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ABSTRACT

Deformation-induced martensitic transformation kinetics for the X5CrMnN17-8 austenitic stainless steel was
investigated and compared with the conventional grades of AlISI 304 and AlSI 201 stainless steels. It was revealed that
coldrolling at room temperature results in the formation of a’-martensite, where the amount of a’-martensite increases
with increasing reduction in thickness. It was observed that the X5CrMnN17-8 alloy has controlled deformation-
induced martensitic transformation kinetics, which is faster than AlISI 304 but slower than AISI 201 stainless steel.
The famous Olson-Cohen, Guimaraes, Shin, Ahmedabadi, and Hill-based models, which are applicable for advanced
high-strength steels with retained austenite and high-entropy alloys, were used to model the transformation kinetics
during cold rolling. The advantages and limitations of each model were critically discussed and the model parameters
were correlated with the stacking fault energy (SFE). It was concluded that the Shin and Ahmedabadi models have
excellent accuracy; while the parameters of the Olson-Cohen and Hill-based models can perfectly be correlated with
SFE as the base material parameter.
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1. Introduction

Austenitic stainless steels are ideal materials
for a range of engineering applications because
of their superior toughness, good weldability,
and high resistance to corrosion [1,2]. Many of
the austenitic stainless steels have metastable
austenite, which transforms to martensite during
deformation at around room temperature and
cryogenic temperatures, resulting in a significant
work hardening/transformation  strengthening
[3-5]. Moreover, the deformation-induced

martensitic transformation can also be used
for grain refinement [6,7]. Furthermore, the
transformation-induced plasticity (TRIP) effect is
one of basis of the advanced high-strength steels
and high-performance high-entropy alloys [8-
11]. Additionally, the formation of martensite via
anneal hardening [12] is another important related
aspect.

Accordingly, the kinetics of deformation-
induced martensitic transformation is quite
important when dealing with these stainless steels
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[13,14]. The Olson-Cohen [15], Guimaraes [16],
Shin [17], and Ahmedabadi [18], and Hill-based
[19] models have been proposed for this purpose.
Each model has its own advantages and limitations.
Moreover, it is quite important to correlate the
model parameters with the deformation conditions
and the material parameters such as stacking fault
energy (SFE).

Among different types of austenitic stainless
steels, the low-Ni variants have garnered significant
interest. The expensive nature of Ni and its negative
impacts on the human body for biomedical uses
led to the introduction of N-containing and Cr-
Mn austenitic stainless steels with reduced Ni levels
[20-23]. On the one hand, N-alloying is recognized
as an effective technique for enhancing the solid
solution strengthening impact [24-26]. On the
other hand, substituting Ni with Mn reduces the
stability of the austenite phase, promoting the
deformation-induced martensitic transformation
[27]. Moreover, the N-alloyed Cr-Mn austenitic
stainless steels with reduced Ni levels have also
been investigated by many researchers, including
Hamada et al. [28], Souza Filho et al. [29], Gauss
et al [30], and Tavares et al. [31], revealing a more
appropriate  deformation-induced martensitic
transformation kinetics and good mechanical
properties, which is quite important for mechanical
properties. Therefore, investigating the kinetics of
deformation-induced martensitic transformation
in N-containing and Cr-Mn austenitic stainless
steels with reduced Ni levels and comparison with
conventional grades is quite important, which is
the subject of the present work.

2. Experimental materials and procedures

As-received materials were the X5CrMnN17-8
sheet  (0.093C-13.45Cr-1.30Ni-9.60Mn-0.150N,
wt%), as a representative N-containing Cr-Mn
austenitic stainless steel with reduced Ni level,
as well as AISI 304 sheet (0.046C-17.91Cr-
9.16Ni-1.54Mn-0.003N, wt%), as a representative
conventional grade. The initial thickness of the
sheets was 3 mm. Both alloys were received in the
annealed condition with an average grain size of 30
um and entirely austenitic microstructures. Cold
rolling was performed in multiple passes at room
temperature, with reductions in thickness in the
range of 12.5 and 75%.

The preparation of the metallographic samples
included electro-polishing (40 V, mixture of
H,PO,-H SO,) followed by electroetching (2 V,
60% HNO, solution) [32,33]. Subsequently, the
microstructures were analyzed using an OLYMPUS
VANOX optical microscope and a Mira3 Tescan
scanning electron microscope (SEM).

