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Constitutive Modeling of Hot Deformation of Carbon Steels in The Intercritical Zone
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A previous constitutive modeling for single-phase steels is extended using the mixing law to predict
the behavior of hot deformation in the dual phase ferritic-austenitic intercritical zone of Fe-C-Mn-Si
alloys. Mixing law considers two phases instead one, so one phase formula was modified. The constant’s
values used represents average values to the same conditions in austenitic and ferritic model. The amount
of each phase is determined as function of temperature and chemical composition. The developed
constitutive modeling is validated by comparing the theoretical stress-strain curves with experimental
isothermal uniaxial compression tests of 1008 and 1035 carbon steels at different temperatures and
strain rates. The compression tests were carried out in a dilatometer with the compression load at strain
rate of 103, 102 and 10! 5. A good agreement was obtained between the calculated and experimental
results over different stages of deformation and hardening. Microstructural analysis was also carried
out to relate the deformation results to the microstructure of the steels. Finally, a general constitutive
equation has been proposed for hot deformation of steels in the intercritical zone.
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1. Introduction

Steel is one of the most researched materials, even though
today certain aspects of its behavior under given conditions
continue to be ambiguous, such as the hot deformation of
steels'*. There is considerable agreement regarding the impact
of'the elements C, Si and Mn on the mechanical properties of
carbon steels, especially when analyzing their behavior when
subjected to cold work; however, there exist uncertainties
with respect to the behavior of the aforementioned elements
during deformation operations at high temperatures®. Given
the multiplicity of variables involved in this type of operations
(speed and type of deformation, temperature, active diffusion
mechanisms, chemical composition, initial austenitic grain
size, dislocation structure, energies of activation and failure)®,
it is expected that the analysis will become complex and that
greater efforts will be required to distinguish or attribute the
effect of the chemical composition*.

The phenomena involved in the processes of deformation
at high temperatures are controlled by diffusion, movement
of dislocations and atomic interaction with the environment.
Examples of this include strain hardening and dynamic
restoration phenomena’s.

Carbon affects the hot behavior of steels depending on
their possibilities of diffusion through the network and their
interaction with other atoms and dislocations. However, this
behavior is not entirely clear®'!. It is believed that the addition
of C causes distortions in the crystal lattice, resulting in an
increase in the kinetics of the self-diffusion mechanisms of
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the matrix atoms. There is not an agreement in the literature
about the effect of C on maximum yield stresses.

It has been observed that increasing the contents of
Si and Mn increases the hardness such as in cold working
processes. However, some results question whether both
elements play a similar role in terms of softening mechanisms.
Prasad et al.'” studied the modification of both the stacking
fault energy and the activation energy necessary for the
process. The addition of solute clearly limits the mobility and
migration of grain boundaries of austenite, directly affecting
the kinetics of recovery and dynamic recrystallization1'>',

Zener et al.” tested brass alloy CuZn,Pb, in two-
phases and reported the deformation behavior in terms of
temperature, strain rate and amount of phases. Bergstrom
and Aronsson'® and Sakai and Jonas'” studied the hot creep
behavior of so-called construction steels and their dependence
on chemical composition by isothermal uniaxial compression.
Sakai and Jonas'” reported that the flow curves of all ferritic
materials show the characteristics of materials with dynamic
recovery. The model of hot deformation reported and proposed
by Estrin and Mecking'® shows good agreement with the
experimental data. The hot-flow behavior was studied
experimentally via isothermal uniaxial compression'*%, in
a wide range of temperature and deformation velocities and
the parameters were obtained in the intercritical interval,
applicable to a generic constituent model of hot deformation.

The present study focuses on obtaining a generic constitutive
modeling that predicts the hot deformation behavior of carbon
steels in the intercritical zone (o+y) in terms of the contents
of Fe, C, Mn and Si. The modeling process requires that the
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constitutive equation can predict the deformation process
in terms of the parameters that govern the softening and
hardening phenomena?®?2. The proposed generic constitutive
modeling is based on the law of mixtures of the deformation
of austenite and ferrite, where the characteristic parameters
are the function of the chemical composition, temperature,
and strain rate. The present hot working characterization
was performed by means of uniaxial compression test in a
temperature range of 740 to 815°C and using strain rates
from 0.1 to 0.001 s'. The compression flow curves have
been modeled by a physically based constitutive modeling
that describing the hardening work, recovery phenomena,
considering the amount of ferrite and austenite phases as a
function of temperature and applied strain rate.

