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a b s t r a c t

Bulk hot deformation is a relatively old manufacturing technique widely adopted in

different industry fields to form and shape different metallic alloys. Martensitic stainless

steels (MSS) are a class of metals used in industries with extreme conditions. Hot forming

of this class of steels is a highly complex process comprising several highly coupled

thermo-chemo-physical phenomena. The complex microstructural changes of MSS make

it challenging to develop an overall system of governing equations for theoretically

analyzing the behavior of MSS during the hot deformation process. Modeling and simu-

lation analysis have frequently been used to minimize the number of experiments often

used to find MSS behavior during hot deformations. This review paper deals with the latest

developments in the numerical analysis of material behavior, microstructural simulation,

and artificial intelligence methods for MSS during the hot deformation process. Important

numerical issues in macro and micro-scale models, such as various materials flow

modeling, finite element methods, cellular automaton, and artificial neural networks, are

discussed. Macro-scale analysis of hot deformation will allow many manufacturing pro-

cesses to understand the effects of changes in different strain and strain rates before

physical testing. Micro-scale analysis of hot deformation will allow understanding physical

phenomena concerning dynamic recrystallization, plastic deformation energy, and

microstructure size. The main methods used in the MSS hot deformation process simu-

lation are discussed and illustrated with brief case studies. In addition, several critical vital

problems and issues remain to be addressed about this topic, and opportunities for further

research are identified.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Martensitic Stainless Steels (MSS) were developed mainly to

improve stainless steels' hardness, strength, and wear resis-

tance [1]. This purpose is achieved because they can be hard-

ened by heat treatment thanks to the transformation of

austenite into martensite by air quenching and tempering [2].

MSS are usually ternary alloys of iron with Chromium (Cr)

content between 10.5 and 18 weight percent (Wt.%), and a

Carbon (C) content generally around 0.02Wt.% or less, although

in some cases it can exceed 1.2% [3]. Despite not being one of its

main characteristics, the presence of carbides helps to increase

wear resistance for some specific applications [4]. This way, the

grades with higher carbon content are alloyed with other ele-

ments such as niobium, silicon, tungsten, and vanadium, to

form carbides that increase MSS wear resistance [5].

In some cases, small amounts of nickel are added toMSS to

improve corrosion resistance and toughness [6]. Martensitic

stainless steels have high thermal conductivity, making them

suitable for applications that require good heat distribution,

such as heat exchangers [7]. Furthermore, their low Coeffi-

cient of Thermal Expansion (CTE) makes them more likely to

retain their shape at high temperatures [8]. They are also used

in aerospace applications, where a high degree of stiffness is

required, thanks to their high Young's modulus [9]. The gen-

eral applications of MSS include cutlery, steam and gas tur-

bine blades, bushings, etc [10]. In MSS, with increased

contains chromium and carbon, the hardness and corrosion

resistance are improved [11]. Its applications include

measuring instruments, ball bearings, gauge blocks, molds,

and dies, etc [12]. There are also sub-grades 440A, 440B, and

440C with varying amounts of carbon to increase/reduce its

hardness and toughness [13].

Classification of stainless steels can be done from an

application point of view,where three types are usually found:

low to medium carbon (0.10e0.30 Wt. %), with a minimum Cr

content to be stainless steels (12 Wt.%), high carbon content

(0.60e1.20 Wt.%) with an increased Cr content to overcome

the carbon excess, Cr (16e18 Wt.%) [14e19]. This composition

is characterized by higher mechanical and corrosion resis-

tance [20]. Finally, a group of cold-work die steels is charac-

terized by high corrosion and wear resistance [1]. The

metallurgical classification of MSS can also be drawn with

three types of steel [21]. The first category is usually hardened

by precipitation of iron or alloy carbides when tempered [22].

With a lower carbon content, the second type of these steels

increases its hardness thanks to the precipitation of copper or

intermetallic particles during tempering [23]. Finally, the third

class corresponds to precipitation-strengthened MSS, steels

with low carbon content, although additional alloy elements

favor the precipitation of second-phase particles for hard-

ening like NiAl, NiTi, Ni3Ti, and Ni3Be [4].

The wide range of stainless-steel applications, which de-

mand is increasing, requires improvements in the most

commonly used manufacturing methods [24]. Among them,

hot forming is one of themost extended production processes,

where a proper knowledge of the material behavior in the hot

condition is of great importance [25]. During hot forming, the

strain hardening effect is compensated by dynamic recovery
(DRV) and dynamic recrystallization (DRX) [26]. These three

phenomena control the material flow stress during its defor-

mation at different temperatures and strain rates. During the

deformation of metals, defects (mainly dislocations) are

created in their crystal structure [27]. Increasing dislocations

also increases the deformation resistance of the material,

causing strain hardening [28]. However, individual disloca-

tions or pairs of dislocations are annihilated, forming sub-

grains that act as sinks for moving dislocations, reducing,

thus, the resistance of thematerial [29e31]. This phenomenon

is known as dynamic recovery, DRV, which has an essential

effect on high stacking-fault-energy (SFE) metals (e.g.,

aluminum and its alloys, iron in ferrite phase, and titanium

alloys the beta phase, or MSS). The dynamic recovery leads to

low stresses at high temperatures favoring high ductility [32].

Dynamic recrystallization is the nucleation and growth of

new grains during the hot deformation of metals [33]. It typi-

cally occurs at high strains and above half of melting tem-

perature (Tm) and is favored by high temperatures and low

strain rates [34,35]. There are three types of DRX which are

discontinuous dynamic recrystallization (dDRX), continuous

dynamic recrystallization (cDRX), and geometric dynamic

recrystallization (gDRX) [36]. In cDRX, dislocations are pro-

gressively absorbed into the grains' boundaries, which leads to

increasing misorientations, which finally give rise to an

equiaxed structure of high angle boundaries [37]. This

recrystallization mechanism is typical of high stacking-fault-

energy metals, such as MSS [38]. In low-SFE materials (e.g.,

iron and steel, not the case of MSS) at high temperatures, DRV

is not important since grain boundaries achieve high mobility

leading to relevant differences in dislocation density across

the grain boundaries [39]. Hence, new strain-free grains arise

via the discontinuous dynamic recrystallization process,

dDRX. Finally, gDRX occurs at high strain conditions due to

grain elongation and thinning, causing the grains to collapse

each other leading to fragmentation [40].

In this paper a comprehensive review of the most impor-

tant approaches developed for modelling and simulation of

recrystallization of martensitic stainless steels during bulk

hot forming deformation is presented. For that purpose, the

manuscript has been divided into 5 main sections. After this

introduction which is Section 1, the main parameters ob-

tained from experimentation and used in the mathematical

modelization of hot bulk metal forming are gathered in Sec-

tion 2. Next, in Section 3 the constitutive models for material

flow in MSS are summarized. Then, in Section 4 the ap-

proaches for modelling the microstructure evolution during

dynamic recrystallization of MSS are gathered. Finally, the

Artificial Neural Networks application in flow stress predic-

tion of MSS are reviewed.
2. Mathematical parameters in dynamic
recrystallization of MSS

2.1. Bulk hot deformation characteristic point

Experimental tests usually accomplish the study of metal's
behavior inhotconditions [41].Themostcommonlyusedfor the

characterizationof thebehaviorofmetalsathightemperature is

https://doi.org/10.1016/j.jmrt.2022.03.179
https://doi.org/10.1016/j.jmrt.2022.03.179


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 8 : 2 9 9 3e3 0 2 5 2995
the hot compression test, where a specimen is compressed

under a specific combination of temperature and strain rate,

which are kept constant during the test [42]. The temperature

and strain rate conditions are varied in order to cover the wide

range of studies. Additional information regarding this test can

be found in the standard ASTM E209 e 18 [43].

A typical result of the data obtained from the test is shown

in Fig. 1, where the evolution of true stress is plotted as a

function of the true strain. From this graph, some critical as-

pects can be identified. For instance, at the very beginning of

the curve, the true stress increases sharply due to WH. Sub-

sequently, dynamic recovery causes a reduction in the hard-

ening rate [44]. Afterwards, the dynamic recrystallization

starts, which also reduces the hardening rate. The point at

which the DRX starts is the critical point that is determined by

the critical stress (sc) and the critical strain (εc) [45]. DRX and

DRV counterbalance the WH reaching a peak in the curve,

from where the stress no longer increases. The peak stress

determines this peak point (sp) and the peak strain (εp) [46].

The stress usually decreases from that point due to DRX

reaching a plateau in the curve starting on the steady-state

strain (εs), at a stress value of (ss) [47]

These points, commonly known as the characteristic points,

are usually extracted from the experimental curves for each

temperature and strain rate combination. Their values vary

dependingon the test conditions [48]. Fortunately, this variation

is not random, and it is possible to establish relations between

deformation conditions and the characteristic points [49].

The dependence of peak and steady-state stress, sp, and ss,

on deformation conditions, can be computed from experi-

mental data with different approaches in the case of

Martensitic Stainless Steels [50].

As in most steel, in MSS, the increase of temperature or the

decrease of strain rate shifts all characteristics points to lower

stresses and strains. This implies that higher temperatures

and lower strain rates favor the occurrence of DRX. Accord-

ingly, most researchers have established relations between

the characteristic points sp, ss and εp, εs, and the Zener-
Fig. 1 e Point charact
Hollomon parameter (Z). In some cases, potential relations

between Z and the characteristic points were used, as those

showed in Eqs. (1)e(4).

ss ¼A$Zb (1)

sp ¼C$Zd (2)

εp ¼E$Zf (3)

εs ¼G$Zh (4)

whose parameters are obtained from experimental data by

adjusting the variation of lnsp or lnss with lnZ, and the varia-

tion of ln εp or ln εs with lnZ [51,52].

Alternatively, logarithmic expressions have also been used

for relating characteristic points with the Z parameter.

Kevanlo et al. [53] obtained an excellent correlation using

expressions such as that of Eq. (5), and Momeni et al. [54,55]

considered the dimensionless parameter Z/A for this pro-

posal, as it can be seen in Eqs. (6) and (7), being A the material

constant in the hyperbolic sine function proposed by Sellars

and Tegart [56]. The values of the constants for these equa-

tions were inferred by comparing the evolution of the char-

acteristic points, and the logarithm of Z. The obtained

equations are gathered in Table:

ss ¼A$ln Z� B (5)

sp ¼aþ bln

�
Z
A

�
(6)

ss ¼ cþ dln

�
Z
A

�
(7)

Interestingly, Momeni and Dehghani [55] point out that the

expressions shown in Table 1 for AISI 410 are not accurate at

low and high flow stress levels. Therefore, they propose spe-

cific equations for the low and high-stress levels. Specifically,
erization of MSS.
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they presented a nonlinear relationship between Z and sp

being, Eq. (8) the one proposed for low flow stress, and Eq. (9)

for high flow stress:

Z¼ 1:71$106s5
p (8)

Z¼ 1:78$1014 expð0:06sPÞ (9)

which is completed with the dependency of the peak strain

and steady-state strain with Z parameter:

εP ¼ 8:3$10�3Z0$11 (10)

εs ¼1:8$10�2$Z0:072 (11)

The obtention of these relationships is a necessary step for

the development and determination of thematerial behaviour

laws, and in consequence the modelling of the dynamic

recrystallization.

2.2. Critical points of dynamic recrystallization

Of especial interest are the critical points of strain and stress,

which are the points where dynamic recrystallization starts

for the different deformation conditions.

According to the approach of Poliak and Jonas [60] the

critical points can be obtained by analyzing the evolution of

the strain hardening rate ðq¼ ds=dεÞ as a function of the flow

stress. The plot of these variables allows determining sp as the

point at which the strain hardening rate equals zero (q ¼ 0Þ,
and the inflection point of this curve indicates the critical

stress (sc).
Table 1 e Experimental relationships between Z and the
characteristic points.

