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The behaviour of AISI 310 stainless steel during monoaxial tensile tests is studied
in this paper. We begin by examining the mechanical characteristics, over a wide range
of temperatures (293-1173 K) for two different cross-head velocities (3.33 -10-5 ms~! and

8.33 .107 ms'l) and find them to be in good agreement with those already reported in the
literature,

The data obtained from 57 tensile tests have been elaborated statistically with a view
to obtaining some mathematical descriptions of the stress-strain diagrams and to formula-
ting some constitutive laws,

The statistical analyses performed with Fisher’s function F showed a good agreement
between the laws proposed and the experimental data. It also revealed that the material
examined is not particularly sensitive to the strain velocity, and that at a fixed temperature
laws of the same type as that attributed by several authors to Ludwik represent ve ry well
the plastic behaviour of the material.

Further analysis, carried out at a temperature of 293 K and for various strain levels,
demonstrated that the effect of the strain velocity, which is, as already mentioned, rather
small, varies with the strain itself,



Introduction

The stainless steels most frequently employed in the construction of fast reactor ele-
ments are of the AISI 304 and AISI 316 types. However, in view of its characteristics of
corrosion resistance and thermal stability, the AISI 310 stainless steel is beginning to be
considered as a possible future candidate. For this reason we have need of constitutive laws
describing the plastic behaviour of this material over an extremely wide range of tempera-
tures, in creep and in fatigue.

The creep behaviour of AISI 310, with particular attention being paid to the damage
phenomenon, was the subject of earlier studies [1, 2_/. This paper examines the behaviour
of this material during a monoaxial tensile test. Statistical elaboration of the data obtained
from 57 tensile tests performed over a wide range of temperatures (293-1173 K) and for
two different cross-head velocities (3.33 - 10-5 and 8.33 - 1077 ms'l) has made it possible
to propose some mathematical descriptions of the stress-strain diagrams and the formula-

tion of some constitutive laws.

2. Material

The material used in this research was a batch of hot-drawn AISI 310 steel bars, all
taken from the same casting, They were first subjected to chemical analysis to determine
percentage composition, grain size, precipitates, carbides and other impurities. The
homogeneity of the material proved to be sufficient and compatible with the subsequent ten-
sile tests. The chemical analysis is given in Table I. Metallographic analyses showed a
structure composed of an austenitic matrix with grains of mean diameter equal to 50/1m.
The original bars were then subdivided into small bars of length 100 mm. These were then
thermally heat-treated (at 1373 K, for fifty minutes, followed by cooling in water) to obtain
a further homogenization of the material, Hardness tests performed after the thermal treat-

ment gave values lying between 71 and 73 RB.

3. Tensile Tests

In order to obtain the necessary data for the mathematical descriptions of the o - ¢
diagrams and the formulation of the constitutive laws in plastic field, tensile tests have
been carried out on an INSTRON machine in a controlled atmosphere (argon) on 57 test
samples with circular cross section, diameter 4 mm and gauge length 30 mm. These tests
were performed at the temperatures and cross-head velocities given in Table II. The test
temperature was controlled with a standard deviation of + 2 K,

Fig. 1 gives the behaviour in function of the temperature of the tensile strength (true
and engineering) o, of the yield strength (true and engineering) %. 2’ of the conventional
uniform plastic percentage elongation Apu and of the conventional ultimate plastic percen-

tage elongation A From Fig. l it can be seen that the tensile strength is maintained at

pb’
fairly high levels up to temperatures of the order of 773 K, but shows an abrupt decrease
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at higher temperatures, The strain rate has little influence at room temperature, whereas
at higher temperatures higher velocities correspond to high tensile strengths. The yield
strength always decreases with the temperature and is less influenced by the strain rate

with respect to o‘u. The A . elongation is just about constant between 573 K and 873 K, but

b
after that it grows with thz temperature, while the behaviour of Apu is in phase with o As
in the case of o the elongations grow with the strain rate, These observations agree with
other results already available in the literature /3/.