2 Experimental

2.1 Theoretical procedure

In the modelling of hot deformation process, the knowledge
of stress-strain relationships for specific values of strain,
strain rate and temperature for different materials is an
essential requirement for quantitatively analyzing deformation
processes such as rolling, forging, drawing, extrusion, etc.
Many studies have been conducted to experimentally obtain
flow curves using different testing techniques at isothermal
and constant strain rate conditions®. However, unlike most
laboratory tests, industrial hot working operations do not take
place at isothermal and/or constant strain rate conditions.
For example, in a hot rolling pass, temperature and strain
rate change significantly, leading to a continuous variation
of process conditions and process parameters throughout
the pass.

In a typical analysis of deformation® it is found that
the strain rates and strains at different locations can vary
by an order of magnitude and hence the flow stresses can
easily vary when different elements in the deformation zone
are considered. The problem becomes even more complex
when thermal models are coupled with mechanical models
resulting in a wide spectrum of strain-strain rate-temperature
conditions in the deformation zone at any given time. Many
researchers®*?’ have focused their attention in developing
quantitative constitutive relationships for describing the
flow strength of materials as a function of the process
variables such as strain, strain rate and temperature for use
in process models.

Empirical and semi-empirical relationships obtained from
experimental data are widely used in deformation models
because they are easier to develop and complex internal
material variables need not to be considered. However,
due to complicated microstructural changes associated with
high temperature deformation processing, it is very difficult
to describe the complete hot deformation behavior using a
single relationship. The relationships used often present flow
strength in terms of either strain and strain rate or strain rate
and temperature; the empirical constants are defined for
different process conditions. While the equations relating
stress and strain®® adequately describe the strain hardening
portion of the flow curves, the equations relating stress to
strain rate and temperature®-3! represent only the steady
state deformation conditions. Equations in which all three
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process variables are related to flow stress **3¢ have limited
applicability beyond strain hardening part of the flow curves.
Several other relationships®”*, or combination of the above
relationships have been developed to describe the flow stress
data in terms of the process variables.

The aim of this study was to model the plastic flow
behavior in the intercritical zone (o+y) according Fe-C
diagram, in hot working conditions with two steel 1008 and
1035, first determining the models in the austenitic and
ferritic zone with previous validation of the curves and
later comparing them with the experimental stress-strain
curves at the same conditions of temperature and strain
rate. Figure 1 shows the flow chart for the theoretical and
experimental procedure. A list of the parameters used in the
model is shown in Appendix A.

If the criteria and the flow curves obtained in the
austenitic? and ferritic® zones are already known, the modeling
of the creep curve can be obtained in the intercritical zone
by means of the mixing law, making a balance of the
formulas used in these models. The model considers that
the dislocations density p is caused by the balance between
generation and storage dislocations during work hardening
and annihilation during dynamic recovery and also that
the EM is only applicable in fine-grain materials or those
bearing fine second phase particles. This model relates the
density of dislocations with the deformation is written as:

dap _ {dl} _ {dip} (1
de de stored de recovered

Theoretical worksheet.
Ferritic Model

Sample preparation
1008 & 1035 steels

Determinationof real
A,y & A by dilatometry

Theoretical worksheet
Austenitic Model

I Thermal sequence I

Determination of
experimental parameters I

Compression tests I

I Cooling with Ar ]

Theoretical worksheet.
Intercritical Model

Characterization by OM,
SEM & EBSD

Determination of
experimental intercritical
stress/strain curves

Determination of
theoretical intercritical
stress/strain curves v

Comparison between theoretical
and experimental stress/strain
curves

Proposal of a generic intercritical
model

Figure 1. Theoretical and experimental flow diagram.
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where p is the density of dislocations (¢cm?) and ¢ is the
strain rate (s™).

The equation of stress in terms of the deformation and
the strain rate and temperature is:

do
- 49 2
0 [“L @
This equation can be solved by integration:
p(e) =efm(£)d£ ‘fe!Q(g)dg U(e)de +e719(8)d£ Xe 3)

where Q is the coefficient of softening or dynamic restoration
and U is the coefficient of hardening.

The evolution of stress during deformation can be
expressed as:

o= aMubyp 4)

where o is a constant, M Taylor factor, p is the shear module
and b is the Burgers vector.