Material Relationships Reference

AISI 410 εp ¼ 0:003$Z0:12

sp ¼ 0:27$Z0:15

εc ¼ 0:0007$Z0:09

εs ¼ 0:015$Z0:093

ss ¼ 0:33$Z0:14

[52,57]

X20Cr13 εp ¼ 0:0128$Z0:1082

sp ¼ 1:02947$Z0:1509

εs ¼ 0:0058$Z0:1615

ss ¼ 2:1179$Z0:1468

[58]

13%Cr MSS εp ¼ 0:0006$Z0:43

sp ¼ 0:145$Z0:37

εc ¼ 0:00028$Z0:45

sc ¼ 0:27$Z0:33

[59]

AISI 410
sp ¼ 13:14$ln

�Z
A

�
� 92:93

ss ¼ 8:36$ln
�Z
A

�
þ 75:29

ln εp ¼ 0:072$ln Z� 3:99

ln εs ¼ 0:11$ln Z� 4:79

[51,55]

AISI 403 sp ¼ 9:032$lnðZÞ� 267:54

εp ¼ 0:0259$lnðZÞ� 0:59

sc ¼ 7:94$lnðZÞ� 236:86

εc ¼ 0:0125$lnðZÞ� 0:28

ss ¼ 7:022$lnðZÞ� 200:14

εs ¼ 0:0456$lnðZÞ� 1:12

[53]
In addition, the evolution of strain hardening rate as a

function of the true strain helps determining two interesting

values of strain: the strain at which the rate of dynamic

softening is maximized, ε*, which corresponds with the

minimum of these plots; and the steady-state strain, εs, which

can be localized when the strain hardening reaches zero and

the flow stress follows the almost constant trend. It also al-

lows identifying the deformation conditions where fully

recrystallization occurs because are those conditions whose q

evolution follows the explained trend, and the deformation

conditions where dynamic recrystallization is partial because

q does not reach zero after the minimum.

Kassner and Barrabes [40] performed this study for a 13%Cr

martensitic stainless steel obtaining the peak stress and the

critical stress as an exponential function of Z [9], which have

been gathered in Table 1.

Following the modification proposed by Najafizadeh and

Jonas [61], Ahmadabadi et al. [44] drawn a third order equation

for the experimental evolution of q vs s, starting from the yield

point up to the sp for a 422 MSS.

q¼As3 þ Bs2 þ Csþ D (12)

Equating the second derivative to zero, the inflection point

can be obtained:

d2
q

ds2
¼0/6Aþ 2B ¼ 0/sC ¼ � B

3A
(13)

A, B, C, and D, are material constants for a given set of hot

deformation parameters. His experimental results obtained the

critical stress to peak stress ratio of 0.84 for the 422 MSS [44].

Based also on the works of Jonas Poliak and Najafizadeh,

the approach of proposes obtaining the critical points by using

as a starting point a new equation that relates flow stress and

strain presented by Eq. (14):

s

sp
¼ 1� exp

�
J

�
ε

εP

�z�
(14)

Being j, z, material constants whose values for the mate-

rial studied, X20Cr13, are 3.6029 and 0.4787, respectively. The

strain hardening rate is obtained from the derivative of Eq.

(14), and the second derivative equalized to zero leads to the

critical strain presented by Eq. (15):

εc

εP
¼
�

1
Jz

�1
.

z

(15)

This finally gives, as a result, the following relationship

between critical strain, peak strain, and work hardening for

X20Cr13:

εc ¼0:32εP ¼ 0:004096$z0:1082 (16)

These are the research works using the Zenner-Hollomon

parameter. As mentioned previously, there is another

approach. Mizardeh and Najafzadeh [62] pointed out that the

Zener-Hollomon parameter was not valid in the case of the

hot behavior of the 17e4 PH precipitation hardening

martensitic stainless steel. Since the effect of strain rate and

temperature is opposite in Z, the experimental results from

hot compression tests concluded that both strain rate and

temperature favor recrystallization. To obtain this conclusion,

https://doi.org/10.1016/j.jmrt.2022.03.179
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Mizardeh and Najafzadeh [62] analyzed the effect of the strain

rate on the rate of DRX separately and the effect of tempera-

ture on the rate of DRX, obtaining the following expressions:

RDRjX ¼ 1

t0:3
f _ε (17)

RDRjX ¼ 1
t0:5

fT5:59 (18)

Finally, for considering the combined effect of both strain

rate and temperature, the dynamic recrystallization rate

parameter (DRXRP) was considered,

DRXRP¼ð_εÞaTb (19)

whose parameters were adjusted by relating t0.5 and DRXRP,

leading to the following expression:

RDRX ¼ 1
t0:5

¼ 2:25$10�15 � DRXRP0:87 (20)

3. Constitutive models for material flow in
MSS

The constitutive models are used to explain the relation

existing between the flow stress of metals and alloys and their

loading conditions. These relations are built based on exper-

imental observations to describe the hot deformation

behavior of the material in a form that can be used in com-

puter codes. A distinction can be made between micro-

mechanical constitutive relations and micro-mechanical

constitutive models. The first ones use mathematical ex-

pressions to describe the material response and microstruc-

ture changes at a macroscopic scale by only using

experimental testing such as hot compression testing. On the

contrary, micro-mechanical constitutive models are based on

crystal plasticity and crystallographic dislocation-density-

based hardening and require microstructure observations.

This section provides the most relevant constitutive

models in bulk metal forming, which have been developed to

describe the evolution of flow stress and dynamic recrystal-

lization as a function of material loading conditions.

3.1. Arrhenius type equations

The Arrhenius type is one of themost widespread constitutive

equations that establish the relationship between hot defor-

mation parameters, including flow stress, deformation tem-

perature, and strain rate. Based on the hyperbolic sine

function proposed by Sellars and Tegart [63] demonstrated

that hot working could be considered a thermally-activated

process expressed by strain rate equations similar to those

used in creep. In this mathematical model, the

ZenereHollomon parameter Z expresses the combined effect

of strain rate and temperature on material flow stress at a

certain material strain [64]. Accordingly, the following set of

equations is obtained [56]:

Z¼ _ε exp

�
Q
RT

�
¼ fðsÞ (21)
_ε¼

8>>>>>>>>><
>>>>>>>>>:

A1s
n1 exp

��Q
RT

�
; as<0:8

A2 expðbsÞexp
��Q
RT

�
; as> 1:2

A3½sin hðasÞ�n exp

��Q
RT

�
; for all s

(22-24)

where _ε is strain rate (s�1), T is the temperature (K), Q is the

activation energy for dynamic recrystallization (kJ/mol), R is

the universal gas constant (8.314 J/mol K), s is the flow stress

at a specific strain (MPa) and A, n, n1, a, and b are material

constants which are independent on temperature and strain

rate [65]. Regarding the stress multiplier a, it can be described

by a ¼ b/n1. McQueen and Ryan [66] stated that its value in-

creases as long as the number of solute elements in the alloy

increases. They reported that stainless steels, such as MSS,

show higher values (a ¼ 0.017e0.025 MPa�1) than low alloy

steel (a ¼ 0.012e0.014 MPa�1).

As a result, three different relations can be defined for the

constitutive material modeling. On the one hand, the power-

law relationship is precise at low-stress values (Eq. 22) and,

on the contrary, the exponential law described by Eq. 23 is

suitable under high-stress values (high strain rates and/or low

temperatures). Finally, the hyperbolic sine law presented in

Eq. 24, is valid for the entire range of stress values [56].

Basedontheflowstresscurvesof thematerial, inFig.2, aflow

chartwith thestep-by-stepprocedure thathas tobe followedfor

thedefinitionof thematerialconstants isprovided.Thefirststep

is the simplification and redefinition of the relations of Eq. 22

and Eq. 23. They can be reformulated, resulting in:

_ε¼A2s
n1 exp

��Q
RT

�
¼ B$sn1 (25)

_ε¼A3 expðbsÞexp
��Q
RT

�
¼C expðbsÞ (26)

where B and C are temperature-dependent material con-

stants. Then, if the logarithm of both sides of Eqs. (25) and (26)

is taken, the following equations are obtained, respectively:

lnðsÞ¼ 1
n1

lnð_εÞ � 1
n1

lnðBÞ (27)

s¼1
b
lnð_εÞ � 1

b
lnðCÞ (28)

In addition, the logarithmic form of the hyperbolic sine law

described in Eq. 24 can adopt the following formula:

ln½sin hðasÞ�¼ ln
� _ε
n

�
þ
�

Q
nRT

�
� ln

�
A
n

�
(29)

Then, thematerial constants b and n1 can be obtained from

the experimental values of flow stress and their correspond-

ing strain rate at a particular strain. These constants corre-

spond to the average values resulting from the slope of the

curves in the plots of s-ln _ε and ln s-ln _ε, respectively. In these

plots, the slopes show approximately a similar value for all the

considered deformation temperatures. Afterward, the value of

the stress multiplier a is obtained from the expression a ¼ b/

n1, and the inverse slope of ln[sinh(a s)] - ln _ε is used for

https://doi.org/10.1016/j.jmrt.2022.03.179
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calculating the value of n. Then, by differentiating Eq. 29, the

value of the activation energy Q at a specific strain rate can be

obtained from the mean slopes of ln[sinh(a s)] - 1/ T plots,

which results in

Q ¼n $R$
dfln½sin hðasÞ�g

d
�
1
T

� (30)
Moreover, A value in Eq. 29 at a particular strain can be

estimated by plotting ln Z - [sinh(a s)] at a given strain. Finally,

the material constants B and C can be calculated from the

average values resulting from the curves' slope in the plots of

Z-sn1 and Z-exp (bsÞ, respectively. In the whole material

constant determination procedure, characteristic stresses

such as peak, steady, or stress corresponding to a specific

https://doi.org/10.1016/j.jmrt.2022.03.179
https://doi.org/10.1016/j.jmrt.2022.03.179


Table 2 e Martensitic stainless steels activation energy, stress multiplier, and working condition.

MSS grade Activation energy Q (kJ/mol) Stress multiplier (MPa�1) Working condition Reference

AISI 422 420 0.0092 ε ¼ 0.1 [44]

Super 13 Cr 432 0.01 Saturation stress [70]

12Cre10Ni 547.17 0.00064 ε ¼ 0.2 [71]

AISI 420 399 0.008287 ε ¼ 0.1 [72]

AISI 414 403 0.014 ε ¼ 0.4 [73]

30Cr15Mo1N 503.5 0.00617 Peak stress [74]

FV520B 911.97 0.0062 ε ¼ 0.15 [75]

14Cre4Ni 439 0.0082 ε ¼ 0.5 [76]

Nitrogen-bearing MSS 453 0.009147 ε ¼ 0.2 [77]

17-4 PH 337 0.011 Peak stress [78]

AISI 410 448 0.011 Peak stress [51]

AISI 410 205 0.00924 Peak stress [79]

X20Cr13 359.4 0.00757 ε ¼ 0.5 [80]

AISI 420 363.31 0.0082 Peak stress [80]

AISI 410 374.93 0.0092 ε ¼ 0.3 [81]

1Cr12Ni3Mo2VNbN 487.05 0.008 ε ¼ 0.2 [82]

403Nb MSS 367.29 0.0153 Peak stress [83]

1Cr12Ni2Mo2WVNb 470.43 0.0066 Peak stress [84]

12CrNiMoWV 540.42 0.0077 ε ¼ 0.4 [85]

05Cr17Ni4Cu4Nb 426.82 0.0106 Peak stress [86]

00Cr13Ni5Mo2 439 0.0067 ε ¼ 0.1 to 0.9 [87]
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strain can be used [67,68]. Finally, all the defined material

constants can be substituted into Eq. 24, yielding a valid

constitutive equation at a certain strain and for all the

considered stress range. According to the definition of the

hyperbolic law, the flow stress can also be written as:

s¼ 1
a
ln

8<
:
�
Z
A

�1∕n

þ
"�

Z
A

�2∕n

þ 1

#1 =
2
9=
; (31)

The process for determining the material constants

involved in the aforementioned formulation requires an

experimental procedure to study the hot deformation

behavior of the material. In the case of MSS, the general pro-

cedure consists of using uniaxial isothermal compression

tests performed under the objective ranges of strain rate and

temperature. Nevertheless, Oliveira et al. [69] analyzed the

softening mechanisms of the AISI 410 MSS using isothermal

torsion tests showing satisfactory results. In Table 2, the

values of activation energy and the stress multiplier of

reviewed MSS are gathered.

These results show that the stress multiplier shows low

values compared to the stainless-steel values reported by

McQueen and Ryan [66]. Moreover, the activation energy re-

sults are coherent with the reported values of similar mate-

rials in the literature. However, as can be appreciated in the

case of AISI 410 and 420 steels, the election of a specific strain

value or the peak stress of the material influences the char-

acterization of the material constants. The Arrhenius type

constitutive equation described by Eqs. (21)e(27) is only valid

for the specific deformation condition in which the value of

the material constant has been studied. In the Equation, the

flow stress is independent of the deformation of the material,

and thus, it can be considered a limiting factor. Hence, to

extend the domain in which the constitutive model is valid,

different strategies have been carried out.