The load-elongation curves obtained from the tensile tests have been memorised by
points in a Hewlett Packard 2100 A computer. By means of successive elaborations we
obtained from these data engineering stresses and strains, o and &, true stresses and
strains, o and €, plastic strain, & , and total and plastic true strain rates, £ and ép' accord
ing to the usual conventions (see, for example [21]) In Figs. 2, 3, 4 and 5 the curves type
G-£,0-€,0- € £- g’p and ép- Ep at 293 K and v = 3,33 * 10 °ms™! and 8.33 - 10'7ms'1,

respectively, are reported.

4 Mathematical Description of the Diagram o-¢€

Many formulae have already been proposed in the literature for a mathematical des-
cription of the o- & diagram., Osgood /5] has reported 17, but none of them includes the
influence of the strain rate and/or of the temperature. The influence of these two parame-
ters is rather significant, however, particularly for practical applications. Formulae which
take into account either the one or the other parameter have also been proposed, see, for

example the classic text of Dieter [6], and are of the type

o g [i]m (1)

with ¢ and T constant, and
eaoTo/T
g=0 @)

o
e

with £ and ¢ constant.

We have employed laws of the following type in order to describe the plastic behaviour

10:
of AISI 310 n Cm a T/T
1 Py 1 o,1°0 n, m a /T
EE P e 1 .71 1
g=0 ‘s ——— =k & & e (3)
o€ £ a 1 p »p
op op 0,1
e
T
€ 2 El mZ a'0,2 O/T n, _mz az/T
o=o |2 R e @ =k_ g & e (4)
ole 3 a 2°p
op [} 0,2

Having indicated with 9, the reference stress producing at a reference temperature

To the natural plastic strain Eop with a true plastic strain rate éo or with a true strain
p
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rate £ It will be observed that from equations (3) and (4) it is possible, letting one or
more of the variables be equal to a constant, to obtain laws of the same type as equation (1)
or (2), and also links between o, E'p and ép' similar to the one proposed by Coleman et al.
[7/.

While it is formally the same as equation (3), a law of the type indicated in equation
(4) is in fact easier to use for the designer, because the true strain rate £ is related very
simply to the cross-head velocity v:

£ =—F— (5)

10(1+€)

whereas the true plastic strain rate P'p assumes a more complex form. In order to deter-

mine this strain rate, bearing in mind that

E=¢ +o¢ (6)
el P
I3 =0 /E 7
=9/ (1)
we find
. v 1 49
=—— = & + & = =—/—+t ¢ 8
b)) 1" " Ea p (8)
and thus:
do _d [= -} dé d[- _} v [- —d3]
—=—|o(l+e)| === "—=|0(1+&)| = —1oH(1l+E)— 9
dt dt (1+€) dt de ( ) 10 { )d&; )
therefore:
. v 1 -2 do6]’
=z———31 -— | O+(1+E& —:jl} B 10).
¢y 10(1+é){ E (+e) oz (10)

In order to determine the constants which appear in equations (3) and (4), statistical
examinations have been carried out on the data obtained from all 57 tensile tests, evalua-
ting the influence of &P, ép or € and T, assumed to be independent variables. The results
obtained from this type of analysis are set out in Table III, which also shows, in addition
to the values of kl’ n,, mp, a. and k2’ n

s mZ, a. and their standard deviations, the cor-

1 2 2
responding values of Fisher’s function F [8_/, which make it possible to establish the validi-
ty of the laws proposed. The values of Fisher’s function F are the ratios of the sum of
squares removed by the regression to the residual sum of squares each divided by its res-
pective degrees of freedom. The Tables also show the values of Fl’ which make it possible
to estimate the influence of the removal of an independent variable,

Table IV, compiled according to the same criterion, was obtained by elaborating the
data at all temperatures, but only for two tests at 293 K and at 873 K, in order
to give the same statistical weight to all the temperatures. From a comparison of these

two tables it can be seen how the consideration of a significant number of tests at two tem-

peratures (Table III) gives very similar results to those of Table IV. Table V and VI give
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the results forlaws at constant temperature of the tests at 293 K and 873 K.