The creep behavior of materials during dynamic restoration
can be expressed as:

dl:U_Qp (5)
de

If U and Q are independent of deformation (g), then:

o= {U& eiQ‘g + (Otyb)2 (%)(1 - eng )T'S (6)
Or

o2 =[o‘§ +(O‘2 —o‘%)eigg} 7

oy = ayb\/; )

o= |2 ©)

In the case of DRX (dynamic recrystallization), o is
represented by the expression of Avrami:

o‘:o‘s—(as—ass)-X

k
X:lfexp[thk}:lfexp 0.693[ ! ] (10)
50%

where B and k are constants associated to the nucleation
mechanisms and the growth velocity, X is the recrystallized
volumetric fraction.

The kinetic equation for peak deformation is expressed as:

(11)

ec=08-cp=K,-dy -2"™

where d is the initial grain size, Z is the parameter of
Zener Hollomon, K is a constant of the material.
For the case of stress and steady state peak it is obtained:

: ac >
D(T)_A[SinhE(]{])J (12)

Where E (T) is the Young’s modulus, D (T) is the self-diffusion
coefficient, o, is the peak stress, a phase a, A is a material
constant and ¢ is the strain rate. The coefficient of softening
or restoration is as given as:

Q=KQ-dj® - z"e (13)
The coefficient of hardening is:

(ab)*U =Ky -dlv - 2" (14)

where K, and K, are constants of the materials.
The recrystallization time is given b:

Tsgo, =K, -dy -&™ -exp 9 (15)
o 0 RT

where T, , is the time taken to reach 50% recrystallization,
K, is a constant material, Q is the activation energy, R is the

gas constant and T is absolute temperature.

2.1.1 Generic model for Fe-C-Mn-Si alloys in the
intercritical zone (a+y)

The present model is based on a generic model for
calculating the hot flow stress in the ferritic and austenitic
zone (a+y)', and is used to study Fe-C-Mn-Si alloys in the
dual phase intercritical zone (o+y).

The strain rate for a single phase is expressed as follows':

{DfT)}=B[Sinh§‘§)]n

where ¢ is the strain rate, D(T) is the diffusion coefficient
affected by temperature, B is a structural parameter, f is
the parameter that is equal to the inverse of the voltage and
represents the dependency change between the strain rate
and the stress. o is true stress, E (T) is Young’s modulus
affected by temperature and n is the exponential factor. In
dual phase zones and considering the law of mixtures, the
equation becomes:

(16)

(%a;/a +%;/yy)cr 5
%a EqT +%y Ey (T)

é
%a Dy (T)+ %y Dy (T)

amn

w 2(%0: B, + %yBy)[sinh

In this research, this equation is only applied considering
the percentages of each of phase present as a function of
the temperature, strain rate, and chemical composition of
the alloy, therefore it does not consider the strain and stress
distribution between phases®. In the future, it is possible
to compare these results considering the effects of this
phenomenon for this kind of steel.

The percent of the present phases is determined by
the lever rule and then the composition of the ferrite and
the austenite depends on the temperature and the global
chemical composition.

Therefore, o is expressed as:

1

e %a E, (T)+ %yE,(T)}inh [ ¢ ]; 1

%ayg +%y 7y Yoa Dy, + %y Dy,

o (18)

(%aBa +%y B, )Z



4 Jiménez-Lugos et al.

2.2 Experimental procedure

Two commercial steels 1008 and 1035 were selected because
present a wide intercritical interval (o+y). Table 1 shows the
chemical composition of the chosen steels.

For hot compression tests, a BAHR DIL 805A / D
brand dilatometer was used to operate under two different
modes: “Dilatometer mode” and “Deformation mode”, It
was equipped with tools or push rods (silica and aluminum)
and a protecting Ar atmosphere. This entire cycle has been
worked in a controlled Argon atmosphere to avoid oxidation
of the samples. Molybdenum was used on both faces of the
samples as a lubricant to reduce friction and a high flow of
Argon to quench them. The dilatometric curves were obtained
using solid cylindrical specimens with 5 mm diameter and
10 mm height, using a K-type thermocouple welded in the
center. The heating and cooling rate was 2 °C/s and 10 °C/s
respectively.