On the one hand, Kishor et al. extended the domain of the

proposed constitutive Equation for a 13Cre4Ni MSS by
analyzing the material constants a and n for true strains

ranging from 0.1 to 0.69. These values were used in the final

form of the hyperbolic sine equation; even so, the activation

energy and A values were taken as constant. Nevertheless, at

this point, the constitutive relation is still not dependent on

the strain. The other approach is called strain compensation,

which makes the material constants dependent on the strain.

This dependency is established by using polynomial equa-

tions that fit the material parameter's value at different

strains. In the literature, polynomials from third to ninth

order have been effectively used in the material parameters

fitting [84,85]. Xiao et al. [82] proposed a different approach for

the 1Cr12Ni3Mo2VNbN martensitic steel to define the flow

stress dependence on the strain. From the observation of the

experimental stressestrain curves, the following relation was

introduced:

s¼b0ε
B1$expð�b2εÞ (32)

where b0 to b2 are material constants. This relation was

introduced in the hyperbolic sine equation yielding:

s¼b0

a
ε
b1$expð�b2εÞln

8<
:
�
Z
A

�1∕n

þ
"�

Z
A

�2∕n

þ 1

#1 =

2
9=
; (33)

The Arrhenius equations determined the material con-

stants A, a, n, b, and Q. The material constants b0 to b2 were

obtained using nonlinear regression, based on the least-

squares method. As their value is not constant but depen-

dent on deformation conditions such as strain rate and tem-

perature, a linear regression technique was used to find a

relation with the Zener-Hollomon parameter, yielding:

b0 ¼0:0049$ln Zþ 0:228 (34)

b1 ¼0:014$ln Z� 0:256 (35)

b2 ¼ � 0:009$ln Zþ 1:569 (36)
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The modified Arrhenius model showed a better agreement

with the experimental flow stresses at lower temperatures than

those at higher temperatures. Han et al. [75] used the strain

compensation indeveloping theconstitutiveEquation topredict

the FV520B flow stress. However, the model consistently

underestimated the flow stress value at all strain rates under

different temperature conditions. Therefore, they improved the

constitutivemodel by the compensation of strain rate. The gen-

eral strain rate compensation procedure consists of modifying

theexponentofstrainrateinZ[88,89].However,forthismaterial,

it did not provide any improvement, and a different approach

was proposed according to the following set of equations:

ln Z* ¼ lnð∅_εÞ þ Q
RT

(37)

εexr ¼∅ _ε (38)

∅ ¼ Aþ B _ε (39)

∅ ¼ 2:66252� 0:1343_ε (40)

where ∅ is the function of strain rate, and it is obtained from

the linear regression model. The constants A and B are

determined from the known values of strain rate. The exper-

imental flow stress andmaterial constants are introduced into

the hyperbolic sine equation to define the value at the

particular strain rate. At a particular strain rate, many

different values of _εexp are obtained because the calculation of

_εexp is held at different experimental temperatures. However,

the effect of the temperature on the value of _εexp is sufficiently

small that it could be neglected. Hence, the average values of

_εexp at a particular strain rate are used as the final value for the

calculation ∅: Finally, the least square method is used to

define the value of constants A and B. The strain rate

compensated constitutive equation resulted in:

s¼ 1
a
ln

8<
:
�
Z*

A

�1∕n

þ
"�

Z*

A

�2∕n

þ 1

#1 =

2
9=
; (41)

As a result, the modified Equation could predict the stress

more precisely than the one only considering the compensa-

tion of strain presented in Eq. (27).

Arrhenius type equations are recurrently used to analyze

material parameters such as the activation energy, as well as

to reproduce the flow stress of the material using hyperbolic

sine relations combined with strain or strain rate compensa-

tion. However, their use tomodel thematerial flow in bulk hot

deformation is not as extended as their use in the investiga-

tion of the material physical parameters.

3.2. Avrami - JMAK

A helpful approach for modeling dynamic recrystallization

during hot working of steels is a modified version of the

Avrami formulation, known as the Johnson-Mehl-Avrami-

Kokmogorv (JMAK) equation:

X¼ 1� expð�k $ tnÞ (42)

where X denotes the fractional softening, t represents time,

and k and n are material constants. The DRX process causes a
decrease in flow stress after the work-hardening stage leading

to a peak in the flow curve of the hot compression test. Several

research works use this Equation for considering this effect in

the constitutive material model of MSS.

Considering that the progress of DRX is strain-dependent,

this Equation has been adapted from time dependant to

strain dependant. Accordingly, the deformation time from the

beginning of recrystallization can be written [90]:

t¼ ε� εc

ε*
(43)

where ε is the strain, εc represents the critical strain or the

strain at which DRX starts (0.6e0.8 of peak strain, εp), and ε* is

the strain for maximum recrystallization. The determination

of ε* in Eq. (34) has led to different approaches in the case of

MSS. The _ε, as shown in Eq. (22) leading to the JMAK equation:

t¼ ε� εc

_ε
(44)

X¼ 1� exp
�
� 0:693

�
ε� εc

_ε

�n�
(45)

Another approach was the use of the strain required for 50

percent of recrystallization, ε50%, obtaining the modified

Avrami equation:

X¼ 1� exp

�
� 0:693

�
ε� εc

ε50%

�n�
(46)

A common assumption is to consider that DRX occurs at

the peak of the flow stress. Therefore, the softening induced

by recrystallization can be computed by decreasing the flow

stress from the peak stress to the steady-state stress, sp to ss.

Thus, the fractional softening X can be expressed as follows:

x¼ sP � s

sP � ss
(47)

This way, incorporating this expression into Eq. (33), the

modified form of the JMAK equation for DRX is obtained:

X¼ sP � s

sP � ss
¼ �1� exp

h
� k
�
ε� εP

_ε

�ni
(48)

This expression can be rewritten as follows, so as to

calculate the material constant k and n, by plotting lnln(1/(1-

X)) - ln ðε� εp=Þ.

lnln

�
1∕
�
1� sp�s

sP�ss

�	
¼ ln kþ n ln

�
ε� εP

_ε

�
(49)

The analysis of these two parameters about deformation

conditions for martensitic stainless steels shows that while

there is a clear relationship between n and Z, it is not the case

for k. Momeni et al. [55,57]. The relationship between n and Z

for AISI 410 steel is:

n¼ 24:442�0:068 (50)

Some differences can be found in expression 41 depending

on the definition of the fractional softening, X, and time

transformation into deformation. Momeni et al. [52] separated

the recrystallizing process into two parts: the part occurring

state strain, εs. They supposed that at the peak stress X ¼ 0.1,

accordingly, the expression of recrystallizing time is

expressed as the ratio of strain differences.

https://doi.org/10.1016/j.jmrt.2022.03.179
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Xjεs
εP
¼0:9� exp

�
� 0:693

�
2ðε� εPÞ
εs � εP

�n	
(51)

with the same Equation for n as in Eq. (39). Other authors used

Eq. (41) to calculate the progress of dynamic recrystallization

fraction or fractional softening (X), considering the initial flow

stress as that obtained if dynamic recovery is the only soft-

ening mechanism sWH, and the saturation flow stress ssat

[58,62].

Xdrx ¼ sdrv � s

ssat � s
(52)

This expression leads to the following Eq. (51) for X20Cr13

[58]:

Xdrx ¼ 1� exp

 
� 0:2194

�
ε� εc

εPp

�2:9764
!

(53)

As it has been shown models based on the same equation

consider different approaches for determining the parameters

included in the DRX process, e.g determination of the begin-

ning of recrystallization (peak of the flow stress inmost cases),

identification of maximum recrystallization, even the frac-

tional softening is related to stress, time or strain depending

on the researchers interest. The concordance between the

assumption and the equations in each case has allowed re-

searchers to obtain results with a good level of correlation.

3.3. Baragar and McQueen constitutive equations

Baragar proposed a constitutive relation for plain carbon and

low alloy steels using the power equation as follows [91]:

s¼bþ cε0:4 þ dε0:8 þ eε1:2 (54)

where b, c, d, and e are material constants. However, these

constants can vary significantly depending on the deforma-

tion condition. In order to modify this relation, another

experimental equation proposed by Cingara andMcQueen can

be used, which yields [92]:

s

sp
¼
��

ε

εr

�
exp

�
1� ε

εr

�	C
(55)

where C is a material constant and sp; and εr corresponds to

the peak stress and strain. Eq. (55) can be simplified if the

Taylor series for the exponential function (exp (x) ¼ 1þx þ x2/

2!þ …) is used, which results in:

s

sp
¼
"
2:5

�
ε

εp

�
� 2

�
ε

εr

�2

þ 0:5

�
ε

εr

�3
#C

(56)

Then, rewriting Eq. (56) and neglecting some terms for

simplicity, it can take the form of Baragar's Equation as

follows:

s¼sp

"
2:5

�
ε

εp

�C

�2

�
ε

εr

�2C

þ 0:5

�
ε

εr

�3C
#

(57)

The value of C can be determined from the experimental

data by taking the logarithm of both sides of Eq. (57). The

calculated average value of C was 0.7. The model successfully

predicted the flow curves of the material up to the steady-
state region. Momeni et al. [52] also used Cingara and

McQueen [92] experimental Eq. (48) to model the flow stress

curve up to the peak point. They found an average value of

C ¼ 0.47 for the AISI 410 MSS, whose value defines the ratio

between work hardening (WH) and dynamic recovery (DRV).

The lower is C, the lower is the WH, or the higher is the DRV.

However, it was concluded that this empirical formulation

leads to a worse flow curve approximation than other

phenomenological models.

3.4. Johnson Cook (JC)

Johnson Cook (JC) model is a physical model developed to

predict the stressestrain relation for those materials subjected

to high temperature, high strain rate, and large strain [93]. This

model considers the material strain hardening, strain rate

hardening, and thermal softening. However, one important

limitation is the consideration of thesematerial phenomena as

an independent. The flow stress s is calculated according to:

s¼ðAþBεnÞð1þCln _ε* Þð1�T*mÞ (58)

where A is thematerial yield stress at the reference strain rate

and temperature, B is the strain hardening constant, ε is the

plastic strain, n is the strain hardening coefficient, C is the

strain rate strengthening coefficient, and m is the thermal

softening coefficient. Moreover, _ε* is the dimensionless strain

rate that is defined as the ratio between the actual and the

reference strain rate, resulting in:

ε
* ¼ _ε

_ε0
(59)

where _ε is the actual value of strain rate, and _ε0 is the reference

one. Thehomologous temperature T* is calculated according to:

T* ¼ T� Tref

Tm � Tref
(60)

where T is the actual temperature (Tm) is the material's
melting temperature, and Tref is the reference temperature. As

a result, 5 variables have to be defined to model the material

behavior. One advantage is that the number of required ex-

periments to determine their values is limited compared to

other constitutive formulations. At the reference values of

temperature and strain rate (T ¼ Tref and _ε ¼ _ε0), Eq. (58) yields

s¼ðAþBεnÞ; (61)

which after its rearrangement and by taking natural logarithm

on both sides results in:

lnðs�AÞ¼ lnBþ nlnε (62)

Then, the plot of the relation ln(s� A) vs ln(ε) is used to

determine both B and n by linear fitting as the intercept and

slope, respectively. Similarly, at the reference temperature

(T* ¼ 0), the flow softening term results in 1, and thus, Eq. (58)

can be expressed as:

s¼ðAþBεnÞð1þC ln _ε*Þ (63)

The determination of constant C is conducted by using the

flow stress at a specific strain for different strain rates.

Therefore, C is calculated as the slope of s
AþBεn vs ln _ε. Finally,

https://doi.org/10.1016/j.jmrt.2022.03.179
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at the reference strain rate (_ε ¼ _ε0), the strain rate hardening

term can be neglected, and thus, the thermal softening effect

on flow stress is isolated. Then, Eq. (58) leads to

s¼ðAþBεnÞð1�T*mÞ (64)

The constant material m is calculated from the slope of the

plot ln
�
1�
 s

AþBεn

��
vs lnT*. Thismodelpresentssomedrawbacks

reported in the literature regarding the precision of the results

and the applicability to different crystal structures. Then, the

main modified versions of this model are presented, indicating

whichmaterial isused for theirvalidation,and,afterward, those

applied to MSS are further explained. Zhang et al. [94] included

the effect of temperature on strain hardening bymodifying the

terms related to the thermal softening and strain hardening in

the original model to predict the stress of IC10 alloy accurately.

