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Abstract. The strain hardening behaviour of AlISI 301 metastable austenite steel was analysed
by evaluating tensile data against the empirical mathematical equations of Hollomon, Ludwik
and Ludwigson. It was found that these equations were inadequate to model this TRIP steel
with low stacking fault energy (SFE). It was found that the fraction of strain-induced
martensite could be expressed as a sigmoidal function of the applied strain. The log-log plots
of true stress and true plastic strain from 5% to eurs performed with uniaxial isothermal tests at
30 °C were thereafter adequately fitted with a sigmoidal curve. The instantaneous strain
hardening exponent was determined as the slope of the above-mentioned sigmoidal curve at a
specific strain value. The strain hardening exponent and the rate of strain hardening (do/dg)
increases with deformation due to formation of strain-induced martensite to a maximum and
thereafter decreases as the volume fraction of strain-induced martensite approximates
saturation. The variation of the instantaneous strain hardening exponent as a function of plastic
strain and the strength coefficient, K, at 30 °C was deduced. A high value of K, 1526MPa, was
determined. A correlation between the extent of martensitic transformation and the value of the
instantaneous strain hardening exponent was observed. This work is part of the project that
seeks to develop a constitutive model describing the flow stress during plastic deformation as a
function of both plastic strain and the resulting martensitic transformation at different
temperatures and strain rates and which accounts for the isotropic hardening process.

1. Introduction
The work-hardening behaviour of many engineering materials have been sufficiently described by the
Hollomon power law [1]:

o =Ke" )

where o is the true stress; K is the strength coefficient, € is true plastic strain and n is the strain
hardening exponent. The Ludwik model has an additional stress factor (o) for materials which show a
varied yield strength with similar strain hardening [1].

0= 0o+ K¢" 2
An equation with an additional strain term, &,, which accounts for pre-strain was proposed by Swift,
for materials which show similar yield strength with varied strain hardening behaviour [1].

c=K (g +¢)" ®)
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For stable austenitic stainless steels, although the Hollomon or Ludwik equations can describe the
plastic flow behaviour at high strain levels, the models were found to be insufficient in describing the
plastic flow behaviour and work hardening at low strain values [2]. A modified Ludwik model was
then proposed by Ludwigson to consider the deviation [3].

o=Ke"+ A (4)

where the deviation A = exp(K1)exp(n:g). K and n have the same meaning as in the Hollomon equation
and exp(Ki) = proportional limit and n; is the slope of the deviation of stress from the Hollomon
equation plotted against true strain, € [3].

The Voce flow stress relationship for materials which show saturation stress at high stress/strain
levels can be represented as follows [1]:

0 = 05— (05 — o1)exp[-(e- e1)/ec] (5)

where o, is the saturation stress, o1 and g; are the true stress and true plastic strain values at the onset
of plastic deformation, respectively, and &; is a constant. The Voce stress relationship is usually
applicable only at high temperatures where dynamic recovery cancel out the work hardening effect
during the test.

In the current work, the strain hardening behaviour of a metastable AlISI 301 steel (for chemical
composition see reference [4]) was investigated with a view to establish a single mathematical
equation that describes the behaviour adequately.

The Ludwigson modification has earlier been found to be adequate in describing the tensile flow and
work hardening behaviour of ferritic stainless steels [1]. There was no information which was found in
literature about applicability of the Ludwigson equation in describing the work hardening behaviour of
metastable austenitic stainless steels which undergo a phase transformation during deformation.

2. Experimental procedure
The plastic flow behaviour was studied by means of uniaxial tensile testing. Interrupted uniaxial
tensile test was done at 30 °C using an Instron-type tensile machine (1175 model) fitted with an
environmental chamber (3110 model) at a strain rate of 6.67 x 10%s™. A 50 mm gauge length
extensometer (Instron-type model 2630-112) was used to determine the elongation of the samples. An
indication of the percentage of a’-martensite of all the specimens was initially determined using a
Ferritescope (Helmut Fisher GmbH, model MP3B) at 5% engineering strain intervals. The device was
calibrated using standard &-ferrite samples supplied with it. Seven readings were taken on each sample
at different points within the gauge length on the surface.