The dilatometer in the “Dilatometer mode” was used
to estimate the intercritical temperatures of coexistence
of the phases (a+y) for each kind of steel. Figure 2 shows
the elongation-temperature during cooling and heating.
The characteristic temperatures obtained are summarized
in Table 2, where

A : Temperature for the lower boundary of the 0.+ range;
A,: Temperature for the upper boundary of the a.+y range;

Ac,: Temperature at which austenite formation starts
during heating;

Ar,: Temperature at which austenite disappears during
cooling;

Ac,: Temperature at which austenite formation is
completed during heating;

Ar,: Temperature at which austenite starts to transform
to ferrite during cooling;

T ... Maximum test temperature; and

Table 1. Chemical composition of the 1008 and 1035 steels (mass %).

Steel %C %Si % Mn %P %S
1008 0.075 0.145 0.351 0.035 0.034
1035 0.308 0.251 0.787 0.042 0.035

Materials Research

T ..: Minimum test temperature.

The experimental temperatures for the deformation
tests were established from the dilatometer results (Ac, and
Ac,). These temperatures and the strain rate used in the
experimental procedure are shown in Table 3.

The thermal cycle established for hot compression tests
can be divided into six different stages, as shown in Figure 3:

1. Heating to total solubilization temperature of
austenite;

2. Maintenance at that temperature;

Cooﬁng

= = 1035 4

0. 200 400 600 800 1000

Temperature (°C)

160

Heating
140 | = 1035

120 — 1008 7/

100

Time (s)

0 200 400 600 200 1000
Temperature (°C)

Figure 2. Heating and cooling curves obtained by Dilatometry.

Table 2. Heating and cooling temperatures according to Dilatometer tests.

Temperature (°C)

A, A, Ac, Ac Ar, Ar, T\ Ty
1008 Steel 877 723 903 805 837 751 815 770
1035 Steel 820 723 797 732 678 611 785 740

Table 3. Experimental conditions.

STEEL & Temperature (°C)
107 815 800 785 770
1008 10 815 300 785 770
10! 815 800 785 770
107 785 770 755 740
1035 10 785 770 755 740
10! 785 770 755 740
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3. Cooling to test temperature;

4. Maintenance at given temperature for homogenization
of the microstructure;

5. Compression test; and

6. Sample tempering.

3. Results and Discussion

Once the ferritic and austenitic model had been theoretically
reproduced, they were validated with the deformation curves
obtained. The percentages were subsequently determined
for each phase by the lever rule at the test temperatures
(Table 4). The constant’s values' used in the generic
model represents average values to the same conditions in
austenitic and ferritic model which are shown in Table 5.

1000

@
8

-3
8

&

Temperature ( °C)

200

L

T T T T T 1
800 1000 1200 1400 1600 1800
Time (s)

0

T T T
0 200 400 600

Figure 3. Test stages.

The intercritical parameters of the model were calculated
by the following way:

E(T),=E(T), %Xq +E(T)y %X, (19)
D(T),=D(T), %Xy +D(T)y %X, (20)
By =By %Xy +B, %X, (1)
Br = Po %Xo + By %Xy 22)
Q =Q %a+Q, %y (23)
Uy =Uq %a+U, %y 24
o1 =0q%Xy +o, %X, (25)

where o is the intercritical stress and represented the peak
stress (o)) or steady stress (o).

3.1. Flow curve

In the quenching process, the sample, hollow or solid,
is inductively heated to a temperature plateau and is then
cooled at a user-defined (exponential or linear) cooling
rate. The phase transformation occurring in the continuous
cooling process or in the isothermal dwell, with or without
compression, is specified by the measured variation in
length. An array of isothermal or cooling curves indicates an
isothermal time-temperature-transformation (TTT) diagram
or a continuous-cooling-transformation (CCT) diagram,
respectively. The flow tests were carried out under the
protective Ar atmosphere and, in order to minimize friction
between the tools of the machine and the specimen, wolfram

Table 4. Experimental and theoretical values of the phases and their chemical composition at the test temperatures.

LOW CARBON THEORICAL FRACTION IMAGE ANALIZER I
STEEL COMPOSITION EXPERIMENTAL MATERIALS ©
°C o v Y0 Y%y Yoo Yoy
815 0.002 0.325 78 22 85 16
800 0.003 0.375 81 19 87 13
785 0.005 0.420 83 17 88 12
770 0.006 0.490 86 14 90 10
MEDIUM
CARBON
STEEL
785 0.005 0.420 27 73 26 74
770 0.006 0.490 39 61 38 62
755 0.008 0.540 47 53 42 58
740 0.010 0.640 53 47 45 55

Table 5. Constants used in the generic model.

