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Abstract

Austenite is a semi-stable phase in most stainless steels that deforms to martensite under Md,, and forms martensite
type & and € due to the deformation in the steels. Since the distribution of strain induced martensite plays an
important role in achieving desired properties, the main objective of the present work is to model martensite
distribution of & during cold rolling using finite element method and Olsen-Cohen model. In this study, the
strain induced martensite transformation of 301 stainless steel during cold rolling has been simulated by ANSYS
software. First, the mesh sensitivity analysis was performed and mesh optimization was set to stimulate the strain
induced martensite transformation of 301 stainless steel during cold rolling. Martensite fractions in cold-rolling
was simulated and compared with experimental data. Finite element analysis was performed to obtain strain and
stress during cold rolling. The amount and distribution of martensite during cold rolling has been modeled. The
highest stress level was observed and applied on a friction plate which was in contact with rollers and, as a
result, was under the most friction; thus, the stress reduced away from the surface toward the center of the sheet.
Moreover, a similar phenomenon was observed for changes in the strain. These results were also compared with
experimental data that had been obtained with X-ray diffraction, with the use of a Ferritoscope, X-ray diffraction
and experimental results.
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1. Introduction

Austenitic stainless steel is widely used in indus-
try due to its high resistance to corrosion and flexibil-
ity. The manufacturing process often involves rolling
and deep drawing of the austenitic steel, where large
plastic strain is present. Transformation of austenite
to martensite (é) can occur during the cold forming
process and depends on several factors, such as chem-
ical composition, strain, strain rate, temperature, and
state of stress V. The effect of these factors on the oc-
currence of strain-induced martensite transformation
has been the aim of many studies 7. In the trans-
formation process, the volume fraction of martensite
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increases with increasing deformation and finally, at
strain saturation, reaches a maximum value. The for-
mation of martensite increases strain hardening ® and
causes a delay in the necking stage of the material *
.Furthermore, high internal stresses that are caused by
martensitic transformation, and along with residual
stresses, can cause a delayed cracking phenomenon '*
D, In order to achieve desired mechanical properties
for the alloys, it is important to understand the rela-
tionship between shape parameters and distribution of
strain-induced martensite.

There are various models dealing with the forma-
tion of martensite due to transformation in austenitic
stainless steel '> '3, The Olsen-Cohen model, of the
analytical models, has been quoted the most often
among researchers and is widely used in many studies
because of its simplicity and high compatibility with
respect to empirical data 'Y. The Olsen-Cohen model
is based on the martensite nucleation & phase in sec-
tions of shear bands as well as finite element method
(FEM), which can be successfully used for analysis of
cold-rolled austenitic stainless steels. However, there
is still a lack of information on the distribution of mar-
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tensite @ in different range of deformation during cold
rolling process.

It has been known that the austenitic stainless
steels may form martensite while cooling below M_
temperature. Eichelman and Hall ® presented the fol-
lowing equation to determine the formation of starting
temperature of martensite (M) in austenitic stainless
steels:

M_(°F)=75 (14.6- Cr) +110 (8.9 - Ni) +60 (1.33 — Mn)
+50 (0.47 - Si) +3000 [0.068 - (C+N)] (Eq. 1)

This equation shows that in contrast to the strong
effects of interstitial elements like carbon and nitro-
gen, the effects of substitutional elements of Cr and Ni
are moderate on M_ temperature. When the nitrogen
content is mixed with carbon, it may have very power-
ful effects to stabilize the austenite phase. Under such
circumstances, martensite may form in the surround-
ing grain boundary areas. In fact, this phenomenon is
used as a method of precipitation hardening of auste-
nitic stainless steels by formation of martensite in it.

