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Abstract
One of the key aspects of integrated computational materials engineering approach is the integrated modelling of pro-
cess chains that capture the essential microstructure physics and predict the final properties. In the current work, such 
an integrated modelling approach is attempted for analyzing the hot forging process for low-alloyed steels. Traditionally, 
hot forging process is designed with primary focus on the deformation step, with less attention paid to the incorporation 
of microstructure information flow between its sub-steps of heating, deformation and cooling. Such a siloed approach 
restricts its integration with other manufacturing processes, and also with design and material selection stages. To 
address the issue, in this work, a FEM based thermo-mechanical modelling framework, integrating composition depend-
ent microstructure evolution models for heating, deformation and cooling sub-steps, is implemented for hot forging 
of low-alloyed steels. The evolution of key microstructural features at each sub-step is tracked and fed to the following 
step. The integrated modelling framework is then used to study the effect of process parameters and macrosegregation 
in the billet on the distribution of final microstructure and properties obtained for a sample steel upsetting process. Key 
observations made in the studies are discussed. Ways of representation of the distribution of microstructure and proper-
ties across the forged part, that can enable better decision making in the larger perspective of downstream processing 
and final use, are highlighted. Consequently, the utility of the integrated modelling approach to aid the development 
of improved process and product design capabilities for hot forged products is established.

Keywords ICME · Hot forging · Integrated process chain · Microstructure distribution

1 Introduction

Hot forging operation, comprising heating, deformation 
and cooling as its sub-steps, is an important process in the 
manufacturing-route of various steel finished and semi-
finished products. It involves various underlying physical 
phenomena that control the microstructure and hence, 
the properties of the material. Therefore, to obtain the 
desired properties, it is necessary to carefully design the 
process to yield the required microstructure distribution in 
the final product. Traditionally, process design in the con-
text of hot forging has majorly been limited to address 
issues such as die designing [1, 2], reducing underfill [3], 

avoiding possible defects [4–6], flash design [7–9], forging 
load [10–12] and more recently microstructure evolution 
[13–17]. Often, these approaches focus primarily on the 
deformation sub-step design without paying much atten-
tion on the role of the process in the larger product devel-
opment workflow which includes material selection, other 
upstream and downstream processes and final property 
requirement. Such kind of siloed approach restricts the 
possibilities of engineering the quality of the final prod-
uct through manufacturing process design. Since the final 
microstructure in the product depends on the composi-
tion of the steel and its processing history, every manu-
facturing process needs to be designed in an integrated 
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fashion by taking into consideration the selected material 
composition, upstream and downstream processes, and 
the desired microstructure and property distribution. In 
the case of hot forging, the process should be designed 
by taking into account the effect of upstream processes 
e.g. casting or rolling, and also by evaluating its effect on 
downstream process, e.g. machining, etc. Within the hot 
forging process itself, the sub-steps of heating, deforma-
tion and cooling needs to be designed in tandem in order 
to obtain required post-forging microstructure. Such an 
integrated approach can enable the selection of appropri-
ate material and the corresponding manufacturing pro-
cess set-points that can result in the desired microstruc-
ture distribution in the final product. One of the ways of 
achieving an integrated approach of process design is 
through the integrated process chain modelling under 
ICME (integrated computational materials engineering) 
workflow [18]. As per this approach, composition-depend-
ent microstructure evolution material models are used in 
different process and sub-steps models of the process 
chain. The incorporation of microstructure and its infor-
mation flow between different process and design models 
can serve as the underlying unifying theme that can bring 
about an integrated approach of product development.