5. Discussion of the Results

Examination of the results given in Tables III and IV reveals first of all that in laws
with three independent variables it is equally important to consider the € or £. Further-
more, it can be seen that laws with the two independent variables .L_p and T only are rather
more significant than others, In other words, this fact shows that AISI 310 steel, like other
metals and alloys with face-centered cubic crystal structure is not very sensitive to varia-
tions in strain rate.

Examination of Tables V and VI shows that, at fixed temperatures, laws with two
independent variables are very significant even if, at the temperatures at which the greater
number of tests have been performed (293 K and 873 K) the equation o = Kéz appears to
represent very well the plastic behaviour of AISI 310,

Ludwigson /9/ has also come to this same conclusion in the field of large-scale de-
formations for a stainless steel of the AISI 304 type, tested, however, in a more restricted
range of temperatures (293-373 K). Ludwigson has found in this case values for the expo-
nent of &p, similar to the constant k of the material, roughly double those given in Tables
III, IV, V and VL

Still in the field of laws having £p as the only independent variable, i.e. laws which
ignore the important influence of the strain rate and above all of the temperature, Klueh
et al. [1 0/ have found for ferritic steel 2,25 Cr-1Mo, values of k and n that are fairly
close to our own,

From Tables IIl and VI, we can see that the exponent m of the strain rate almost
always assumes negative and rather small values. This can be explained by referring to
equations (5) and (10), in which we see that & and ép are, in their turn, functions of the
cross-head velocity and of the strain, From Figs. 4 and 5 we observe that as &p (and thus
also E) increases, the true and plastic strain rates in the field of large-scale deformations
decrease, whereas the stress increases.

It can likewise be seen that, still in the field of large-scale deformations, work-
hardening occurs in association with the cross-head velocity., In order to illustrate better
the effects of the plastic deformation and the strain rate, function in its turn of the engi-
neering strain and the cross-head velocity, whose influence must be evaluated at a constant

strain, laws of the following type are used:
n P, m
3/ 1 V3 3
= & b
o=k, p<l+i> v (11)

which for m, = p, comes under equation (3) for T = const, Statistical analysis at 293 K has
produced the results set out in Table VII. This statistical analysis also yielded a negative
value of m,, albeit with a high variance, From equation (11), and hypothesising, mainly

valid for large-scale deformations, that to ép = constant there is a corresponding E= con-
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stant, we find
1
n o /cr2

(12)

m3 = In vl/v2

which coincides with the definition given by Dieter [6/.
If, on the other hand, we analyse only two tests, one at v = 3,33 IO—Sms_l, and the other
at v=28,.33" 10_7ms_1, we find a positive value for mg which, however, takes into account
all the points of the curve o-€.

From equation (12), applied to the data relative to two tests at 293 K, the values of
m3, reported in Table VIII, have been obtained. From this we can see that the effect of the
cross-head velocity is always very small, variable with the strains and work-hardening

occurs at high strains.
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List of Symbols

constant associated with the temperature in equation (2)

= constant of the material in equation (3)

= original length of the test sample

= exponent of the strain rate in equation (3) and of the cross-head velocity in eq. (11)
= exponent of the strain in equation (3)

= exponent of a fux{ction of the strain in equation (11)

= time, in s

= cross-head velocity in ms_l

= percentage elongation

= Young’s modulus

= Fisher s F function

= value of Fisher’s function F relative to the removal of a variable
= absolute temperature in degrees Kelvin

= true stress in MPa

= engineering stress in MPa

= true strain

= engineering strain,

Index of the Variables
d
dt
= relative to the stresses, maximum in the tensile tests

= relative to the yield stresses at a percentage permanent strain (elongation) of 0.2%
= plastic component

= relative to A, plastic after rupture

= relative to A, uniform plastic at the maximum load

= reference, in the constitutive laws

= relative to F and F_, tabular.

1?
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Table Vil — Statistical Analyses of Tests for Eq. (11)
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