To study the kinetics of strain-induced martensite
nucleation mechanisms used to deal with shear bands,
the increasing amount of shear bands in the marten-
site, which has not changed as a function of plastic
strain in austenite, is investigated. If it is assumed
that the plastic deformation at low strains, resulting
in "significant fraction" of shear bands, so very little
of it, as "free volume in shear bands" is used. This is
a simple model for the formation of shear bands (with
consideration of the use of free volume in shear bands)
at a fixed rate relative to the plastic strain introduced.
Eq. (2) is obtained for the volume fraction of marten-
site as a function of plastic strain:
f*=1-exp{(~pl1 — exp(—ae)]"} (Eq.2)

Strain-induced martensite transformation curve is
characterized by two temperature- dependent physical
parameters o and B and the constant n. Parameter o,
which tracks formation of shear strain, is due to the
energy dependence of the defect removal; therefore,
it would be temperature-sensitive. The parameter 3
is characterized by the possibility that shear bands in
place to create a nuclei and the possibility is associat-
ed with the chemical driving force which is tempera-
ture-dependent '¥.

Using a simple and less expensive method to de-
termine the amount of austenite and martensite in the
microstructure, one can provide important information
in the studies of transformation of semi-stabilized aus-
tenitic stainless steels. It is especially important when
it is applied to applications that determine the max-
imum temperature and its dependence on the length
of the system is under stress as well as rate of defor-
mation, or other process variables. There are several
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methods, such as X-ray diffraction analysis, magnetic
induction, existed for measuring the amount of mar-
tensite & due to strain rate in semi-stabilized austenitic
stainless steels.

The objective of this study is to use finite element
method to simulate and evaluate the stress and strain
of a cold-rolled 301 austenitic stainless steel sheet
sample. The strain will correlate to the transformation
to martensite in terms of volume fraction as a function
of strain at a fixed temperature.

2. Materials and Methods
2. 1. Alloys

In this study, an austenitic stainless steel (AISI
301) was used as the sample characterized by its meta
stable state that shows significant martensitic transfor-
mation, even at room temperature. The chemical com-
position of this steel is given in Table 1.

Table 1. Chemical composition of AISI 301 stainless steel (wt. %).

C Mn
0.12 1.9

Si
0.9

Cr
17.6

Ni
7.2

Fe

balanced

2. 2. Simulation method

The ANSYS finite element simulation software
was used for the modeling. Due to the geometry of the
sheet and roller, the problem assumed a two dimen-
sional strain (surface). The symmetry of the model
was assumed relative to the center line of the sheet.
The plate dimensions of 0.3 (length) x 0.1 (thick) m?
and roller radius of 0.12 m were considered. Regard-
ing the properties of the sheet material, the combina-
tion of viscoplastic model of Perzyna ' and nonlin-
ear isotropic hardening model (NLISO) '® was found
suitable for describing the behavior of the sheet. Co-
efficient of friction between the plate and the roller
was considered as 0.5 based on Perzyna model. The
Perzyna model has proven that gives an ideal response
during loading. Rollers and bars located in the cen-
ter have elastic properties of a material with a high
modulus (E= 400 GPa) and was considered to be rigid.
Linear properties of the alloy sheet and its nonlinear
constants of Perzyna model used in this study are pre-
sented in Table 2.

Table 2. Perzyna model alloy properties and constant.

Linear properties E=200 GPa v=0.3
C1=300 MPa
Nonlinear properties C2=1 GPa
(NLISO constant) C3=52 MPa
C4= 172 MPa
Perzyna model constant | m=0.5 vy=1

Three elements mesh generator, Quad 4 node 182
Solid, 2D elastic 3 Beam and pt-to-surf 48 Contact
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were used (Fig. 1-a). To determine the strain-induced
martensite fraction, model output for each node in the
empirical equation shown in Fig. 1-b and changes in
strain martensite fraction was determined.

2. 3. Mesh sensitivity analysis

The numbers of meshes were varied to perform a
sensitivity study of the mesh in order to further deter-
mination of the optimal mesh for the simulation study.
A representative point of 0.03 m (1/10%) length) from
the edge of the plate is selected to be used to monitor
the mesh effect on the strain. Five meshes were con-
structed in the size of 10 x 5,20 x 5,30 x 5, 50 x 10
and 70 x 15.

Fig. 1 shows the variation of calculated strain as
a function of mesh size. It is observed that mesh-de-
pendent results were achieved for mesh of 30 X 5 and
finer. The simulations were thus performed using 30
x5 mesh.