This model was used in an MSS to predict the dynamic me-

chanical behavior of single-phase better than the original JC.

Among the models described, both the original proposed

by JC and some of the modified ones have been used for MSS.

These models are generally linked to the dynamic description

of the material behavior in cutting and friction stir welding

processes. Zhang et al. [95] used the original JC model to

describe the 4Cr13 Stainless Steel to give the foundation for

finite element analysis during the cutting process. Korkmaz

and Günay [96] used the original JCmodel to study the AISI 420

MSS machinability. A similar model was used in an FSW

process for a 1Cr11Ni2W2MoV MSS leading to an accurate

description of the material behavior under high strain and

strain rate [48]. Krishna et al. [97] compared the predictability

of the original JC model and the JC-modified model proposed

by Lin et al. for a Nitrogen Alloyed Martensitic Stainless Steel.

The improvement in prediction accuracy of the modified JC

model was attributed to the consideration of conjugated ef-

fects of temperature and strain rate on the flow stress.

The precision of the JCmodel compared to other flow stress

models is limited. The use ofmodified versions extends its use

in different crystal structures and increases the precision but,

in metal forming processes, the use of these models is

restricted to processes at high strain rates.

3.5. Flow stress models based on dislocation density
evolution

In the absence of DRX, Estrin and Mecking (EM) approach are

valid for calculating the material flow stress. It defines a de-

pendency of the dislocation density on plastic strain accord-

ing to the following Equation [98]:

dr
dε

¼h� rr; (65)

where h is the athermal work-hardening rate, r is the rate of

dynamic recovery at a particular value of strain rate, and

temperature and r is the dislocation density. The athermal

work-hardening and dynamic recovery rates can be consid-

ered independent of the applied strain. The integration of the

proposed differential equation yields:

s¼ �s2
rec �

�
s2
rec � s2

0

�
expð�rεÞ
0:5 (66)
where srec stands for the saturation stress and s0 is the initial

stress. The saturation stress and the initial stress are equal to

ðaMGbÞ2ðh =rÞ and ðaMGbÞ2r0, respectively. a is a shape factor,

M is the Taylor factor (3.07 for FCC materials), G is the shear

modulus, and b is themagnitude of Burguer's vector. The flow

stress s represents the imaginary stress that could be ach-

ievedwithout the softening effect of DRX, and thus, to account

for this softening behavior, the critical strain or stress for the

onset of DRX has to be calculated. After this point, the frac-

tional softening due to DRX is subtracted from the flow stress

predicted by Eq. (65).

Mirzadeh et al. [62] and Wang et al. [99] used physically-

based flow stress models based on EM approach for

modeling the behavior of a 17e4 PH and 2Cr11Mo1VNbNMSS,

respectively. Their models reported good results up to the

critical strain for the onset of DRX, and, in both cases, Avrami-

type equations were used to model the softening due to DRX.

Momeni et al. [100] proposed a modification of Eq. (65) by

assuming that r0 is almost negligible compared to the

generated dislocation density during hot deformation. As a

result, the flow stress can be considered as:

s¼ srecð1� expð�rεÞÞ0:5 (67)

This assumption is also more applicable to low SFE mate-

rials such as austenitic steels characterized by a sluggish DRV

process. However, it was applied in the calculation of srec and r

satisfactorily for martensitic stainless steel such as AISI 410,

which is considered a high SFE material [9]. Safara et al. [101]

proposed an alternative description of flow stress of an MSS

based on a dislocation density evolution approach based on

Taylor equation, used previously in a wide range of crystalline

materials and alloys [102].

si ¼s0 þ aMGbr0:5i (68)

where the index (i) allows distinguishing between the calcu-

lation of stress and the corresponding dislocation density for

deformed and recrystallized states, once both states are

calculated, the total flow stress is calculated according to the

mixture law and the dynamically recrystallized fraction. The

flow stress predictions matched adequately with the experi-

mental results.

Flow stress models based on dislocation density present

the advantage of being based on physical relations, and

consequently more reliable. However, they are more difficult

to adjust given the higher number of experiments required

while the precision obtained is comparable to other

phenomenological relations. This fact explains why their use

is not widely extended in the description of material flow

stress.

3.6. Material processing mapping

Material processingmapswere developed by Prasad et al. [103]

based on the dynamic material model concept. In the case of

MSS, they have beenwidely used in both the description of the

microstructure evolution during hot deformation and the

definition of the optimum material hot deformation condi-

tions [86,87].

https://doi.org/10.1016/j.jmrt.2022.03.179
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The dynamic materials model (DMM) considers the work-

piece as a dissipator during hot material deformation, which

shows a dynamic and nonlinear response in a non-

equilibrium manner with subsequent irreversible changes

[71]. The power (P) absorbed by the workpiece during hot

working can be divided into two complementary parts: the

dissipative content G and the dissipative co-content J. G rep-

resents the plastic deformation with the generation of heat,

while J denotes the energy for metallurgical reconstitution

process, such as DRV, DRX, flow localization, phase transition

and shear band formation [104]. The power partitioning is

defined by the constitutive Equation of plastic flow, specif-

ically by the strain rate sensitivity parameter, m. In order to

quantify the amount of power dissipation for microstructural

reconstitution, it is possible to normalize the J-co content with

input power. When this parameter is compared to an ideal

power dissipater (m ¼ 1), it yields the efficiency of power

dissipation (h), a dimensionless parameter. Then, the total

power dissipated can be calculated according to:

P¼s _ε ¼
ðε
0

s d_εþ
ðs
0

_ε ds ¼ Gþ J (69)

The flow stress, in the simplest form (constant strain and

temperature), can be given by:

s¼k _εm (70)

where s is the flow stress, _ε is the strain rate, m is thematerial

strain rate sensitivity, and k is thematerial constant. From Eq.

(69) and Eq. (70), the power partitioning between G and J is

calculated as:

dJ
dG

¼ _ε ds
s d _ε

¼dðln sÞ
dðln _εÞ ¼m ðstrain rate sensitivity parameterÞ

(71)

Then, from Eqs. (68)e(70), at a given temperature and

strain, the dissipative co-content J yields:

J¼mG¼mðs _ε� JÞ¼ m
mþ 1

s _ε (72)

As previously stated, in the case of an ideal dissipator,

m ¼ 1 and G equals J. By using this definition, the dimen-

sionless efficiency of power dissipation h results in:

h¼ J
Jmax

¼ms _ε=ðmþ 1Þ
s _ε=2

¼ 2m
mþ 1

(73)

where Jmax ¼ s _ε
2 when m ¼ 1. In material processing, unless

deformation is conducted on the maximum efficiency of

power dissipation regions, it may result in instabilities. The

instability during the hot deformation of materials can occur

in flow localization, adiabatic shear bands, kink bands, dy-

namic strain aging (Luder's bands), and flow rotation. The

determination of those regions in whichmaterial deformation

leads to microstructural instability is based on the maximum

rate of entropy production [105]. The instability parameter,

xðεÞ, can be used to identify those regions according to:

xð _εÞ¼ v
ln½m=ðmþ 1Þ�

v ln _ε
þm < 0 (74)

Therefore,material instability occurswhen the value of the
instability parameter xðεÞ is negative. However, it is vital to

notice that the efficiency of power dissipation (h) given in Eq.

(73) is valid only when the flow stress (s) - strain rate ðεÞ curve,
at any strain and temperature, follows the power-law pre-

sented in Eq. (70). Consequently, the parameter m is inde-

pendent of ðεÞ, and thus, the flow instability condition reduces

to m < 0 [106].

In the reviewed literature concerning the development of

material processing maps for MSS, many authors used the

power law (Eq. (70)) and the flow instability criterion as m < 0.

Momeni et al. [51] identified two instability regions in a 410MSS;

any experimental observation of these regions was performed.

Zou et al. [87] analyzed a 00Cr13Ni5Mo2 super martensitic steel

and identified flow localization and low level of dynamic re-

covery are the main reasons for instability occurring. These re-

gions were examined experimentally using optical microscopy

(OM) and scanning electron microscopy (SEM). Kishor et al. [76]

revealed localized flow structure and shear bands due to the

absence of steady-state behavior corresponding to the insta-

bility region (900 �C, 10s�1) for a 13Cre4NiMSS.Chegini etal. [76]

based on the processing maps, used OM to investigate an

instability region for the AISI 414 at the temperature range of

950e1150 �C, strain rate range of 0.001e1 s�1, at a strain of 0.4.

Zhou et al. [86] developed the processing maps for a

05Cr17Ni4Cu4Nb MSS and performed optically and SEM obser-

vations in the predicted instability region, which showed

intergranular cracks and voids, whichmay lead to the unstable

deformation. Zhao et al. [84] analyzed the processing of a

1Cr12Ni2Mo2WVNb steel using DMM model and optical and

SEM observations. Two instability domains were found under

the strains of 0.3, 0.4, 0.5, and 0.6. The deformation temperature

of 950 �C should be avoided, given that deformed twins are

found, which are associated with a low DRV level that sup-

presses the grain deformation and grain boundary sliding.

An alternative definition of the material strain rate sensi-

tivity was followed by assuming that at a given strain and

deformation temperature, the relationship between true

stress and strain rate can be expressed through a cubic spline

fit [107]. This relationship was established according to:

log s¼aþb log _εþb1ðlog _εÞ2 þ b2ðlog _εÞ3 (75)

If the partial differential is taken from both sides of Eq. (75),

m results in:

m¼bþ 2b1 log _εþ 3b2ðlog _εÞ2 (76)

Ren et al. [80] followed this approach to develop the pro-

cessing maps of a 420 MSS and identified three possible

instability regions. In addition, it was noted that critical strain

could be used to determine whether the unstable flow occurs

at relatively high deformation temperatures. Li et al. [77]

analyzed the processing of a Nitrogen-Bearing MSS. The

microstructure in the unstable region was analyzed by TEM,

which manifested the deformation twins and the bands of

flow localization (Fig. 3). The twins' boundaries were associ-

ated with dislocations motion inhibition, which may cause

dislocation pile-ups and, in turn, can result in stress concen-

tration and voids, and microcrack formation.

In the case of complicated alloy systems, which do not obey

the power law, the use of the previously discussed flow
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instability condition might lead to errors. Indeed, it has been

reported that the strain rate sensitivity parameter is only in-

dependent of the deformation temperature and strain rate on

pure metals or low alloys [108], while it is dependent on tem-

perature and strain rate in the case of complex alloys [109].

Hence,Murty et al. [110] proposed an alternative criterion, valid

for any kind of flow stressestrain behavior. The proposed

condition for flow instability is calculated according to:

2m<h (77)

The ideal plastic flow consists of the dissipation of half of

the power in terms of material flow and the other half, as

power dissipated as viscous heat. However, some materials

are not sensitive to strain rate, which leads to m ¼ 0 and thus,

J¼ 0. In this case, G¼ P and all the dissipation are conducted in

terms of heat, which would lead to plastic instability in the

form of flow shear bands. Hence, the efficiency of power

dissipation h results in:

J¼00h ¼ 0 (78)

and thus, for any kind of flow stress distribution, the new

condition for metallurgical instability can be defined as:

2m < h � 0 (79)

As a result, the flow is stable when the efficiency of power

dissipation value complies with 0 < h < 2 m. In addition, from

theoretical considerations of themaximum power dissipation

rate, the range ofm values yields 0 <m �1. If the stressestrain

curve complies with the power law, then:

h¼ 2m
ðmþ 1Þ (80)

and thus, the efficiency of power dissipation is lower than 2m

(for 0 < m �1). Therefore, the material flow can be considered

stable. Anoop et al. [71] used the previously described insta-

bility criterion for developing the power dissipation efficiency
map of 12Cre10Ni steel. Fig. 4 shows the power efficiencymap

at a strain of 0.5 and color EBSD IPF (inverse pole figure) cor-

responding to various regions of power dissipation efficiency.

The high-efficiency areas are located at lower strain rates and

higher temperatures, while the lower efficiency ones lie in the

low temperature and high strain rate regime.

In addition, a wide, stable window in the temperature

range 1223e1323 K (950�e1050 �C) and strain rates of

0.001e0.1 s�1 were identified from the instability contourmap.

At these working conditions, the IPF showed fine grains and

grain boundary measurements by EBSD, indicating a high

angle boundary fraction of 89.7 and 85%, respectively.

The same instability criterion was used to define the hot

processing maps of the FV520B MSS by Huang and Fen [65].

The high values of power dissipation efficiency are identified

at temperatures above 1050 �C and low strain rates ( _ε <0.2 s�1).