A PHILIPS PW-3710 X-ray diffractometer
(XRD) utilizing Cu-Ka radiation was used to track
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phase evolution during cold rolling. Moreover,
based on the intensity of the diffraction peaks
(I(hkl))’ Equation 1 [34,35] has been proposed for
investigating the evolution of the deformation-
induced martensite fraction (f ) in stainless steels
with promising outcomes:

fa' :](le)a’ /{](211)0:’ +0‘65(I(311);/ +I(220);/)} (1)

3. Results and discussion
3.1. Microstructural evolution and o’-martensite
formation

Figures 1 depicts the microstructures of the as-
received and cold rolled X5CrMnN17-8 stainless
steel. An equiaxed microstructure with an average
grain size of 30 um can be seen for the as-received
X5CrMnN17-8 sample; while cold rolling results
in the elongation of grains, where this elongation
increases with increasing the reduction in
thickness. Moreover, as can be seen in the optical
micrograph of the 12.5% rolled sample, the
development of shear bands within the grains is
evident. This aspect is more clearly observable
in the high-magnification SEM image presented
in the same figure. The intersections of the shear
bands are recognized as the primary nucleation
sites for the deformation-induced martensite
[36,37].

While the optical micrographs show the
development of the deformed microstructure,
the XRD phase analysis is required to follow the
phase evolutions during rolling, which is shown
in Figures 2a for the X5CrMnN17-8 stainless steel
and Figures 2b for the AISI 304 stainless steel. The
XRD pattern for the as-received X5CrMnN17-8
stainless steel shown in Figures 2a reveals that this
sample is fully austenitic. A minor degree of cold
rolling (12.5%) led to the emergence of diffraction
peaks corresponding to the deformation-induced
martensite phases, which include o’-martensite
and a tiny peak associated with the development
of a small quantity of e-martensite. These results
are consistent with the microstructures of this
sample in Figure 1, which show the appearance
of shear band intersections for martensite
nucleation. As the degree of deformation rises,
the intensity of o’-martensite peaks grows; while
that for the austenite decreases. Furthermore,
with a significant thickness reduction of 75%,
most peaks correspond to o’-martensite, and a
minor peak of austenite is still observable (f, =
0.92 according to Equation 1). Similarly, for the
AISI 304 stainless steel, Figures 2b reveals the
formation of o’-martensite and increasing f
with increasing the reduction in thickness. At the
reduction in thickness of 75%, f . = 0.88 according
to Equation 1 can be calculated.
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Fig. 1- Optical micrographs of the as-received and cold rolled X5CrMnN17-8 alloy and the SEM image of the 12.5% rolled sample.
RD represents rolling direction for all of the micrographs.
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Fig. 2- XRD patterns of as-received and cold rolled (a) X5CrMnN17-8 and (b) AISI 304 stainless steels.
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To compare the kinetics of «’-martensite
formation in X5CrMnN17-8 and AISI 304 stainless
steels, the plots of f versus equivalent strain is
usually used. In rolling, &, = In(1/(1-r)), where
r is the reduction in thickness. Constancy of volume
during plastic flow gives Erongiudinal T Einckness + Ewicn =
0. For the plane-strain rolling, € s = 0> and hence,
Epongiudinal = ~Eiickness’ Accordlngly, the equivalent
strain can be calculated using equation 2.

The plots of f  versus equivalent strain for both
X5CrMnN17-8 ‘and AISI 304 stainless steels are
depicted in Figure 3. Since the XRD analysis was
performed three times for each sample, the results
are reliable, which can be conformed by the small
error bars shown in Figure 3. Moreover, according
to the research conducted by Sadeghpour et
al. [38], the plot for a highly-metastable alloy
(AISI 201 stainless steel (0.025C-16.73Cr-4.3Ni-
7.2Mn-0.12Ti, wt%) have also been included.
The X5CrMnN17-8 and AISI 304 stainless steels

ultimately achieve approximately 90 vol% o’-
martensite; while the AISI 201 stainless steel
rapidly attains about 100 vol% o’-martensite at
low strains. To uncover this behavior, SFE of these
stainless steels may be examined. For this purpose,
based on the mass percents of alloying elements,
the Dai formula (Equation 3) can be used [27,39].