Ferrite Austenite-o‘p
B'* (Alfa) B(Alfa) B'S (Austenite) B(Austenite)
603.936 1175.1458 348.15 618.71
Ferrite Austenite-c
B! (Alfa) B(Alfa) B'S (Austenite) B(Austenite)
603.936 1175.1458 274.588 779.71
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sheets were used, each test was carried out until a true strain
was obtained-a maximum of 0.8- with the aim of minimizing
the possible heterogeneities in strain. In these conditions,
friction is considered minimum and the flow curves are not
corrected by heating.

It can be observed that the mean size of the grains for all
the alloys, given in Table 6, was about 38.125 pm with a mean
standard deviation of 10 pm, and thus it is assumed that the
effect of this parameter on the creep behavior is negligible.

Figures 4 and 5 show strain curves obtained by experimental
compression at different temperatures and strain rates to
medium carbon steel (1035) and low carbon steel (1008),
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Figure 4. Experimental compression strain curves at different
temperatures and strain rate of a) 0.1 s, b) 0.01 s, and ¢) 0.001

s medium carbon steel.
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respectively. In general terms the materials progressively
soften to a steady stress level (o) after reaching the maximum
stress (cp). Figure 6 shows the comparison of the experimental

Table 6. Mean values of the grain sizes for the test conditions.

STEEL 1008
Temperature (°C) 770 785 800 815
d, (um) 36 37 39.8 46.9
STEEL 1035
Temperature (°C) 740 755 770 785
d, (um) 335 35.8 375 38.5
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Figure 5. Experimental compression strain curves at different
temperatures and strain rate, a) 0.1 s, b) 0.01 s, and ¢) 0.001 s!
low carbon steel.
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and predicted results flow curves at different temperatures
and strain rate, a) 0.1 s, b) 0.01 s, ¢) 0.001 s*! for low and
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Figure 6. Comparison between experimental (points) and predicted
(solid lines), flow curves at different temperatures and strain rate,
a) 0.1s",b)0.01 s, ¢) 0.001 s’ Low and medium carbon steel.

Table 7. Peak and steady state stress to different strain rate.

medium carbon steel. Figure 7 shows the behavior of two
curves that are crossed at the maximum peak stress, which
is probably due to the change in magnetic properties.
Table 7 shows the comparison of the following peak stress
parameters obtained by the experimental and theoretical curves:

o, Experimental Peak Stress;
o, Theoretical Peak Stress;
&,; Experimental Peak Strain; and

&,, Theoretical peak strain.

Figure 8 shows the comparison between the calculated
results, applying intercritical generic model and the experimental
curves (6, vs 6,,), thereby demonstrating the reliability of
the proposed model.

3.2. Metallography microstructures

In steels with low carbon content, when austenite is
cooled at high speed, it transforms without a diffusion process,
producing martensite. The cooling rate necessary to produce
martensite in this type of steels are enough high that the atoms
do not have time to diffuse, so the transformation occurs
through the movement of a large number of atoms. Therefore,
martensite is a solid solution, supersaturated carbon-in-iron
with a body-centered tetragonal crystal structure.

e H775 °C |
—— H770 °C

True Stress, c [MPa]
8

0 T T T T T
0.0 0.1 02 03 04 0.5 06 0.7

True Strain, ¢ (s™)

Figure 7. Intersection between 2 experimental curves at 755°C and
770°C at strain rate 0.01 s™' for medium carbon steel.

