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Influence of the martensitic transformation
on the deformation behaviour of an
AISI 316 stainless steel at low temperatures
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The deformation behaviour of an AISI 316 stainless steel under uniaxial tension was
examined at 25, — 70 and — 196° C. The flow curves exhibited peculiar shapes and the
work hardening rates were found to increase with strain beyond certain values of plastic
strain. X-ray diffraction analyses showed that the transformation to c-martensite com-
menced at these values of plastic strain and thereafter the volume fraction of « increased
steadily with strain. On the other hand, the amount of the e-martensite was found to
increase with plastic strain initially, reach a maximum and then decrease gradually. The
contribution of the a-phase to the flow stress of the alloy was found to be directly
proportional to the volume fraction of «. It is shown that the analysis of the flow curves
provides a simple method of detecting the onset of the strain-induced martensitic trans-
formation as well as estimating the amount of this martensite during further deformation.

1. Introduction
It is well known that plastic deformation at low
temperatures induces martensitic transformation in
many austenitic stainless steels [1—3]. However, it
has been recognized only relatively recently that
such a strain-induced transformation of austenite is
responsible for significant changes in mechanical
properties like flow stress, work hardening rates,
fracture toughness and low cycle fatigue character-
istics of these steels [4—6]. Guimaraes and De
Angelis [7, 8] have put forth theoretical models to
explain these effects and have used them to sub-
stantiate the unique combination of mechanical
properties exhibited by many TRIP steels.
Manganon and Thomas [9] have investigated
the tensile properties of a type 304 stainless steel
containing o-martensite produced by deformation
at sub-zero temperatures both with and without
subsequent ageing in the range 150 to 400° C.
They have concluded that the yield strength of
the steel is proportional to the volume fraction
of the a-martensite, irrespective of the specific
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thermomechanical treatment employed to obtain
this amount of a-phase. Rosen et al. [4] have found
that the fracture strain obtained in tensile tests
reaches a maximum at a temperature between M,
and My (the maximum temperatures at which the
transformation to martensite occurs spontaneously
and under mechanical activation are donoted as M,
and My respectively). This temperature remains
unaffected by changes in the strain rate and the
austenite grain size. Bhandarkar eral. [6] have
studied the relationship between the stability of
the austenite and its tensile properties in a series of
Fe—Ni—Cr—C alloys and have demonstrated that it
is possible to produce metastable austenitic steels
having a wide range of mechanical properties.

The co-existence of the -, e-, and a-phases in
most of the deformed stainless steels has led to a
controversy regarding the sequence in which these
phases form. Although the bulk of the experimental
data seem to favour the sequence y—>e—q, it
must be admitted that this controversy has not
been resolved satisfactorily.
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TABLE I Chemical composition of the AISI 316 stainless steel (wt %)

C Cr Ni Mo Si

Mn S P Fe

0.05 17.45 11.81 2.5 0.68

1.35 0.011 0.047 balance

In this paper the deformation characteristics
of the austenite in AISI 316 stainless steel are
examined at low temperatures. In addition, the
X-ray diffraction data regarding the volume
fractions of the e- and the a-martensites formed
during the course of the tensile deformation of
this alloy are reported. Finally, an attempt is made
to correlate the flow stress of the alloy with the
amount of martensite formed.

2. Experimental procedure
The chemical composition of the AISI 316 stainless
steel used in this investigation is given in Table I.
This alloy was cold rolled into strips of about
0.8 mm thickness and tensile samples with gauge
dimensions of 25mm x 6.3mm x 0.8 mm were
machined from these strips. All the samples were
encapsulated in evacuated quartz tubes, solution
treated at 1050° C for 15 min-and quenched in
water. After this treatment the alloy was found to
contain austenite only and the mean grain size of
this austenite, determined by the linear intercept
method, was approximately equal to 100um.
Tensile tests were carried out in an Instron
machine at a nominal strain rate of 6.67 x
1075 sec™t at 25, —70 and — 196° C. Values of
true stress, true plastic strain and work hardening
rates were obtained by computer analysis of the
load—extension curves, The work hardening rates
were analysed by the method of Crussard and
Jaoul [10]. This analysis assumes that the flow
stress, 0, can be related to the true plastic strain,
€p, by the expression

)

where 0y, £ and m are constants which can be
determined from plots of log(do/de,) against
log €.

