layer (AISI 316 I) and the inner layer (AISI 316 II) is significant

for the low strain rate only,
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TABLE I. Chemical Composition (wt.%) of 316 Stainless Steel.
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Analysis of the
Hollomon Equation.,
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TABLE VII. AISI-316 I
Analysis of the
Ludwigson Equation.
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Fig. 1. AISI-316 I

Conventional Stresses as a
Function of Temperature.
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Fig, 3. AISI-316 I
Conventional Elongations as a
Function of Temperature
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Fig. 2.AISI-316 II
Conventional Stresses as a
Function of Temperature.
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Fig. 4. AISTI-316 II
Conventional Elongations as a
Function of Temperature.
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Fig. 5. Conventional Ultimate
Stress as a Function of Strain
Rate.
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Fig. 7. Uniform.Plastic
Elongation as a Function
of Strain Rate.
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Fig. 6. Conventional Yield
Stress at 0.2% as a Function
of Strain Rate.
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Fig. 8. Plastic Elongation
at breaking Point as a
Function of Strain Rate.
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