The unstable regions are present at high strain rates ( _ε >0.1
s�1) and low temperatures. In addition, the unstable region is

higher; the higher is the strain.

From the reviewed literature, it can be stated that pro-

cessing maps give insightful information about the optimum

deformation conditions and microstructure evolution. How-

ever, many works use the power law and flow instability cri-

terions that might lead to errors, given that complex alloys

such as MSS would not obey the power law, and thus strain

sensitivity parameter is dependent on temperature and strain

rate. However, the use of alternative criterions, such as the

one proposed by Murty et al. [99], is proved to give an accurate

description of the unstable working conditions of MSS.

3.7. Finite element analysis of DRX in MSS

FEMcodesarecommonlyusedasamacroscale in thefieldofhot

bulkmetal forming. The FE simulation provides comprehensive

information about the material macroscopic behavior under

large deformations and thermal fluctuations, characteristic of

https://doi.org/10.1016/j.jmrt.2022.03.179
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Fig. 4 e Contour map of the efficiency of power dissipation for a 12Cre10Ni MSS at a strain of 0.5 with EBSD IPF maps of

deformed specimens [71].
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metal forming processes. This type of software has become

widespread since it is difficult to obtain analytical solutions in

processes inwhichhighnonlinearities are present, thematerial

exhibits anisotropicbehavior, and irregular-shapedsurfacesare

put under changing contact. Therefore, initially, FEM was

applied in metal forming processes to define the material tem-

peratureevolutionandthestressandstraindistributionsduring

its processing. Nevertheless, the use of FEM inmetal forming is

not limited to the analysis of material macroscopic behavior.

The use of finite element modeling and simulation of micro-

structure evolution is one of the most important ways to

improve the quality of the final products. In hot forming pro-

cesses, dynamic recrystallization (DRX), metadynamic recrys-

tallization (MDRX), and static recrystallization (SRX) affect the

final grain size distribution. In grain refinement-based pro-

cesses, it is especially interesting to reproduce the evolution of

the austenitic grain size mathematically during its processing.

In the previous section, several mathematical models for pre-

dicting DRX and kinetics of recrystallization have been intro-

duced. In order to test the validity of these mathematical

descriptions, a standard procedure is the development of finite

elementmodels (FEM) of the compression test [111]. These FEM

allow testing the predicted DRX fractions and grain size under

different deformation conditions and, after that, these results

can be compared to the experimental observations to analyze

the quality of predictions.

Lietal. [113]developedaconstitutivemodelbasedontheFEM

approach for the DRV curve and Avrami equation to define the

volume fraction recrystallized. They analyzed the effect of the

temperature and strain rate fluctuations on the DRX prediction.

Inaddition, thedynamicrecrystallizedgrainsizewasassociated
withtheZener-Hollomonparametervalueaccordingtothework

ofSellarsetal. [114],but theresultsof themodel intermsofgrain

sizewerenotcomparedtoexperimentalobservations.Similarly,

Ji et al. [112] developed the formulation for the DRX volume

fraction using the JohnsoneMehleAvramieKolmogorov (JMAK)

equation for a heat resistant steel, and the dynamic recrystal-

lized grain evolutionwas alsomade dependent on Z.

In this case, the results of DRX volume fraction and average

simulated grain size were compared to experimental obser-

vations made by EBSD. Regarding the DRX volume fraction,

when T increases, the number of low-angle grain boundaries

(LAGBs) decreases while the number of high-angle grain

boundaries (HAGBs) increases. It points out that the DRX

volume fraction increases when T increases. The experi-

mental results of average grain size measured by EBSD

showed slightly lower values than the predicted ones. In Fig. 5,

the predicted grain size and the SEM experimental observa-

tions for different degrees of deformation are shown. Baron

et al. [115] developed the description of the constitutive

behavior of a high-strength martensitic steel MS-W 1200 for

finite element simulations. The constitutive behavior was

based on Taylor relation, but based on the previous work of

Herman et al. [116], the influence of the solid solution hard-

ening on the saturation stress and the carbon content influ-

ence on the recovery parameter was considered. The kinetics

of recrystallization followed the JMAK equation, which was

dependent on strain rather than time. The flow stress was

calculated using the mixture law by considering the flow

stresses of the two individual phases (deformed and recrys-

tallized), while the resulting austenitic grain size was also

calculated using the mixing rule. The relation between the

https://doi.org/10.1016/j.jmrt.2022.03.179
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Fig. 5 e Predicted and observed grain size at different time lapses during the compression test [112].
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initial microstructure and the newly formed grain size fol-

lowed a Hall-Petch-like relation. The simulated grain size

distribution was provided, but there was no experimental

validation; the model was tested by comparing the force-

stroke values of the simulation and experiment.

Chen et al. [117] developed amulti-physical formulation for

an X20Cr13 MSS, which reproduced the material's dynamic,

metadynamic and static recrystallizations and introduced this

material model in a commercial FE software using a sub-

routine. The DRX volume fraction was calculated using an

Avrami equation, while the dynamic recrystallized grain size

was determined using a power-law relation based on the Z
parameter. First, the material formulation was tested using a

FE simulation of a compression test, compared to the optical

microstructure observations of the material at different

deformation conditions. Finally, the hot forging process of a

turbine blade was simulated. The average grain size distri-

butions at different strokes during the forging process were

analyzed. An industrial experiment was carried out to analyze

and compare the predicted grain size distribution with the

actual process using optical microstructure observations. In

Fig. 6, the average grain size distribution during the forging

process of the turbine blade, at different press strokes, is

provided.

https://doi.org/10.1016/j.jmrt.2022.03.179
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Fig. 6 e The distribution of average grain size during hot deformation at the stroke of a 48.8 mm, b 58.8 mm, c 68.1 mm, and

d 72.6 mm [117].
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The reviewed papers put into evidence that finite element

simulations provided insightful information about the mate-

rial microstructure during its processing. In the field of MSS,

very few contributions deal with this topic, even though it has

been shown that they can provide precious information on the

dynamic recrystallization of thematerial in hotmetal forming

processes. In the hot compression tests, the prediction ca-

pacity is good in DRX volume fraction and grain size distri-

bution, but it is related to the relatively homogeneous and

constant deformation conditions during these tests. In hot

metal forming processes under not controlled deformation

conditions, the predictability of FE simulations is still to be

assessed because themathematical constitutive formulations

describe the material behavior under steady deformation

conditions. It may lead to errors in the DRX volume fraction or

average grain size predictions.
4. Modelling of microstructure evolution
during dynamic recrystallization of MSS

In recent years, computational materials engineering (CME)

has appeared as an emerging interdisciplinary subject [118].

CME has attracted more and more attention. In the near past,

engineers were adopted various forms of computer-aided

design (CAD) by the metal forming industry to evaluate ma-

terials behaviour during manufacturing processes [119]. CME

integrates materials selection, production, and process opti-

mization and focuses onmaterialmicrostructure evolution on

the manufacturing process and final component performance

during production processing [120]. In CME, the initial micro-

structure information is used as the input of a simulation tool

(computer software) to simulate the deformation process at a

macroscopic scale and the corresponding microstructure

evolution [121]. Due to the simulation results, the material

performance analysis and the optimization of the

manufacturing process are carried out [122]. The other point

from the CME output result is selecting the raw materials or

composition design for various products and investigating the

producibility of newmaterials [123]. Even it could be predicted
the behaviour of a specific material in a specific

manufacturing process that has never been used in such a

process before [124]. At the new scope of CME, it could be a

predictable load bearing of products concerning microstruc-

ture. CME means quantitatively describing the relationship

between material microstructure information, processing

technology, and product performance. In the first step, the

CME needs to simulate the evolutionary behaviour of material

microstructure accurately [121]. This step is used in various

manufacturing processes under different measurement

scales. The primary research tool for different measurement

scales analysis of manufacturing processes by CME is the

multi-scale simulation. The multi-scale simulation technique

mainly includes five different types [ [125e127]]:

(I) Finite element method (FEM) and finite volume method

(FVM): These methods are employed in the simulation

of the macroscopic behaviour of materials during plas-

tic deformation.

(II) Crystal plastic mechanics (CPM): simulates the defor-

mation texture in cold and hot situations.

(III) Cellular automata (CA), Monte Carlo (MC) and phase-

field (PF) methods: These are widely used in the simu-

lation of the recrystallization nucleation and growth

during plastic deformation or thermal processes (heat

treatment and welding).

(IV) Molecular dynamics (MD): is used to predict the dy-

namic properties of nano-materials.

(V) Quantum mechanics of first principles are employed to

study the energetic and electronic levels.
4.1. Finite element modelling in microscale

Dynamic recrystallization (DRX), as the effective mechanism

of microstructure evolution, is the primary approach for grain

refinement under thermo-mechanical plastic deformation of

MSS and other metals. Usually, DRX nucleation and growth

occur in metals with high and low stacking fault energy (SFE)

[128]. As discussed before, the DRX phenomenon has a multi-
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Fig. 7 e The von Mises stress field of the MSS after 4% engineering strain: (a) elongated of reversed austenite and (b) non-

elongated of reversed austenite [136].
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scale nature consisting of impurities, precipitation, disloca-

tion motion, and grain boundary (GB) movement [129]. Theo-

retical models for the prediction or analysis of DRX include

multipart mathematical calculations and many assumptions

[130]. The lack of visualization from mathematical models do

not reasonably describe the physical processes and makes it

hard to understand the microstructure phenomenon [131].

Various types of mathematical models and their results were

discussed in the previous sections. These days, with the rapid

growth of computer modelling and numerical methods, it is

possible to develop a processor model to simulate the DRX

process. The thermodynamic and DRX evolution equations

help to understand microstructure changes during hot form-

ing process of metallic materials. Simulation of microstruc-

ture changes during hot deformation provides the feasibility

of studying more advanced and complex materials. With this

type of simulation, visualization of metallic materials behav-

iour prediction is possible under various processing condi-

tions [132].

Generally, the plasticity finite element method (CPFEM)

simulates crystallographic orientation or plastic deformation

[133]. This model has been widely used for polycrystalline

materials at grain scale to simulate heterogeneous deforma-

tion behaviours [134]. The CPFEM results of the single-phase

crystal structure like BCC, FCC, or HCP, have been also

implemented to predict mechanical properties of metallic

materials on a bulk scale. Recently, the CPFEM extended was

used to multiphase steel. Within the available literature, just

one research deals with CPFEM simulation of MSS under

micromechanical loading. A developed crystal plasticity

model was implemented to study the micromechanical

behaviour of the reversed austenite in 13Cr4Ni steel during

the mechanical loading. The effect of the structural charac-

teristics on the stability of the reversed austenite was the

primary concern modelling [135].

So far, no research has been published in CPFEM ofMSS hot

deformation. However, among the reported investigations,

Wang et al. [136] reported the effect of the structural charac-

teristics on the stability of the reverted austenite in 13%Cr

MSS during warm deformation. In their study, the samples
heated up to 630 �C. Their study focuses mainly on the stress

and strain evolution during the small straining deformation

without considering the austenite to martensite phase trans-

formation. According to the observed lath martensite struc-

ture in the experimental procedure, the calculation domain

was considered, and the central prior austenite grain was

divided into three packets, and each packet contains only one

martensite block. They considered two samples with 10% and

20% fractions of the austenite at the martensite lath bound-

aries. Fig. 7a and b demonstrate local von Mises equivalent

stress distribution simulation results after 4% engineering

strain at the samples. The CPFEM simulation results show that

the local stress is heterogeneous at the microscopic level

when the grain orientations and the activated slip systems are

considered. The stress in the reversed austenite is lower than

that in the surrounding martensite matrix. The activation of

slip systems in MSS decreases the stress at the phase

boundaries and enhances the mechanical stability of the

reversed austenite during the deformation [135].

4.2. Monte carlo modelling in microscale

The following five categories have been frequently used in the

modelling of microstructure evolution in DRX processes.

These types are discrete or continuous mesoscale methodol-

ogies that consist of PF (phase field), LS (level-set), MC (Monte

Carlo), VM (vertex) and CA (cellular automaton) methods.

These methods can not only meaningfully reproduce the

evolution of microstructures, but can also predict micro-

structure characteristics [137].

LS and PF methods use continuous functions to simulate.