The volume fractions of the & and e-martensites
present in the samples deformed to various levels
were determined by X-ray diffraction [11] using
monochromated CrKo radiation. Additionally, a
few solution-treated sheets were rolled at — 196° C
to different thicknesses. Samples from these sheets
subjected to different amounts of cold reduction
were also examined by X-ray diffraction.

0 = 0o+ hey,
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3. Results and discussion

3.1. Tensile deformation behaviour

True stress, o, against true plastic strain, €, plots
for the solution-annealed samples at various test
temperatures are shown in Fig. 1. It can be seen
that the room-temperature flow curve becomes
almost linear beyond a plastic strain of about
0.05. The other two flow curves corresponding to
—70 and — 196° C, respectively, exhibit slightly
different behaviour-in that the work hardening
rate, do/de,, appears to increase with strain beyond
a certain value of strain (Fig. 2). Multiple stage
work hardening was observed at all test tempera-
tures. While three distinct stages were noticed
at —196 and —70° C, only two different stages
were observed at room temperature. Analysis of
the results based on the method suggested by
Crussard and Jaoul [10] yielded the values of
0¢, h and m in the different stages as shown in
Table II. It appears that at all temperatures, the
work hardening rate decreased with plastic strain
up to a common value (~0.1) of the latter.
Thereafter, ‘d‘a/dep either increased with e, or
remained “steady. The rate of change of work
hardening rate, d log (do/de,)/d log €, was found
to increase with decreasing test temperature.

The peculiar behaviour of the flow curves par-
ticularly at low temperatures, could be attributed
to the occurrence of the austenite—martensite
transformation during plastic deformation. Fig. 3
demonstrates that the data corresponding to
—196° C could be approximated by a straight line
up to a plastic strain of about 0.1. Thereafter
it deviates increasingly from the extrapolated
straight line which represents the hypothetical
flow curve for the austenite at strains beyond 0.1,
in the absence of the martensitic transformation.
The difference in stress between the experimental
curve and the extrapolated line at any value of
plastic strain could be considered as the contri-
bution of the martensite formed to the flow stress
of the stainless steel at that value of strain.

It can be seen that the tendency of these curves
to exhibit a linear segment decreases rapidly with
an increase in test temperature. The room-tem-
perature curve does not contain any linear segment
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Figure 1 True stress against-true plastic strain plots for an AISI 316 stainless steel at low temperatures.

at all. It may be argued that if no martensite formed
during deformation at room temperature then the
log ¢ log € curve should be a straight line, However,
Ludwigson [12] has shown that the corresponding
curves for even the most stable austenites, like
those found in type 310 stainless steels, do exhibit
considerable deviations from linearity at low
values of strain. In fact, he has shown that the
flow stress in stable stainless steels is given by a
modified form of the Ludwick equation

0 = Kie" +K, expn,e,

@

where Ky, K,, n; and n, are constants.

3.2. X-ray diffraction studies

Analysis of the X-ray data showed that, in general,
the deformed samples contained a mixture of
three phases: (i) the face centred cubic austenite
v-phase (ii) the hexagonal close packed e-phase
and (iii) the body centred cubic a-phase. It should
be mentioned that, in this situation, no martensite

formed spontaneously in this alloy on cooling
down to — 196° C. Moreover, it was noticed that
the amount of the a-martensite formed on defor-
mation at 25 or —70° C was very small even at
very large values of strain. In view of the large
errors associated with the quantitative analysis
by X-ray diffraction of this phase at very low
volume fractions our discussion will be confined
only to the martensites produced by deformation
at the liquid nitrogen temperature. The observed
volume fractions of the e- and a-martensites are
shown in Fig. 4 as a function of plastic strain at
—196° C. The results are compared with those
obtained by Manganon and Thomas [13] for a
type 304 stainless steel.