Considering the previously stated chemical
compositions, the SFE values for AISI 201,
X5CrMnN17-8, and AISI 304 stainless steels can
be computed using Equation 3 as 11.22, 15.64,
and 23.08 m]/m? respectively. Thus, reducing
SFE leads to a notable increase in the kinetics of
o’ -martensite formation, which aligns with the
expectations [40-42].

For each alloy, f rises in a sigmoidal fashion as
the equivalent rolling strain increases. However,
the kinetics of o’-martensite is different, which
is investigated in the next section using different
models.

&= \/(glfmgitudiml + gtzhiclmexs + g\f/idth) x2/3=1.1 5471n(1 /(1 - r))
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2
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Fig. 3- Evolution of a'-martensite content during rolling for the X5CrMnN17-8 and AISI 304 stainless steels as well as AISI 201
stainless steel (data taken from [38]).

200



F. Ansari, J Ultrafine Grained Nanostruct Mater, 58(2), 2025, 197-207

3.2. Kinetics of o«’-martensite formation

To evaluate the transformation kinetics, firstly,
the well-known Olson-Cohen model (Equation 4)
[15] was considered:

Ju =1=expi=pil—exp(-as,)}"}

where ais associated with the shear-band formation
rate, B represents the likelihood that an intersection
of shear bands will produce a martensitic embryo,
and n is a constant exponent (4.5 for austenitic
stainless steels [15,43,44]). The plots for all three
stainless steels are depicted in Figure 4a. It can
be seen that the Olson-Cohen model is able to
illustrate the sigmoidal kinetics of o’-martensite
formation.

(4)

The obtained a and B values based on the non-
linear regression analysis are summarized in Figure
4b versus SFE. It is observable that a decreases by
increasing SFE, suggesting that the rate of shear-
band formation decreases with increasing SFE,
consistent with the previous investigations [15,44].
However, B does not show any distinct trend.

Guimaraes [16] utilized the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) model to examine
the kinetics of o’-martensite formation by replacing
time with strain (Equation 5), where n and K
represent parameters related to the nucleation
mode and the nucleation and growth rates,
respectively [16,44]:

f., =1—exp{-K¢&"} (5)
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Fig. 4- (a) Olson-Cohen model applied for investigating the transformation
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The plots for all three stainless steels are
depicted in Figure 5a. It can be seen that the
outcomes of the Guimaraes model are acceptable.
However, contrary to the Olson-Cohen model, in
the Guimaraes model, fw eventually attain the value
of 1, which is not consistent with the behavior
seen for the X5CrMnN17-8 and AISI 304 stainless
steels, where fw saturates at ~0.9. The obtained n
and K values based on the non-linear regression
analysis are summarized in Figure 5b versus SFE. It
is observable that n does not change considerably,
as it is related to the nucleation mode. However, K
generally decreases by increasing SFE, indicating

the slower kinetics of o’-martensite formation,
confirming the usefulness of this model; although
this decrease is not pronounced when comparing
the X5CrMnN17-8 and AISI 304 stainless steels.

Shin et al. [17] introduced the saturated f
(f,), the critical inelastic strain at which the
accumulated internal strain energy is sufficient
to compensate for the driving force deficit for o’-
martensite formation (e ), the austenite stability
parameter (), and deformation mode exponent
(m):

Sl [ =1—exp{-Ae—&))"} (6)
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Fig. 5- (a) Guimaraes model applied for investigating the transformation kinetics and (b) summary of model
parameters versus SFE.

202



F. Ansari, J Ultrafine Grained Nanostruct Mater, 58(2), 2025, 197-207

The plots for all three stainless steels are
depicted in Figure 6a. The results are quite
promising. The obtained A and m values
based on the non-linear regression analysis
are summarized in Figure 6b versus SFE. It is
noteworthy that for all three stainless steels,
g, was obtained as 0 during the fitting. It is
observable that A, as the austenite stability
parameter, is dependent on the SFE value;
demonstrating the usefulness of this model for
evaluating the austenite stability. However, this
decrease is not pronounced when comparing

the X5CrMnN17-8 and AISI 304 stainless
steels. Moreover, m, as the deformation mode
exponent, for different metastable HEAs is
different. Anyway, this model is an improved
JMAK model, which resolved the problem of fa)
saturation by introducing f_.