The continuous function allows LS and PF methods to direct

the representation of grain boundaries and curvatures. The

grain boundaries and curvatures are challenging to achieve

with other mesoscale methodologies. However, the use of

both LS and PF models is limited. Both can be used in homo-

geneous deformation and, compared to other mesoscale

methodologies, require more computational time. Hitherto,

no report has been submitted on the simulation of MSS

behaviour using LS and PF methods.
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Fig. 8 e The MC simulation requirements.
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In the available literature, the simulation of recrystalliza-

tion nucleation and growth processes of metallic materials is

mainly handled by using discrete methods like vertex, CA and

MC methods. In the MC method, the grain topography is dis-

cretized into polygon lattice points. All grid points have an

orientation; randomly select a grid point and make a posi-

tional transformation. Transformation probability is related

to the freedom energy inside the considered domain (system).

The MC method is a simple numerical model and moderately

easy to implement. In this method, the calculation is high-

speed, the change of grain size information can be obtained,

and the evolution of grain morphology can also be observed.

For these reasons, the mechanism of grain growth can be

followed by the MC simulation results. Analogous to all

simulation procedures, the MC has disadvantages, such as:

1 There is no random transformation or deterministic rule in

this approach

2 The MC results do not reflect the mechanism of the grain

boundary change.

3 The grain growth index result from MC is different from

the theoretical grain growth index.

For the MC simulation, it is required to import a couple of

sub-models. These sub-models and simulation steps are

depicted in Fig. 8.

4.2.1. Nucleation modelling during recrystallization
For initiation of DRX, a critical dislocation density is neces-

sary. During high strain rates, in the hot deformation of MSS,

the DRX nucleus forms at existing grain boundaries [138].

During DRX, the concurrent deformation reduces the driving

force (stored energy differences) at grains boundaries that

affect high-angle boundaries migration [139]. At the first step

for prediction of nucleation during recrystallization, the net

free energy must be calculated as [139]:
DGðrÞ¼ �4
3
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t

r
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0

½rd0 � rdðxÞ�dxþ 4pr2gGB (81)

In Eq. (81), the rd0, t, gGB, rd(x) and r represents dislocation

energy at initial step, mean dislocation energy per unit of

length, energy of grain boundary per unit area, increased

dislocation density, and radius of nucleus, respectively. The

net free energy may be maximized to obtain the following

critical nucleation condition [140]:
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M0, m and rs, respectively represents mobility of recovery,

HAGB mobility, and the density of stationary dislocation. The

velocity of a GB during DRX may be expressed as [141]:

v¼mDP¼mðtDrd � PtÞPs (83)

fp represent the grain's boundary slip plane as a function of

time and is defined as [142]:
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fcr is defined as the cross-sectional area of a critical nucleus.

The number of potential annihilated nuclei can be presented

as [94e96]:
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The number of recrystallized nuclei derived from the

following Eqs, [94e96]:

QðtÞ¼
ðt
tcr

Q∞ðt0Þmtrcr

dGB
Cmdt (86)

4.2.2. Dislocation density model
The average dislocation density ofMSS is increased during hot

deformation. Dislocation density is described by

KockseMecking model [143]. In KockseMecking model, the

flow stress is proportional to the square root of total disloca-

tion density, which can be defined as [143]:

s¼MaGb
ffiffiffiffiffi
rd

p
(87)

rd known as average density of dislocations, M is Taylor

factor, a represents the dislocation interaction term and has a

value of 0.5 for most metals. B presents Burger's Vector and G

is the shear modulus. The stored energy is related to the

dislocation density and strain, as defined [144]:

H¼aGb2rd ¼
aGbMε

d

�
1
as

þC

�
(88)

aS and C arematerials constant, ε and d are strain and grain

size, respectively. The dislocation density evolution during

deformation in the hardening regime of the flow stress is

https://doi.org/10.1016/j.jmrt.2022.03.179
https://doi.org/10.1016/j.jmrt.2022.03.179


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 1 8 : 2 9 9 3e3 0 2 53010
controlled by the balance between dislocation generations

and the removal of dislocations due to annihilation. The dif-

ferential equation which describes the evolution of disloca-

tion density is [145]:

drd
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#
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The l is themean free path for dislocation and the equation

for the l in the model is given by [146,147]:

l¼b

�
_ε exp

�
Qd

RT

���q

(90)

4.2.3. Heat transfer model
To correctlymodel themicrostructural evolution prediction, it

is essential to reproduce the transient temperature distribu-

tion of the workpiece during hot forming. This way, the

multidimensional temperature distribution can be modelled

according to [38,148,149]:

rmCp
vT
vt

¼ k

�
v2T
vx2

þ v2T
vy2

þ v2T
vz2

�
þ _q (91)

In Eq. (91), the _q is the internal heat generation equation,

and it consists on the heat power generated by plastic defor-

mation and friction at theworkpieceetool interface during hot

forming. The equation of _q could be different for various

forming process and hot stamping test. In general, the heat

generation by plastic deformation is presented by [38,148,149]:

_q¼ hs _ε (92)

The effective stress, strain rate and efficacy factor are

incloded in Eq. (92), that written by s, _ε and h, respectively.

4.2.4. Monte Carlo steps
In the MC method, a continuum microstructure is mapped

onto a two-dimensional square lattice system. In this simu-

lation procedure, each lattice site is assigned a number (SI)

corresponding to the grain orientation in which it is

embedded. Lattice sites adjacent to sites with different grain

orientations are regarded as being separated by a grain

boundary, whereas a site surrounded by sites with the same

orientation is in the grain interior. To avoid the singularity of

edges, periodic grain boundary conditions are used. Stored

energy and local dislocation density are assigned to each site

to account for work-hardening within the grains. The total

energy of the system is given by [150e153]:
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Hsi (93)

In Eq. (93), J is a constant, Si and Sj are presents the orien-

tation number of ith site and its neighbour (j). The d is Kronecker

delta. DuringMC simulation, grain boundary energy is assumed

to have an isotropic distribution. The boundary motion's ki-

netics is simulated by the MC method, in which a lattice site is

visited in random order. If the visited site is not recrystallized

during the simulation, one of its nearest neighbour sites is

selected randomly. If the selected neighbour site is recrystal-

lized, then the visited site can change its orientation to the
selected neighbour site if the change in energy associated with

the change in orientation is lower than or equal to zero.

Though, if the change in energy is greater than zero, the reor-

ientation is accepted with a probability [150e153]:
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bT
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9>=
>; (94)

b is Boltzmann constant and T presents absolute temper-

ature. Thus, successful transitions at the grain boundaries

correspond to boundary migration. An original site can

change orientations to either another orientation (grain

growth) or a recrystallized orientation during the micro-

structure evolution. A recrystallized orientation may be reor-

iented to other recrystallized orientations. In the MC, the unit

of time is defined as one step (MCS) per site, corresponding to

N reorientation attempts [137]. The N is the total number of

sites in the lattice system [154]. The recrystallized grains

nucleation is achieved by adding new grains to the micro-

structure at randomly chosen positions in regular intervals.

Each embryonic grain consists of four sites for a square lattice

system with a new orientation from a different range of in-

tegers and stored energy of zero [150e153]. Hore et al. [155]

used the MC method to simulate TIRP steel microstructure

evolution during the hot strip rolling process. The simulation

results show that during hot working, the recrystallized grains

grow in isolation and, as time proceeds, impingement of the

growing grains begins to occur. Lastly, the recrystallized

grains are surrounded by other recrystallized grains (Fig. 9a).

At the final stage, recrystallization proceeds only in a small

fraction of the un-recrystallized area, and the predominant

growth process changes to grain growth. During the isolated

growth, the recrystallized grains remain circular with

approximately the same radius. The boundaries are some-

what irregular, and small regions of the un-recrystallized

matrix are sometimes trapped behind the recrystallized

grains. Fig. 9b shows the MC simulated microstructures at 1,

10, and 100s�1 strain rates, respectively. The operation tem-

perature and strain were 850 �C and 0.5. Their model had fair

agreements with experimental results. As depicted in Fig. 9b,

the recrystallized grain size decreases with increasing strain

rate. The MC simulated microstructure for different defor-

mation temperatures, at 1s�1 strain rate and 0.5 strain, are

depicted in Fig. 9b. TheMCmethod simulated themean size of

the recrystallized grains that increases when the temperature

is raised from 900 �C to 1100 �C.
4.3. Cellular automaton method

Inherent shortcomings, such as determining the apex driving

force equation and vertex equation, have restricted using VM.

CA method is relatively flexible and effective in the modelling

of DRX in comparison with other modelling methods [156,157].

CA model has become a helpful tool for studying DRX behav-

iour during variousmetal forming processes for its advantages.

With CA results such as the information of the dimension,

geometry, distribution, and texture of the grains can be ob-

tained [23]. The below list shows the advantages of CA:

https://doi.org/10.1016/j.jmrt.2022.03.179
https://doi.org/10.1016/j.jmrt.2022.03.179


Fig. 9 e (a) The dislocation evolution model by MC. The grain growth modelling by MC method.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 8 : 2 9 9 3e3 0 2 5 3011
I. Each interval step updates the variable values simulta-

neously for all cells according to CA rules, depending on

the system's physical model [158].

II. CA can implement discrete methods and simple local

rules to describe complex physical phenomena and

morphologies resulting from local interactions [27].

III. Curvature and thermodynamic-driven mechanisms

and energy dissipation mechanisms are in local
transformation rules in CA. These rules can more real-

istically reflect the physical process of grain boundaries

migration in the CA method [159].

In the CA method, the complex systems are decomposed

into a finite number of cells, and the complex system is

described with discrete-time and space by probability trans-

formation rules for cells [67]. Also, the time is discretized into
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Table 3 e Various of dislocation density models in MC.

Model Name Equation Parameter names Reference

KM dri;j
dε

¼ K1
ffiffiffiffiffiffi
ri;j

p � K2ri;j
K1 ¼ work hardening coefficient

K2 ¼ dynamic softening coefficient

[143]

EM dr
dε

¼ r:
�ssat
amb

�2

� rr

m ¼ m0

�
1 � 0:91 � T� 300

Tm

�
h ¼ work hardening coefficient

r ¼ dynamic softening coefficient

ssat ¼ saturation stress

a ¼ coefficient of the interaction of material dislocations b ¼ Burger's
vector

m ¼ shear modulus

Tm ¼ melting temperature

[98]
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time steps with a specific interval. Then the possible states of

each cell are divided into a finite number of separate states.

The state change of the cell at a particular time step is real-

ized, rendering specific evolution rules. The transformation is

synchronized with each cell of the system over time. Conse-

quently, the state of a cell is affected by the conditions of the

neighbouring cells. At the same time, it also affects the states

of neighbouring cells.

A CA model consists of the following components [23,160]:

I. Cells (elements) are the essential component and

distribute over discrete lattice points of 1-dimensional

(1D), 2-dimensional (2D), or multi-dimensional

Euclidean space. Frequently cell forms are triangular,

quadrilateral, and hexagonal in 2D, hexahedron, and

tetrakaidecahedron in 3-dimensions (3D).

II. Cellular state. In CA, the process, the grain orientation

and dislocation density are represented by grain growth

and the cellular state during the simulation process.

III. The collection of cells distribution in spatial sites is

known as cellular space (CS). The CS can be divided into

1D, 2D, 3D, and high-dimensional according to the

dimension of space [68,69].

IV. In the 1D-CA model, neighbours are typically deter-

mined by radius, and all cells within a cell are consid-

ered neighbours of that cell. In the 2D-CA and 3D-CA

models, neighbour definition generally takes the von

Neumann neighbour type and Moore neighbour type.

V. In the CA model, the state of a cell in the local spatial

range at the next moment is determined by the state of

itself and the state of its neighbour cells at the current

moment. All possible states with the state trans-

formation rules of a cell are responsible for that cell.

Different neighbourhood types can transform functions

that determine a cell's state at the next step.

CA method has basic features. First, the cell distribution

embodies the discreteness of space in the discrete cell space

divided according to specific rules (discreteness). The state

configuration of each time step (tþ1) depends entirely on the

previous state configuration of time (t). Its defined trans-

formation function, which reflects the discreteness of time.

Second, the change of each cell state in the cell space obeys

the same transformation rule (homogeneity). Third, the state

of each cell at time tþ1 depends on the state of the cells at

time t in the neighbourhood (temporal and spatial locality).

Forth, each cell is independent in its state at time tþ1, without
any interaction. This is a synchronous calculation feature or

parallelism.

4.3.1. DRX and DRV equations in CA method
The DRX and DRV equations in CA method are categorized

into dislocation density, nucleation model and growth model.