The main inferences that can be drawn from
Fig. 4 are (i) with increasing plastic strain the
amount of the e-martensite initially increased until
it reached a maximum; thereafter it decreased
gradually, (ii) detectable amounts of the a-phase
were formed only beyond a certain minimum
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Figure 2 Work hardening rate plotted as a function of plastic strain and test temperature.

TABLE II Work hardening parameters of the AISI 316
stainless steel in the solution treated condition

T Stage G, h m

0 (MNm"?) (MNm™?)

—196 I —520 1500 0.06
Il 384 842 0.389
m 906 6810 247

—70 1 170 770 0.35
I 80 1225 0.45
i1 210 1430 1.05

25 I 43 1335 0.45
Il 220 1200 1.0
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value of plastic strain (0.1 to 0.15); thereafter,
the volume fraction of a-phase increased continu-
ously with plastic strain, (iii) at any particular value
of the true plastic strain, the amount of the a-phase
formed in samples deformed by rolling is larger
than that in samples deformed in tension, probably
due to the higher strain rates and the operation
of a biaxial stress system in the former mode of
deformation.

While these results are in qualitative agreement
with those reported by other investigators a few
differences are worth noting. Forinstance, the strain
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corresponding to the maximum amount of e-phase
in AISI 316 stainless steel used in this work was
about 0.13 while this figure was reported as 0.05
for a type 304 stainless steel. Again the rate of
change of the volume fraction of a-phase with plas-
tic strain, dV,/de,.was considerably lower than
those values encountered in 18 wt% Cr—8 wt% Ni
stainless steels.

Coleman and West [14] have reported that in a

vacuum-melted high-purity experimental steel
containing 16% Cr, 12% Ni, 0.003% C and 0.009% -
N, about 85% « forms after rolling at — 78° C and
about 15% a-phase forms after rolling at 20° C.
These results show that the commercial stainless
steels are much more resistant to the transform-
ation to martensite than the pure experimental
steels.

It has been established that the martensite
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Figure 4 Volume fractions of the e- and o-martensite obtained by X-ray diffraction analysis of samples deformed at
—196° C both in uniaxial tension and by rolling. The corresponding data obtained by Manganon and Thomas [13] ina
type 304 stainless steel are also shown for the sake of comparison. Since the a-phase is ferromagnetic Manganon and
Thomas [13] have estimated the volume fraction of a-phase by measuring the intrinsic saturation magnetization values
of the deformed samples. However, they have estimated the e-phase by X-ray diffraction.
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nucleates at the intersections of two sets of
deformation bands formed on {111} planes of
the austenite [15,16). Since the generation of
these deformation bands is closely related to the
stacking fault energy, v, of the austenite, it is clear
that this parameter determines the rate of trans-
formation during plastic straining. Based on a
mutti-dimensional regression analysis Shramm and
Reed {17] have established a relationship between
the stacking fault energy of the austenite and its
chemical composition

¥y =—53+62wt%Mn+0.7wt% Cr

+32wt%Mn +93wt%MomIm™,
(3)

Accordingly, the value of vy for the steel used in
this work was about 60 mJm™2, while the corre-
sponding values for the austenites encountered in
the works of Manganon and Thomas [13] and
Coleman and West [14] are 18 and SOmIm~
respectively. Thus it is clear that the observed
differences in the transformation behaviour of
these steels can, at least partially, be attributed to
the high stacking fault energy of the AISI316
stainless steel.