Ahmedabadi et al. [18] proposed Equation
7 by introducing the strain associated with the
maximum rate of transformation (e __ ) and the
transformation rate parameter (1)):

‘f;at /fa' :1+exp{_77(g_gmax)} (7)
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Fig. 6- (a) Shin model applied for investigating the transformation kinetics and (b) summary of model
parameters versus SFE.
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The plots for all three stainless steels are
depicted in Figure 7a. The fitting of the model
is excellent. The obtained e and n values
based on the non-linear regression analysis are
summarized in Figure 7b versus SFE. It can be
seen that, n, as the transformation rate parameter,
decreases with increasing SFE, revealing that o’-
martensite formation becomes slower. However,

the X5CrMnN17-8 and AISI 304 stainless steels.
On the other hand, ¢ clearly increases with
increasing SFE, which is quite promising.

Recently, Sohrabi et al. [19] proposed the Hill-
based model (Equation 8) by adding the p and q
parameters, where x = p x q was considered as the
sole austenite stability parameter:

this decrease is not pronounced when comparing Jo!l fw =1-PNp+&L) (8)
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Fig. 7- (a) Ahmedabadi model applied for investigating the transformation kinetics and (b) summary of model
parameters versus SFE.
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The plots for all three stainless steels are
depicted in Figure 8a. The fitting of the model
is reasonably well. The obtained p, q, and x = p
x q values based on the non-linear regression
analysis are summarized in Figure 8b versus SFE.
It can be seen that, X, as the austenite stability
parameter, increases with increasing SFE,
revealing that o’-martensite formation becomes
slower. Therefore, y is highly dependent on SFE,
and it is an appropriate parameter to describe
the kinetics of o’-martensite formation.

It is possible to compare the ability of these
techniques in modeling the kinetics of o’-
martensite formation via applying the root
mean square error [45-47]:

The RMSE values for the Olson-Cohen,
Guimaraes, Shin, Ahmedabadi, and Hill-
based models were determined as 7.3, 6.3, 5.5,
5.1, and 7.3% respectively, revealing the good
accuracy of the Shin and Ahmedabadi models.
On the other hand, while the accuracy of the
Hill-based model is similar to the Olson-Cohen
one, the correlation of the parameters of these
two models, especially X, with the governing
material parameter (SFE in this case) is quite
promising. In summary, all parameters of the
discussed models are plausibly explained by
the SFE value and it is possible to regulate o’-
martensite formation kinetics by tuning the
SFE.

Regarding the investigated stainless steels in the

RMSE = \/(1 / N)Z,Z (Mol a2 (9) present work, a significant difference in the kinetic
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Fig. 8- (a) Hill-based model applied for investigating the transformation kinetics and (b) summary of model parameters versus SFE.
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parameters between the AISI 201 alloy and other
stainless steels was observed, which is linked to the
extremely high metastability of the austenite phase
present in this alloy. The X5CrMnN17-8 alloy
benefits from a higher Mn content while reducing
Ni content, resulting in greater metastability
than the AISI 304 stainless steel. Nevertheless,
the X5CrMnN17-8 alloy possesses a greater
concentration of C and also has a significant
amount of N (both serve as austenite stabilizers
[48-50]), leading to a more subtle metastability in
the X5CrMnN17-8 alloy.

4. Summary

The kinetics of deformation-induced martensitic
transformation for the X5CrMnN17-8 austenitic
stainless steel during cold rolling was examined
and compared with conventional grades of AISI
304 and AISI 201 stainless steels. It was discovered
that cold rolling at room temperature leads to the
emergence of a’-martensite in the microstructure,
with the quantity of o’-martensite growing as the
reduction in thickness rises. It was noted that the
X5CrMnN17-8 alloy exhibits regulated kinetics of
deformation-induced martensitic transformation,
which is quicker than AISI 304 but slower than
AISI 201 stainless steel. The renowned Olson-
Cohen, Guimaraes, Shin, and Ahmedabadi, along
with Hill-based models were utilized to model the
transformation kinetics throughout cold rolling.
The benefits and drawbacks of each model were
thoroughly examined, and the model parameters
were linked to the stacking fault energy (SFE).
The final concluding remark is that the Shin and
Ahmedabadi models demonstrate outstanding
accuracy, while the parameters of the Olson-Cohen
and Hill-based models can be perfectly correlated
with SFE as the fundamental material parameter.
In this regard, it was revealed that the sole austenite
stability parameter, x, in the Hill-based model of

Ju! fow =1=P( p+&) is quite promising for
comparison purposes.
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