A calibration curve was later developed using X-ray diffraction to determine the percentage of o'-
martensite from the Ferritescope measurements [5]:

True o’-martensite content = 1.81 x Ferritescope reading (6)

3. Results

Figures 1 (a) and (b) show the engineering stress-strain curve and the true stress-true strain curves at a
temperature of 30 °C, respectively. Figure 1(b) excludes tensile data points beyond the necking onset.
Figure 2 shows the plastic flow log-log plot of true stress and true strain at temperature of 30 °C.
Figures 3 (a) and (b) show a sigmoidal fit applied to the experimental data points of the fraction of
martensite as a function of strain at 30 °C. The fraction of martensite transformed strain sensitivity
obtained by differentiation of the curve in Figure 3 (a) is shown in Figure 3 (b).

Figures 4 (a) and (b) show the log-log plot of true stress-strain at temperature of 30 °C for a true strain
of (a) less than 5% which shows that Hollomon fit has only been obeyed at low plastic strain with a
strain hardening exponent, n of 0.11 and (b) at strains greater than 5% showing a sigmoidal flow stress
relationship. Figures 5 (a) shows the variation of instantaneous strain hardening exponent as a function
of increasing plastic strain for true strain values above 5%, given by the slope of Fig 4(b) utilising a
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number of tangent lines as a function of true strain. Figure 5(b) is a superimposition of Figure 3(a) and
4 (b) showing a correlation of the tensile flow stress and percentage of martensite transformed curves.
Figure 6 (a) is a superimposition of Figure 3(b) and 5(a) showing peak instantaneous o’-martensite
transformation strain sensitivity, (dVa'(de)?) and peak instantaneous strain hardening exponent (n;) as
a function of strain. Figure 6 (b) shows the strength (log true stress) as a function of the percentage of
martensite formed.
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Figure 1: (a) Interrupted engineering stress-strain curve (b) True stress-true strain curve at a
temperature of 30 °C.
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Figure 2: The plastic flow log-log plot of true stress
and true strain at temperature of 30 °C from R, to Rm
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Figure 3: (a) Percentage of o’-martensite as a function of strain at 30 °C (fitted sigmoidal curve) (b)
o’-martensite transformation strain sensitivity, (dVa'(de)™) (dimensionless) obtained by differentiation
of the curve in Figure 3 (a).
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Figure 4: The log-log plot of true stress-strain at a temperature of 30 °C for true strain of (a) less than
5% (obeying the Hollomon equation) and (b) greater than 5%, showing sigmoidal flow stress
behaviour (sigmoidal equation given in the figure with constants given in equation 7). [The blue line
in both Figure 4 (a) and (b) represents the experimental log-log plot of true stress-strain curve whilst
the red line is a Hollomon fit in Figure 4 (a) and a sigmoidal fit in Figure 4 (b) which was extrapolated
to a log true strain value of 0 to determine the strength coefficient, K.]



Conference of the South African Advanced Materials Initiative (CoSAAMI 2019) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 655 (2019) 012008 doi:10.1088/1757-899X/655/1/012008

True strain
0 0.05 0.1 0.15 0.2 0.25 0.3
1 100
09 920
08 80

0.7

1
=

=
%)
=
2
= &
< ‘7
- g
: &
g E
S 06 | S 60 | é
3 0 £
a = w
st 3% :
& g =
&b
E 0.4 Sa | Percentage of o'~ gﬂ
g = martensite as a -
= & funcrion of strain
Zo0af R
]
= -
= 2 Tensile flow stress 1 282
02 ¢ (log-log plot)
4 2.77
01 10
0 . ) ) 0 . P RS 272
0 0.1 02 03 -1.25 -1 -0.75 -0.5
True strain Log true strain
(a) (b)

Figure 5: (a) Variation of instantaneous strain hardening exponent, n; with deformation for true strain
above 5% (b) Superimposition of Figure 3(a) and 4 (b) showing a correlation of tensile flow stress
with percentage of martensite transformed.