In the context of hot forging process design, an 
important concern in regards to product quality is that 
the process results in inhomogeneous microstructure 
and property distribution across the forged part. Each 
material point inside the forging billet undergoes differ-
ent strain, strain rate and temperature history depend-
ent upon its location in the part. This results in the for-
mation of different microstructural features across the 
forged part and leads to a variation of properties across 
it. This has also been experimentally reported well in lit-
erature. For instance, Mkaddem et al. [19] reported the 
formation of two zones of fine and coarse grains regions 
in the steel forging resulting from the different extent 
of deformation that each zone experienced. Similarly, 
Taherizadeh et al. [20] found the final ferrite grains to be 
coarse at the centre and fine at the surface for solid forg-
ings and attributed this to the non-uniform distribution 
of temperature and deformation during the processing. 
Irani and Taheri [21] analyzed the microstructural homo-
geneity in the precision forged steel spur gears and 
found that ferrite grain size and hardness vary from the 
surface of the gear to the centre. They studied the effect 
of processing conditions to find the optimum process 
window for obtaining minimum inhomogeneity across 
the gear teeth. Apart from the hot forging processing 
conditions, effect of upstream processes such as casting 
can also cause the variation of microstructure and prop-
erties across the final forged parts. Macrosegregation is 
a major problem that occurs during the casting of the 

billets and ingots, which can further lead to variation 
in mechanical properties of the final forged products. 
Experimental studies have been carried out to study 
the variation in microstructure and mechanical proper-
ties of large forgings caused due to macrosegregation, 
with some of them making suggestions to minimize this 
variation [22–24]. Thus, it becomes clear that, in order to 
obtain a controlled product quality, the final distribu-
tion of microstructure and properties across the forgings 
should serve as an important criterion while deciding 
the process set points, and therefore the process design 
strategy should be able to address it.

Keeping aforementioned issues in mind, this work is an 
attempt to implement an integrated modelling approach 
for hot-forging of low alloyed steels and to highlight its 
importance by using it in analyzing the effect of differ-
ent process and material conditions, which are otherwise 
difficult to explore with the traditional siloed approach. 
To this end, an integrated FEM based modelling frame-
work is implemented for hot forging process by integrat-
ing individual models of its sub-steps using chemical 
composition dependent microstructure evolution mod-
els already reported in the literature. These models have 
been reported to be valid for a wide range of low alloyed 
steels. In order to establish the integration, the key micro-
structural phenomena involved in the sub-steps of heat-
ing, deformation and cooling are captured in the material 
models of their individual FEM models. Then the micro-
structural information flow between these FEM models is 
established, leading to the development of an integrated 
modelling framework. To demonstrate the efficacy of the 
integrated modelling approach, the framework is used 
in two exploratory case-studies: (1) Study of the effect 
of process parameters such as heat–soak time, forging 
temperature, forging velocity on the distribution of final 
microstructure and properties across the forging and (2) 
Study of the effect of macrosegregation in the incoming 
billet on the variation of the microstructure and proper-
ties across the forging. To address the issue of material 
inhomogeneity resulting from hot forging process, and 
to make it an important criterion in the product develop-
ment workflow, a novel method to represent the relative 
distribution of microstructure and properties across the 
bulk of the product has been developed and used in this 
work. For brevity purposes and for focusing primarily on 
the effect of process and material conditions, a simple 
case of hot upsetting of a sample steel cylindrical billet 
has been analyzed in this work. Various trends obtained in 
the microstructure and property variation due to process 
and material variation are discussed. Wherever possible, 
the trends predicted by the simulation studies are qualita-
tively backed up with the experimental findings reported 
in the literature.
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2  Modelling of microstructure evolution

Figure 1 shows a typical hot forging process cycle, high-
lighting the key microstructural phenomena associated at 
each stage. The following sub-sections describe the various 
microstructural changes modelled in this work for each of 
the sub-steps.