The rate at which the volume fraction of the
strain-induced martensite, V,,, changes with plastic
strain, €, , can be expressed by the equation [18]

Vo = 1 —exp {8[1 —exp (—ae )"} (4)
where n is a fixed exponent, and « denotes the
rate of shear band formation with respect to plastic
strain and is principally dependent on the stacking
fault energy of the austenite. The parameter § is
linearly related to the probability that a shear
band intersection would generate a martensitic
embryo and is governed by the chemical driving
force for the transformation e -> a. Using the data
presented in Fig. 4, a and § were evaluated for this
stainless steel at — 196° C (n was assumed to be
equal to 4.5 as suggested by Olson and Cohen
[18]) as 4.8 and 1.6 respectively. This value of o
was much smaller than that reported by Olson
and Cohen [18] for a type 304 stainless steel.
This difference could also be attributed to the
high stacking fault energy of the austenite in the
AISI 316 stainless steel used in this work.
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3.3. Correlation of the deformation
behaviour and the volume fraction
of martensite

Examination of the flow curves suggests that the
formation of the e-phase does not strengthen
the austenite to any considerable extent. This is
found to be consistent with the observation made
by Llewellyn and Murray [19]. However, it can
be noticed (Fig.2) that the first break in the
log (do/de,) against log €, plots corresponding to
test temperatures of — 196 and — 70° C occurred
at those values of plastic strain at which detectable
amounts of the e-phase formed. On the other
hand, there was no corresponding discontinuous
change in the work hardening rate at room tem-
perature at strains below 0.1. At the same time,
X-ray diffraction results showed that e-phase did
not form to any significant extent at room tem-
perature. These observations suggest that the
formation of the e-phase caused the work harden-
ing rates of the steel to remain higher than they
would have done had the e-phase not formed
at all.

Next, the contribution of the a-martensite
formed during deformation to the flow stress of
the steel will be considered. This can be obtained
by relating the difference in stresses, (0 —0,),
between the experimental curve and the extra-
polated line (Fig. 3) to the volume fraction of the
o-martensite, V,, formed at the corresponding
strain values. Fig. 5 which shows such a plot of
plastic deformation in uniaxial tension at — 196° C
yields the following relation

(0 —o0,) = 1040V, MNm™. )

This equation suggests that strengthening due to
the formation of a-martensite is similar to that
achieved in composite materials (i.e. it obeys the
rule of mixtures). The value of the slope, o,=
1040 MN m™ presumably corresponds to the
strength of the fully transformed alloy at —196° C.
However, this prediction could not be verified in
this alloy since the maximum value of ¥V, obtained
at the end of the uniform elongation was only
0.32. Since (¢ —0,) =0 at V=0, this method
provides a simple technique for identifying the
plastic strain at which the a-martensite begins to
form. In other words, this strain could be identified
as the point at which the work hardening rate,
do/de,, begins to increase with plastic strain.



Figure 5 A plot of stress increment, Ao due
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4. Conclusions

(1) The shape of the true stress—true strain
curves is strongly influenced by the test tempera-
ture; the formation of strain-induced martensite
leads to a peculiar shape of the flow curve.

(2) The work hardening rate decreased with
plastic strain up to a certain value of strain, beyond
which it increased steeply; this value of strain
corresponded to the onset of the transformation
to a-martensite.

(3) The volume fraction of the e-martensite
initially increased, reached a maximum and
thereafter decreased gradually with increasing
plastic strain. On.the other hand, the amount of
a-phase increases monotonically with plastic strain.
Thus the sequence of the transformations in this
steel appearstobe vy > e > a.

(4) The increase in flow stress after the onset of
the €~ « transformation is directly proportional
to the volume fraction of the martensite present at
any particular value of plastic strain.

(5) Analysis of the tensile deformation behav-
iour provides a simple technique for not only
identifying the onset of the strain-induced marten-
sitic transformation but also determining the
extent of transformation during subsequent
deformation.
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