Strain

0 200 400 600 800

Number of meshs

1000 1200

Fig. 1. a) Meshing of sheet and rollers, b) Sensitivity
analysis of meshing.
3. Results and Discussions

The relationship between the fraction of marten-
site and the applied strain has been obtained by using
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experimental data from Eskandari et al. '”-'®. The Ol-
sen-Cohen model was used to rely the best equation
can be derived based on the results and by considering
f as & martensite volume fraction and the strain €, Eq.
(2) is proposed. In this equation, o and [ parameters
are temperature-dependent and can be considered con-
stant, n is generally equal to 2.

Fig. 2 shows the Olson-Cohen correlation for the
amount of ¢ martensite as a function of deformation
for the cold rolled samples. In this figure, curve fitting
function plotted with a regression goodness value of
R? =0.9974.

25 y = 0.6048In(x) + 2.1533
R*=0.9974
2
a 15
z
=
Ef 1
=
2
0.5
0
0 0.2 0.4 0.6 0.8 1

€

Fig. 2. Martensite fraction change as a function of
strain in cold rolled austenitic stainless steel 301.

The simulation results were also compared with
the experimental data of Karimi et al. ', which was
carried out by XRD and Ferritoscope techniques. Mar-
tensite transformation and distribution was observed
in this model and was confirmed by X-ray diffraction
and Ferritoscope (refer to Fig. 6).

This FEM model can be used to increase the strain
hardening, delaying in the onset of necking, increase
of forming load, decrease corrosion resistance and de-
layed cracking phenomenon. Therefore, it is important
to determine the evolution of amount/distribution of
stress-induced martensite during forming process.

3. 1. Stress and strain distribution

Stress and strain changes during cold-rolled aus-
tenitic stainless steel AISI 301 were investigated with
finite element analyses (ANSYS software). Fig.3a
shows the stress distribution during the cold rolling
at a fixed position. The highest stress levels are found
around the contact of the rollers and plate where the
sample sheet is subjected to a maximum deforma-
tion in the cross direction. The stress level decreased
gradually from the contact to the center of the sample.
Fig. 3b shows the stress distribution after the sample
is rolled.

There are extensive studies regarding cold rolling
of austenitic stainless steel. However, there is a lack of
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knowledge about the distribution of ¢ martensite. This
FEM evaluated the stress distribution depending on
the austenite and martensite changes in volume frac-
tion developed during strain induced phase transfor-
mation. In addition, despite extensive studies on cold
drawing of austenitic stainless steels, there is still a
lack of knowledge.

Fig. 3. Stress distribution of a) sample passing through
the rollers, b) passed through the rollers.

Fig. 4 show the elastic and plastic strains in the
rolled sample. It is observed that the strain changes are
the same as stress.

In Fig. 5, the strain distribution in the sample
passed through the rollers and the rolling have shown,
schematically.

3. 2. Strain-induced martensites

The volume fraction of strain induced martensite
in the sample of Austenitic stainless steel under as a
function of sheet thickness reduction is shown in Fig.
6. The martensite volume fraction is calculated by the
Olsen-Cohen model (Eq. 2) with the simulated strain
distribution.

Dependence of strain induced martensite versus
strain measured by i) X-ray diffraction, ii) Ferrito-
scope, and iii) simulation is shown in Fig. 6. This fig-
ure showed a very good approximation of the exper-
imental data is consistent with the simulation results.
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Fig. 5. Strain distribution of (a) sample passing through
the rollers, and (b) passed through the rollers (To and bot-
tom corners in the front edge area show maximum strains).
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Fig. 6. Dependence of strain induced martensite ver-
sus strain measured by i) X-ray diffraction, ii) Ferri-
toscope, and iii) simulation.

4. CONCLUSION

In this study, the strain-induced martensitic trans-
formation during cold rolling was stimulated for aus-
tenitic stainless steel 301. Ansys finite element sim-
ulation was used to model the process. The surface
strain was analyzed due to the geometry of sheets and
rollers. Also, according to the center line of symmetry
of the sheet, the process was modeled using symme-
try. Martensite transformation and distribution was
observed in this model and its value changes with
suitable adaptation model. The highest stress level
was observed and applied on friction plate which was
under the most friction caused by rollers and the stress
reduced away from the surface toward the center of
the sheet. Moreover, similar phenomenon was ob-
served with changes in strain. The simulation results
were confirmed by X-ray diffraction and Ferritoscope.
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