2.1  Austenitization and grain growth (heating 
and soaking)

Austenitization is assumed to get completed once the Ae3 
temperature is reached during heating of the billet. Ae3 is 
calculated using a chemical composition dependent expres-
sion given in Eq. (1) [25]:

where the amount of each of the element is expressed 
in weight percentage (wt%). The austenite grain growth 
kinetics for low-alloyed steels is modelled using the fol-
lowing chemical composition dependent power law, given 
by Lee and Lee [26]:

(1)
Ae

3(
◦C) =912 − 203

√

C − 15.2Ni + 44.7Si + 104V

+ 31.5Mo + 13.1W − 30Mn − 11Cr

− 20Cu + 700P + 400Al + 120As + 400Ti

(2)D = Koe
−Qg

R(T+273) tn

where D is the austenite grain diameter in � m, Ko is a pre-
exponential constant with a value of 76671,n is the expo-
nent having a value of 0.211, R is the gas constant, T  is 
temperature in ◦C , t  is the time in seconds and Qg is the 
activation energy for grain growth in J/mol. Qg is expressed 
in terms of chemical composition, as follows:

2.2  Flow stress, dynamic recrystallization 
and grain‑size evolution (deformation)

Flow stress and DRX are modelled using chemical com-
position based equations for low alloyed and micro-
alloyed steels, as given by Hernandez et  al. [27] and 
Medina and Hernandez [28].

As per this model, flow stress ( � ), as stated in Eq. (4), 
is expressed as the superposition of two terms: (1) �W+R , 
which is the flow stress value when work-hardening and 
dynamic-recovery are the only operative deformation 
mechanisms and (2) Δ� , which is the additional soften-
ing obtained due to DRX when strain becomes greater 
than the critical strain. Equations (5) and (6) give expres-
sions for both the terms.

where � is the imposed strain. In Eq. (6), X  is the DRX frac-
tion which is as expressed as follows:

The parameters B,C ,m, B′, k, a, �p,m
′ in the above 

equations are expressed as functions of the ratio Z∕A 
[27], where Z  is the Zener–Hollomon parameter, and A 
is the multiplier in the Sellars–Tegart equation [29].Z  is 
expressed as:

where �̇� is the strain rate, Qd is the activation energy for 
deformation in J/mol, and T  is the temperature in Kelvin. 
Both Qd and A are expressed as the functions of chemical 
composition as follows:

(3)

Qg(J/mol) = 89098 + 3581C + 1211Ni + 1443Cr + 4031Mo

(4)� = �W+R − Δ�

(5)�W+R = B
(

1 − e−C�
)m

(6)Δ� = B�X

(7)X =1 − e
−

(

k
𝜀−a𝜀p

𝜀p

)m�

(for 𝜀 > a𝜀p)

=0 (for 𝜀 < a𝜀p)

(8)Z = �̇�e
Qd
RT

(9)

Qd(J/mol) =267000 − 2535.52C + 1010Mn

+ 33620.76Si + 35651.28Mo + 93680.52Ti0.5919

+ 31673.46V + 70729.85Nb0.5649
Fig. 1  Typical hot forging process highlighting essential micro-
structure physics
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In Eq. (7), �p is the peak-strain and is expressed as follows:

where Bo , p1 , p2 are the parameters dependent on the type 
of steel and D is the initial austenite grain size. The incor-
poration of the effect of initial austenite grain size on the 
peak strain makes it possible to take the dependence of 
the state of material prior to hot deformation on the flow 
and microstructure evolution during hot deformation. Fur-
ther details about the model are available elsewhere [27, 
28] and are not reproduced here.

In order to take into account the non-iso-strain rate and 
non-isothermal conditions prevalent during the actual 
industrial hot forging process, an additivity rule for critical 
strain (= a�p ) is employed to mark the initiation of DRX. The 
additive rule used is given in Eq. (12), where Δ�i denotes 
the strain increment for ith increment and �p,i denotes the 
value of �p for that increment. Since different strain incre-
ments occur at different strain rates, it is justifiable to use 
such an additive rule in order to include the contribution 
of each plastic strain increment to the total strain energy 
needed for the incubation of nuclei for DRX.

Recrystallized grain size is predicted using the expression 
given by Medina and Hernandez [28]:

Parent austenite grains that deform but do not recrys-
tallize, get pancaked and develop irregularities at the grain 
boundaries that affect the phase transformation kinetics 
during cooling. This effect can be captured by defining effec-
tive grain size for such grains, as given by Kang and Liu [30], 
through the following expression.

where, D is the initial austenite grain size before deforma-
tion and �r is the retained strain, taken as �(1 − X ) , X  being 
the recrystallized fraction.