The instantaneous strain hardening exponent, (refer to Soares et al) [6] was found to generally increase
with deformation due to the strain-induced martensitic transformation (SIMT). After an initial linear
portion (up to € = 0.05), the strain hardening behaviour becomes non-linear (Fig 4(b)), with strong
strain hardening experienced, due to SIMT as shown in Figure 5(a) and 5(b).

The instantaneous strain hardening exponent was found to be variable with a peak value of 1.00 at a
strain value of 0.19 and log K was found to be 3.18. The coefficient of strength, K is therefore
approximately 1526 MPa as determined by an extrapolation of the sigmoidal curve to a true strain
value of 1. The high value of strength is attributed to the high percentage of transformed martensite,
above 90% as shown in Figure 3 (a).

It is apparent from Figure 6 (a) that the curve describing the martensite formation strain sensitivity as a
function of strain has a similar shape to the instantaneous strain hardening exponent curve. However,
the peak instantaneous derivative of a’-martensitic transformation was reached at lower strain than the
peak instantaneous strain hardening exponent. This depicts that the strain hardening behaviour of AlSI
301 steel is controlled by the formation of strain-induced o'-martensite [7]. The strength of the
material is directly proportional to the percentage of martensite evolved during deformation as shown
in Figure 6 (b).
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Figure 6: (a) Superimposition of Figure 3(b) and 5(a) showing peak instantaneous a’-martensite
transformation strain sensitivity, (dVa'(de)?) and peak instantaneous strain hardening exponent, n; as a
function of strain (b) the strength as a function of percentage of martensite.

4. Discussion

The AISI 301 alloy tested here is a lean alloyed stainless steel with high nitrogen content and very low
stacking fault energy at room temperature which makes it amenable to SIMT leading to a strong
increase in strain hardening with increased applied strain.

Due to the flow behaviour associated with strain-induced martensitic transformation, a sigmoidal
equation was found to be the only mathematical relationship adequately describing the strain
hardening of this steel, above plastic true strain levels of 0.05.

The mathematical sigmoidal function established in the true strain range from 0.05 to &, (strain
corresponding to maximum load) is given by:

log o= A+ (B-A)1+exp(log & - a)(B))]* [7]

with R? = 0.999, at 30 °C.

Where,

o is the true stress in MPa,

A is the maximum log of true stress (log omax) When the sigmoidal function levels off after the
martensitic transformation reaches saturation point (value of 3.18 at 30 °C and strain rate of 6.67 x 10*
sh.

B is the minimum log of true stress (log omin) before any martensitic transformation (value of 2.73 at
30 °C and strain rate of 6.67 x 10 s?).

e is the true strain

a is the maximum strain sensitivity which corresponds to the log true strain where there is a maximum
slope of the log-log plot of true stress-true strain curve (value of -0.73 at 30 °C, € =0.19 and a strain
rate of 6.67 x 10 s).

B is a constant which is indicative of the extent of variation of log-log plots of true stress and true
strain. The numerical value is given by, B = (A — B)(4 x n))™. (Value of 0.11 at 30 °C, ¢ = 0.19 and a
strain rate of 6.67 x 10 s%).

5. Conclusions

The detailed analysis of flow stress and strain hardening behaviour as well as the variation of the
fraction of martensite induced with strain at 30 °C for AISI 301 stainless steel has demonstrated that
the strain hardening behaviour at relatively high levels of plastic strain, can be adequately described by
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a sigmoidal equation. This indicates that there is a correlation between the instantaneous strain
hardening behaviour and the fraction of martensite induced. The strain-induced martensitic phase
transformation is therefore believed to be responsible for the sigmoidal flow stress behaviour observed
in this metastable austenitic stainless steel.

The instantaneous strain hardening exponent and the extent of strain hardening both increases up to a
maximum as the percentage of transformed martensite increases up to the point of martensitic
saturation. The high levels of instantaneous strain hardening results in a remarkable increase in
strength.

The material processing in industrial practice is not performed at 30 °C only. The variation of the
instantaneous strain hardening exponent, the strength coefficient, K, and strain sensitivity, o as a
function of temperature will therefore be investigated in further work.
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