4.3.1.1. Dislocation density models. The evolution of disloca-

tion densitymodels during hot deformation that is commonly

used in CA are Kocks-Mecking (KM) and Estrin-Mecking (EM)

models (Table 3) [161]. In both KM and EM models, work

hardening and dynamic softening effects on the variation of

dislocation density are considered.

4.3.1.2. Nucleation model. Most of the nucleation models

focus on fitting the nucleation rate ( _n) of materials in the DRX.

Typical DRX nucleationmodels used at CA are summarized in

Table 4. First, in themodels presented by Roberts and Ahlblom

(RA) and Derby and Ashby (DA), the nucleation rate was

related to the strain rate (Sr).

Peck and Luton (PL) developed (RA) and (DA) models by

importing the deformation temperature (Dt) in the equation.

Ding and Guo (DG) proposed a DRX nucleationmodel based on

Sr, and Dt. Kugler and Turk (KT) proposed a simple model

based on probability. In the KT model, once dislocation den-

sity (r) is higher than critical dislocation density (rcr), the

probability of recrystallization nucleation of cells is increased.

Cram et al. proposed another form of probability-based

nucleation model. In their models, the large-angle sub crys-

tal is considered as the potential position of recrystallization.

Zou et al. improved the (DG) model by adding the Sr and Dt

function with the strain (ε). Jin and Cui (JC), related the dislo-

cation density to the local deformation energy storage inside

the material and thus, they established a dislocation-related

nucleation model.

4.3.1.3. DRX growth model. From a metallurgical point of

view, the dislocation density of new recrystallized grains is

very low [171e173]. There is a large difference between the

dislocation density of new grains and the matrix grains. This

situation provides the driving force for the growth of DRX

grains. Table 5 lists models for DRX growth that have been

widely implemented in the CA modelling [118,174,175].

Minor literature is available about CA simulation of DRX in

hot forming for steels [180,181]. Wnag et al. [182] used the CA

method for DRX evaluation of FeSiCrNi shape memory alloy

under hot compression test. The simulation results show that
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Table 4 e Various DRX nucleation models used at CA.

Model Name Equation Parameter names Reference

RA and DA _n ¼ C _εm _n is basically linear with, m is Material parameter,

C is the nucleation parameter.

[162]

PL
_nðTÞ ¼ nðTmÞ _εexp

h
� Qact

RTm

�
Tm

T
� 1

�i n is related to and T, R is the proportional constant,

Qact is thermal activation energy.

[163]

DG
_nð_ε;TÞ ¼ C _εexp

h
� Qact

RT

	
n is related to and T, and model's complexity is moderate. [164e166]

KT P ¼ k _εexp
�� u

T

�
Dt Probability-based nucleation model, where u ¼ 2100 K, k ¼ 8.0. [167]

Cram et al.
P ¼ 64R2

i

p2r2i
exp

�
� pc2

c;i

4

� Physical mechanism-based nucleation model, where Ri is the grain size. [168]

Xiao et al. _nð_ε;Z; εÞ ¼ C _εZm1 ðε� εcrÞm2 n is related to T, and ε, cr is critical strain, m1 and m2 are

constants, Z is Zener-Hollomon parameter.

[169]

JC
_nðrÞ ¼

ffiffiffi
r

p � ffiffiffiffiffiffiffi
rCr

pffiffiffiffiffi
rs

p � ffiffiffiffiffiffiffi
rCr

p _ns
Dislocation-related nucleation model, rs is the saturated dislocation

density, rcr is the critical dislocation density,

ns is the n when r reached rs.

[170]
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the size of recrystallized grains increases with strain rate, but

the effect of strain rate is not as significant as temperature.

The multilevel cellular automaton framework was used for

DRX modelling of 316LN steel by Chen et al. [183]. They used

these simulation processes for the monitoring of nucleation

and growth of new grains at different strains. In the simula-

tion results, the nucleation and the growth of new grains

occur at high energy positions and in unstable states.Wu et al.

[184] implemented the CA method to investigate the

morphological evolution of DRX and Low-Carbon Micro-

alloyed Steel's microstructures during hot compression. They

show that the distribution of DRX is not uniform in all areas of

the hot compressed sample. The modelling results revealed

that the volume fraction of DRX and recrystallized grain size is

different from one position to another, and recrystallized

grain size increases with strain. Zhi et al. [185] applied the CA

method with physical metallurgy principles to predict TRIP

steel DRX phenomena during the hot compression test. They

used CA to simulate the size and shape of grains, volume

fraction, kinetics curve of DRX. The same procedure has been

done by Chen et al. for 30Cr2Ni4MoV rotor steel [178,183].

Microstructure changes during the hot compression test of

11Cr steel (X12 alloy) were investigated with a cellular au-

tomaton (CA) model under various deformation conditions by

Chen et al. [186]. The simulation results of grain size were

compared with the experimental results. The simulation

predicted the grain size with an average relative error of 6%. In

their simulation, microstructure evolution of 11Cr steel was

simulated at 1150 �C and 0.5s�1 strain rate for different strain

steps whose results are shown in Fig. 10. The initial micro-

structure size of 11Cr steel was selected near 38.86 mm. As

deformation increases, dislocation density gradually in-

creases. When dislocation density oversteps a critical value

required for dynamic recrystallization, 11Cr steel begins to

enter a dynamic recrystallization process. First, a new grain

nucleus begins to form at the grain boundary so that dislo-

cation density at the new nucleation becomes zero. Then a

newly formed grain nucleus begins to grow gradually and

eventually is stabilized.

Due to available literature, the FEM, CA, MC, and PF

methods are widely hired to simulate the recrystallization

nucleation and growth phenomena during hot working. Until
now, limited researches dealt with the simulation of recrys-

tallization of MSS with MC and CA methods. Also, there is no

available data aboutMSS recrystallization phenomenawith PF

simulation. In this regard, the cons and pros of thesemethods

about MSS are not very clearly defined. In general, the grain

topography discretizes into polygon lattice points in the MC

method.

The different morphology of grain structure and various

thermo-mechanical phenomena can be used for the micro-

mechanical analysis of MSS microstructures by FEM. In

microscale FEM, the DRX of investigated metal cannot be

modeled, which is a significant issue not considered with this

method.

The most significant advantage of the MC method is that

simple and easy to implement, and the calculation cost of MC

is meager. The results of DRX simulation by MC in the MSS

case indicated that themechanism of grain growth during hot

deformation is monitorable. This means that the information

on grain size changes and grain morphology evolution can

also be visually observed. The first drawback of this method is

that arbitrary transformation rules or determinism do not

exist in theMCmethod. TheMCmethod is not scalable, which

means the simulation time is not related to the time of

physical phenomena. At this point, it is necessary to improve

this method to be scalable. In some cases, the MC simulation

result's grain growth index is not 100% matched with the

theoretical grain growth index. This issue shows that the MC

cannot reflect the changes of grain boundaries mechanism

during the hot deformation of MSS.

Investigation between different simulation methods for

studying DRX during hot deformation of MSS shows that the

CA is relatively efficient and flexible. During simulation of DRX

phenomena with the CA method, the state of new cells is the

consequence of the previous state and neighboring cells.

These properties are not in the MC simulation method. This

method is scalable, meaning the size of grains and grain

growth index results match the actual physical phenomena.

In CA, the curvature, thermodynamic-driven, and energy

dissipationmechanisms are introduced in local transformation

rules. These mechanisms can make the CA scalable, making

the CA method more realistic for the grain boundaries migra-

tion results in an actual hot forming process. Like other
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Table 5 e DRX growth models in the CA.

Model Name Equation Application Reference

dWdEnergy variation value dW ¼ dWvol þ dWsur(
dWvol ¼ 4pr2i tðri � rmÞdr
dWsur ¼ 4prigidr

Assume that the newly formed

recrystallized grains are spherical. dWvol,

dWsur are variations of system volume

energy and surface

energy, respectively.

ri is the radius of recrystallized grains

[158,163,164]

FidTotal driving force
Fi ¼ dW

dr
¼ 4pr2i tðrm � riÞ� 8prigi

ri is the dislocation density of the i-th

grain,

[163,176]

fidDriving force of per unit area
fi ¼

Fi
4pr2i

¼ tðrm � riÞ
2gi

ri

rm is the dislocation density of

surrounding grains.

[163,176]

g idGBE

gi ¼

8><
>:

gm qi � 15o

gm
qi

qm

�
1� ln

qi

qm

�
qi � 15o

Read-Shockley equation.

qi is the misorientation.

[177]

g mdGBE of LAGB
gm ¼ mbqm

4pð1� nÞ
qm is the misorientation of LAGB

(assuming qm is 15�). v is the Poisson ratio.

[178]

VidGrowth rate Vi ¼ Mfi Commonly used DRX grain growth model [179]

MdGrain boundary mobility
M ¼ dD0bb

KT
¼ exp

�
� Qb

RT

�
d is the GB thickness,Qb is the GB diffusion

activation energy,

K is the Boltzmann constant,

Dob is the GB self-diffusion coefficient.

[158,163,164]
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modeling methods, the CA has disadvantages. In CA, for

obtaining the material parameters CA, it is necessary to

develop scientificmethods and time-consuming and expensive

tests. CAmodel in 2D is much easier than 3D, and the 3D space

modeling by CA is required complex algorithms and elements.

For this reason, the obtained results from2D simulations donot

always correspond directly to the 3D results.
5. Artificial neural networks application in
flow stress prediction of MSS

Artificial Neural Networks (ANNs) constitute a modern

computation process designed to simulate physical and

chemical processes with how the human brain analyses and

processes information [187,188].

The basis of an Artificial Neural Network (ANN) is to

emulate the behavior of biological neural systems in digital

software using a collection of data or examples. This tech-

nique has been extensively used in Information and Com-

munications Technologies (ICTs) in order to solve different

issues such as image and handwriting recognition or natural

language processing [188,189.

Thus, once the potential for modeling complex tasks has

been recognized, and considered the advances during the last

years in software/hardware development, Artificial Intelli-

gence (AI) capabilities have been proved in other sectors, like

the industrial world and, more precisely, in the

manufacturing processes. There are three main reasons for

this growth: the AI potential for modeling complex processes

in which multiple effects are present without the need for the

complete understanding of them, its ability to approximate

the nonlinear relationships among the inputs (process pa-

rameters) and the outputs (measured parameters), and an

outstanding capacity for generalization [190].

Examples of these features of ANNs applied to

manufacturing processes can be found in the scientific
literature. In a study by Benardos et al. [191,192] an ANN has

been used for modeling the surface roughness and its values

in face milling, and a comparison between the analytical and

the ANNmodel has been carried out. Concerning the grinding

process, Arriandiaga et al. used an alternative to data progress

feedforward from the input layer to the output one with

Recurrent Neural Networks (RNN) [193]. Finally, regarding

Electrical DischargeMachining (EDM), a process typically used

for aerospace components, the research works done to reduce

its defects can be highlighted [194,195].

The forging process could not be left behind. The complex

nonlinear relationship between strain, strain rate, and tem-

perature is a critical pointwhen applyingAI in hot deformation.

The first attempts to use ANNs to explain the material's
behavior were made with different inputs according to the

recently used ones. In the beginning, alloy composition was

considered an input parameter, Mandal et al. [196]. However,

nowadays, deformation conditions are used to feed the ANN,

namely strain, strain rate, and temperature, removing the

alloy composition as shown in Fig. 11.

However, several research works have a common point:

using the Back Propagation (BP) neural network to estimate

the flow stress of several materials. This algorithm is

responsible for the learning process of the well-known

Multilayer Perceptron (MLP) neural network model, which

has served as a basis for more complex models, such as

Convolutional Neural Networks needed for image classifica-

tion. Using this type of ANN is that it is the most suitable tool

for treating non-linearities. BP algorithm is a supervised

learning method for multilayer feedforward networks. Its

principle is to model a function by modifying the internal

weights of input signals to produce an output one. Then, the

error between this output and a known expected one is used

tomodify theseweights. This supervised learningmethod can

be summed up as follows. In the first round, the network is

simulated with the input signal, spreading it through the

different layers of the network, producing a result. In a second
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Fig. 10 e CA modelling microstructure evolution of 11Cr steel [186].
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round, this result (output) and the target value are compared

to obtain an error for each of the outputs. The final aim of this

type of ANN is to train it with several data to learn the

appropriate internal steps to allow it to learn any arbitrary

mapping of pairs of data (inputs and output). Even the general

use of this ANN was known thanks to Rumelhart et al. [197]

some predecessors can be found. Later, Goodfellow et al.
Fig. 11 e Schematic configuration of the ANN structure

model.
publish an overview of this type of learning method A stan-

dard or basic network structure consists of one input layer,

one hidden layer, and one output layer. The structure can be

defined as one fully connected layer to the next one if

required, as depicted in Fig. 12. Hence, based on the input

variables strain, strain rate, and temperature, this work [12]

attempts to develop a backpropagation neural network model

to predict the flow stress as output.