A volume average of the size of dynamically recrystallized 
grains as well as un-recrystallized pancaked grains is used to 
predict the final average grain size ( Df  ). Equation (15) shows 
the expression used for calculation of Df , where DRX ,i denotes 
the value of DRX for the ith simulation increment with cor-
responding recrystallization fraction increment ΔXi , and X  
denotes the total DRX fraction.

(10)
A
(

s−1
)

= (12.197 + 65.590C − 49.052Nb)e(7.076×10
−5Qd)

(11)�p = BoD
p1
(

Z

A

)p2

(12)
∑ Δ�i

a�p,i
= 1

(13)DRX (�m) = 38.26
(

Z

A

)−0.08

(14)Deff (�m) = De−
�r
4

In the present work single step hot forging is addressed 
and the forged billet is assumed to be cooled (or quenched) 
rapidly enough such that the post-forging recrystallization 
mechanisms such as static recrystallization (SRX) and meta-
dynamic recrystallization (MDRX) can be neglected. Thus, 
neither SRX nor MDRX is modelled in this work.

2.3  Phase transformation (cooling)

Austenite transformation to various diffusional phase trans-
formation products while cooling is modelled using the 
semi-empirical model given by Kirkaldy and Venugopalan 
[31]. This model expresses the rate of formation of any k th 
phase ( dXk

dt
 ) in terms of the functions of steel composition 

( Co ), temperature ( T ), prior austenite grain size ASTM number 
( G ) and the already formed normalized phase fraction ( Xk ) 
(the true fraction,XT

k
 , of a phase is normalized with respect 

to the maximum amount of that phase that can form at that 
temperature under equilibrium conditions). This is expressed 
as follows:

Or,

Depending on the temperature, the equation for the 
respective phase is used to calculate the increment in the 
normalized fraction of the phase ( dXk ) for that time incre-
ment ( dt ) as given in Eq. (17). The final phase fraction of each 
phase at the end of the cooling cycle can be thus calculated 
by adding up these increments. The details of the form of the 
functions f1, f2, f3, f4 for each of ferrite, pearlite and bainite 
phases, and the implementation can be found in the litera-
ture [31] and hence are not reproduced here.

Martensitic transformation is modelled using the 
Koistinen–Marbuger equation [32] given as:

where XT
m

 is the true fraction of martensite and XT
�−Ms

 is the 
austenite true fraction at MS temperature. In order to 
model various phase transformations, we need to know 
the associated start temperatures for each of these phases. 
Chemical composition dependent expressions, reported 
in literature, are used for calculating Upper-critical tem-
perature ( Ae3 ) [25], Eutectoid temperature ( Ae1 ) [33], 
Bainite-start temperature ( Bs ) [34] and Martensite-start 
temperature ( Ms ) [35].

(15)Df =

(

∑

DRX ,iΔXi

)

+ Deff (1 − X )

(16)
dXk

dt
= f1

(

Co
)

f2(G)f3(T )f4
(

Xk
)

(17)dXk = f1
(

Co
)

f2(G)f3(T )f4
(

Xk
)

.dt

(18)XT
m
= XT

�−Ms

(

1 − exp
(

−0.011
(

MS − T
)))
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Final ferrite grain size ( D� ) is predicted using Eq. (19), 
given by Suehiro et al. [36], which predicts D� ( � m) in terms 
of initial austenite grain size ( Df  ), total ferrite fraction ( XT

f
 ) 

and ferrite start temperature, expressed in terms of 5% 
transformation, ( T0.05 ) as follows:

2.4  Hardness prediction

In order to calculate post-forging hardness, carbon con-
tent dependent empirical hardness expressions (in terms 
of VHN) for each phase have been developed in this work 
using the experimental data available in the literature 
[37–40]. Following equations give the expressions devel-
oped for each of the phases:

where HVf ,HVp,HVb,HVm are the hardness of ferrite, pearlite, 
bainite, and martensite respectively, C is the carbon con-
tent in wt% , and D� is the ferrite grain size in �m.