STRAIN RATE
103 s! 1072 s! 10" s!
Steel T (°C) (l\(/jll;)Ea) (l\?ll;)Ta) g 51 £, (51 (;l;fa) (l\?l;)Ta) g (51 £, (s (I\?IIE)Ea) (I\?Il[))Ta) & ) £, (5
740 117 103 0.28 0.21 159 148 0.31 0.27 212 207 0.37 0.37
1035 755 109 99 0.19 0.21 142 142 0.27 0.27 203 203 0.38 0.38
770 98 96 0.18 0.2 142 138 0.25 0.26 195 195 0.37 0.37
785 90 90 0.15 0.19 132 132 0.23 0.28 183 183 0.33 0.35
770 36 36 0.18 0.19 61 63 0.25 0.25 34 77 0.27 0.32
1008 785 35.2 35 0.15 0.16 53.4 52 0.25 0.25 83.5 75 0.23 0.28
800 31.7 33 0.18 0.16 51.2 50 0.25 0.26 80.7 73 0.25 0.3
815 31.2 32 0.17 0.14 48.6 48 0.24 0.24 78.8 72 0.26 0.27
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The structure of martensite has the appearance of sheets or
needles. The white phase is austenite that does not transform
during rapid quenching. Martensite can also coexists with
other constituents, such as pearlite. If there is diffusion, then
ferrite and cementite phases will be formed.

Figures 9 and 10 show micrographs of the quenching
samples of high and low carbon steels, respectively, at the same

T T T T T T T T T T T
2204 [Equation y=a+b% B
Adj. R-Squ 0,9936

Value Standard E
180 < B Interce -1,734 1,92141
B Slope 0,9863 0,01647

A
:

EXPERIMENTAL STRESS, ¢_(MPa)

T T

T T T T T T T T T
20 40 60 80 100 120 140 160 180 200 220

CALCULATED STRESS, ¢ (MPa)

Figure 8. Comparison between theoretical and experimental peak
stress.
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magnifications and treated at different strain rates. austenite
is in the white grains, while black grains are martensite,
Figures 9a and 10a. It is observed that at higher strain rate,
a smaller grain size is obtained, Figures 9b and 10b, due
to the higher speeds the grain size is prevented to increase.
A higher grain size is observed in Figures 9d and 10d.
The grain orientation is shown in Figures 9b, 9¢, 9d, and 10b
which is observed by the strain line.

Figure 11 shows the sample of the 1008 steel deformed at
800°C and a strain rate of 10" s, where a microstructure with
a Ferrite matrix with black polymorphic grains is observed
with a small amount of martensite sheets and small needles.
Figures 12 shows the microstructure 1008 steel deformed
at 800°C a strain rate of 102 ™. Slightly more deformed
and larger grains are observed as strain rate was decreased.
The structure represents martensite in ferritic matrix.

From figures 13 to 15 is showed the microstructures
obtained for the samples of the 1035 steel deformed at 785 °C
and strain rate of 10", 102 and 10 s™!, respectively. These
figures show a greater presence of martensite needles in
polymorphic austenitic matrix. The grain growth is observed
by decreasing strain rate. Figure 16 shows the microstructure
of 1008 steel deformed at 800°C, 1000X and 4000X, and a
strain rate 102 s, These figures show a presence of martensite
needles in polymorphic Ferritic matrix.

I

'
-
Strain line

Figure 9. Medium carbon steel at 740 °C, 100X (a) Alone quenched (b) Strain rate 0.1 s, (c) 0.01 s and (d) 0.001 s™.
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Figure 12. Microstructure of 1008 steel deformed at 800°C, 1000X and 4000X, strain rate 10~ s'. Martensite in a ferritic matrix.
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Martensite

Figure 15. Microstructure of 1035 steel deformed at 785°C, 1000X and 4000X, strain rate 102 s™'.
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Figure 16. Microstructure of 1008 steel deformed at 800°C, 1000X and 4000X, strain rate 10 s™'.

4. Conclusions

e Ageneric Constitutive Modeling of hot deformation
in the intercritical zone for alloys Fe-C-Mn-Si
is proposed, where all the parameters are only a
function of the strain rate and the alloy’s chemical
composition.

e The model was validated by hot compression tests of
steels 1008 and 1035 at different temperatures and
under different strain rates in the intercritical zone.

»  Experimental stress-strain curves were adjusted to
a theoretical model based on the law of mixtures
of deformation for austenite and ferrite.

e The true stress-strain curves o-¢ resulting from the
tests of isothermal uniaxial compression followed
the expected behavior with the variation of the
temperature and true strain rate. That is, an increase
in temperature or a decrease in the strain rate was
found to lead to a decrease in the yield stress and
vice versa.

* A good agreement between the experimental and
predicted results was obtained. The iso-deformation
hypothesis is fulfilled in both phases.

The proposed generic constitutive modeling is suitable for
application in the constitutive modeling of thermomechanical
forming operations of Fe-C-Mn-Si metal alloys in the inter-
critical temperature range.
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