Hence, Mandal et al. [195,196] used this structure in

austenitic stainless steels behavior with 1 layer and 15 neu-

rons in the hidden one as the optimum configuration. This

ANN was checked with different statistical parameters, such

as correlation coefficient, scatter index, and average absolute

relative error that describe in Eqs. (95)e(97).

R¼
Pn

i¼1ðTi � TÞðAi � AÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðTi � TÞ2Pn

i¼1ðAi �AÞ2
q (95)

SI¼ RMSE

T
(96)

AARE¼ 1
n

Xn
i¼1

����Ti � Ai

Ti

����100 (97)

where T and A represent the flow stress values in MPa of the

experimental data and approximated dataset, respectively. n

is the number of elements in the flow stress vector.
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Fig. 12 e Schematic diagram of the Back-Propagation (BP) ANN structure representing inputs and outputs of the model.
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These equations are often used to check the ANN accuracy

and validate it. The first one is the Pearson's correlation co-

efficient adjustment to a sample, which can be defined as the

ratio between the covariance of two variables and the product

of their standard deviations. In other words, it provides the

strength of the linear relationship between the experimental

data and the ANN outputs.

The scatter index is obtained by the relation between the

average root mean square error (RMSE) (Equation (98)) and the

mean values of experimental findings.

RMSE¼ 1
n

Xn
i¼1

2
4Xp

j¼1

�
Aij � Tij

�235
1=2

(98)

Hence, the RMSE represents the square root of the second

moment of the sample of the differences between the pre-

dicted values and the observed values or the rootmean square

of these differences, and it is used to aggregate the magni-

tudes of the errors in the predictions for several times in a

single measure of predictive power.

Finally, the average absolute relative error (AARE) quan-

tifies the ANN's effectiveness in its ability to accurately predict

data from a calibrated model [198].

Then, in a later paper works, they focused more deeply on

the prediction of deformation behavior under warm and hot

torsion of 304L stainless steel as a function of process variables
and the prediction ofmicrostructural evolution as a function of

process parameters during thermo-mechanical processing of

alloy D9 [199,200]. In order to do so, they used the same ANN

structure, varying the number of neurons implemented.

ABPartificial neuralnetworkhasbeentrainedandemployed

in the flow stress simulation of 316 austenitic stainless steel,

particularly inadynamicstrain-agingregime [201].Comparedto

the experimental tests, the results showed that the maximum

error between predicted and experimental data is less than

8.67%, and the correlation coefficient (R) is 0.9955, concluding

that predicted flow stress by the artificial neural network is in

good agreement with experimental results.

Singh et al. [202] study the behavior of hot compression of

high phosphorus steel. Experiments were carried out in a

range of temperatures of 750 �C - 1050 �C and strain rates

between 0.001 s�1 and 10s�1. The experimental stressestrain

data were introduced in an ANN to check the predictability

of the flow stress. The structure trained is a multilayer model

based on a feedforward backpropagation algorithm (BP),

consisting of three input layers and one hidden layer. The

performance of this net has been measured with a relative

error of ±3.5% (predicted VS experimental stress) and a cor-

relation coefficient (R2) of 0.99986 (during the training) and

0.99999 (in the testing process). The authors concluded that a

well-trained model has excellent capability to predict the hot

deformation behavior of materials.

https://doi.org/10.1016/j.jmrt.2022.03.179
https://doi.org/10.1016/j.jmrt.2022.03.179


Fig. 13 e Schematic diagram of the Multi-Layer Perceptron (MLP) with a) Scaled Conjugate Gradient (SCG) model; b)

Levenberg-Marquardt Backpropagation (LM) model.
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Regarding martensitic stainless steels, several research

works can be found in which they compare the theoretical or

experimental material behavior with an artificial neural

network-based model, with the same structure shown in

Fig. 11. Hence, Han et al. [203] for instance, focused on the

super 13Cr MSS behavior, selecting a BP ANN with sigmoid

activation function, with one hidden layer, three neurons, and

ten hidden neurons. The mentioned research predicts flow

stress by considering temperature, strain, and strain rate as

input variables. The tests carried out were accomplished in a

range of 950�Ce1200 �C temperature and 0.1e50s�1 strain rate

range, randomly divided into 252 to develop the ANN and 84 to

test it. The network's performance has been measured with

the root mean square error (RMSE) value.

As a result, the relative error in the prediction is between

�7.34% and 2.43%, indicating that the ANN predictions are in

line with the experimental data. The first attempts to describe

material deformation basic information and finite element

simulation can be highlighted from this research work and

model.

Shokry et al. [204] tried to establish a model that provides

the hot deformation behavior of the flow stresses of the X12

(10% Cr steel) alloy, using the modified JohnsoneCook and

strain-compensated Arrhenius-type (phenomenological

models) and two enhanced ANNs. The data was introduced in
a Multilayer Perceptron (MLP) network in addition to, on the

one hand, Scaled Conjugate Gradient (SCG) structure and, on

the other hand, in a Levenberg-Marquardt (LM) Back-

propagation (shown in Fig. 13).

Backpropagation is used to calculate performance de-

rivatives concerning the weight and bias; the scaled conjugate

gradient (SCG) algorithm is based on conjugate directions,

without performing a line search at each iteration in other

conjugate gradient algorithms. More detailed information

could be found in Moller's research paper. On the other hand,

the Levenberg eMarquardt algorithm [205] is specifically used

to solve nonlinear least-squares problems, so it is designed to

minimize sum-of-squares error functions, finding its mini-

mum value, even if it is the local, instead of the global one.

Nevertheless, this algorithm is more robust than other ones,

which means that it finds a solution in many cases even if it

starts far away from the final minimum.

The performance of the established models was evaluated

using these four statistical parameters: correlation coefficient

(R), Average Absolute Relative Error (AARE), Root Mean

Squared Error (RMSE), and Relative Error (RE).

The ANN-based models showed higher prediction accu-

racy, with best results (R ¼ 0.99992, AARE ¼ 0.748% and

RMSE ¼ 0.441 MPa) for the LM AN. Besides, the authors high-

lighted the non-linearity of the parameters (strain, strain rate,
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and temperature). This statement justifies the better results

for the ANN since the flow behavior became highly nonlinear

and complex at some temperature ranges.

Krishna et al. [97]follow the same structure in search of the

nitrogen alloyed martensitic stainless steel behavior (Fe-

15.9Cr-1.7Mo-0.43C-0.14Nb-0.22N (wt%). They used the BP al-

gorithm with different configurations (activation functions,

number of neurons in hidden layer …) to look for the one that

best fits the material's behavior. The final selection uses three

layers (input, hidden, and output layer) with 17 neurons in the

hidden layer. The model showed an average absolute relative

error (AARE) of 19.6% and a correlation coefficient (R) of 0.975.

The authors concluded that JohnsoneCook (JC) model showed

an average absolute relative error (AARE) and correlation co-

efficient (R) worse than themodified-JCmodel that reached an

accuracy of 1.2% (AARE) and 0.994 (R). However, the ANN

predicted the output better than the previous models with an

AARE of 0.3%.

An example of making processing maps of the material for

CreMo low-alloyed steel can be found in the work of Opela

et al. [206], where they used an MLP neural network with two

hidden layers, each with eight hidden neurons that were

activated via hyperbolic-tangent sigmoid function. This ANN

was trained with five temperatures (805, 885, 980, 1085, and

1210 �C) under the experimentally tested strain rate levels.

The performance of thisMLPwas evaluatedwith the Pearson's
correlation coefficient, R (�), and the average absolute relative

error, AARE (%). The statistical indicators exhibit a good fit

with a value of R ¼ 0.999904 and AARE ¼ 1.0298, respectively.

In conclusion, experimental data (uniaxial hot compres-

sion tests with 1.0 true strain in the temperature range of

770e1280 �C and the strain rate range of 0.02e20s�1) and MLP

network were combined to assemble processing maps with

five additional temperature levels obtained from the software

it can be highlighted.

The behavior of 9Cre1Mo steel has been analyzed by

Kumar et al. [207]. The constitutive model covered a range of

850�Ce1100 �C in temperature and 0.001s1e10s�1 in strain

rate. The corrections of flow stress have been made by

comparing the artificial neural network (ANN) and the linear

interpolation method with the predicted flow stress obtained

by a constitutive equation. In order to do so, the structure of

the network has been set with one input layer, one hidden

layer with 21 neurons in each one, and one output layer. The

model's accuracy has been checked with the correlation co-

efficient, mean absolute error (MAE), and relative error (RE).

MAE¼ 1
n

Xn
i¼1

����Ei � Pi

Ei

���� (99)

RE¼Ei � Pi

Ei
100% (100)

where n is the number of training/testing data, Ei is the

experimental value, and Pi is the predicted one. As a result, it

can be highlighted that processing maps corrected through

ANN showed the best precise results over that of the con-

ventional method.

The revised articles showed the utility of ANNs (MLP

network in several cases) and how it can be improved by
testing different techniques and optimization tools, such as

SCG or LM-BP. The use of these techniques is justified due to

the complex nonlinear relationship among strain, strain rate,

and temperature, which is a critical point in hot deformation

and one of the powerful advantages of the ANNs. Their

application is increasing rapidly in the manufacturing sector

as a different approach for solving this complex problem.

However, the critical point of the use and improvement of

these techniques is the capability of data acquisition. Once,

these acquisition methods and the amount of data storage

improve, it would result in a rise in the effectiveness of the AI.

Nevertheless, the effort needed in order to train, test and use

the ANN, even if improves the precision of material behavior,

is greater in comparison with the results obtained nowadays.
6. Conclusions and future work

This article reviews the studies in the simulation of Dynamic

recrystallization and grain evolution of MSS during hot

forming. It can be discovered that in recent years, the physical

basemodeling in themacroscale modeling section and the CA

method in the microscale section has been becoming power-

ful tool for quantitative and explicit simulation of micro-

structure evolution of MSS during the hot manufacturing

process. On the other hand, the implementation of ANN for

this class of steel is in the early stage. Due to available liter-

ature, it can be seen that many interesting outputs have been

achieved, especially in the field of macroscale modeling.

Nevertheless, some aspects still deserve further investigation:

(1) It is essential to find developed or new Mathematical

parameters in dynamic recrystallization of MSS that do

not consider their behavior during Hot forming process.

With increasing industrial needs, scientists improved or

made new steels classified as MSS, and some have not

been put in hot deformation conditions. In this case,

developing mathematical models to understand these

MSS steel could be helpful to industries and

researchers.

(2) It is essential to develop models of DRX in MSS on a

microscale to understand metallurgical changes during

hot deformation better. As discussed, the general point

of view of DRX modeling in microscale is related to the

hot compression and hot tension test. However, in the

actual situation, there are a couple of manufacturing

processes containing several steps from billet to final

product, that all are in hot condition. In this issue,

finding a developed method for simulation of DRX

during multistep hot deformation process (with various

types of stresses) is seems necessary.

(3) Until now, no results have reported a model considered

recrystallization nucleation parameters in MC or CA

models in MSS steels. Usually, nucleation parameters

are considered by metallographic tests or inverse anal-

ysis optimization algorithms, and after that, the results

are imported to the MC or CA methods as a matrix to

solve the equations. Metallographic tests are unreliable

due to human errors, and it is also challenging to

https://doi.org/10.1016/j.jmrt.2022.03.179
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distinguish the matrix grains and recrystallized grains

in the same field. The inverse analysis optimization al-

gorithm problem is that it is not possible to implement

in 3D CA.

(4) The microscale models in 2D and 3D need fewer com-

plex algorithms and elements to make CA or MC fast

and straightforward. The simple algorithms for solving

a series of problems caused by complex plastic defor-

mation, high strain rate, and severe plastic deformation

inmicroscale decrease solving time, increased accuracy

for multi-scale simulation, and improved computa-

tional efficiency.

(5) The ANN field in the simulation of MSS behavior in

macro and microscale is in the early stage. Many issues

can be considered by ANN, especially on a microscale.

For this reason, it can be concluded that all previous

methods that considered finding new information that

cannot be considered by macro or microscale may

reveal with ANN in the future.
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