The final hardness of the component is calculated using 
the rule of mixture as follows:

3  Finite element implementation 
and integration of models

The integrated hot forging modelling framework is devel-
oped using a commercial finite element package, ABAQUS, 
along with the aid of user-subroutines. The sub-routines 
take the chemical composition of the steel as input. Micro-
structural features are captured using state dependent 
variables facilitated by ABAQUS. The framework comprises 
three models, each corresponding to a sub-step of heat-
ing, deformation and cooling of the hot forging process. 
Heating and forging deformation are modelled using cou-
pled thermomechanical analysis, while only the thermal 
analysis is carried out for cooling. Heating and cooling are 
simulated using ABAQUS/Standard while deformation is 
simulated using ABAQUS/Explicit.

(19)D�(�m) =

(

5.51 × 1010D1.75
f

exp

(

−21430

T0.05

)

XT
f

)
1

3

(20)HVf = (98.322C + 78.027) +
(152.9 − 49.922C)

√

D�

(21)HVp = 229.58C + 101.64

(22)HVb = 181.8C + 193.8

(23)HVm = −807C2 + 1452.5C + 226.2

(24)HV = HVf X
T
f
+ HVpX

T
p
+ HVbX

T
b
+ HVmX

T
m

Heating simulation involves complete thermal cycle 
simulation incorporating heating, soaking and transfer 
to dies as its inner sub-steps. It is modelled as a transient 
thermo-mechanical analysis which takes initial geometry 
of the billet, its thermophysical and mechanical properties 
and furnace heating conditions as input. The model cap-
tures heating of the billet due to convection and radiation, 
and the associated thermal expansion. Austenite grain 
growth during heating–soaking, as discussed in Sect. 2.1, 
is modelled as a field variable in a user-subroutine. At each 
time-step of the simulation, the increment in temperature 
is taken as an input to the subroutine for calculating the 
increment in grain diameter for that time-step. The incre-
ment is then added to the austenite grain diameter from 
the previous step to get the updated austenite grain diam-
eter. Typical heat transfer coefficients for furnace heating 
are assumed. Heat loss is expected in the process of trans-
ferring the billet from furnace to the press and is modelled 
through appropriate value for heat transfer coefficient.

The subsequent step of deformation is simulated in 
ABAQUS/Explicit, which takes the final expanded geom-
etry with its associated temperature ( T  ) and austenite 
grain size ( D ) distribution from the heating simulation as 
the input to the model. This simulation involves model-
ling hot deformation of the billet as well as heat transfer 
to the dies in a coupled thermo-mechanical model. The 
temperature, strain and strain-rate dependent flow stress 
of the steel is modelled using VUHARD subroutine. The 
microstructural parameters such as dynamically recrys-
tallized fraction and average recrystallized grain size are 
calculated as state variables in the VUHARD subroutine. 
For each time-step, the plastic strain-increment and tem-
perature change are taken as input to the sub routine 
for updating the values of flow stress, recrystallized frac-
tion and average recrystallized grain size, as described in 
Sect. 2.2. Large deformations can lead to excessive mesh 
distortions and to take care of this, we use ALE (Lagran-
gian–Eulerian) adaptive meshing and remapping option 
[41]. Forging dies are modelled as rigid bodies maintained 
at a constant temperature. Frictional contact between the 
billet and dies is modelled using a friction factor of 0.4, 
which is a typical value used for hot-forging of steels [16]. 
Heat transfer between the dies and the billet in the con-
tact region is captured by assigning contact conductance, 
as a function of pressure and temperature. Contact con-
ductance between surfaces is expressed through contact 
properties defined in terms of gap clearance. Mechanical 
contact relationship is expressed in terms of contact pres-
sure varying exponentially with gap clearance. Appro-
priate values for these simulation parameters were used 
by taking inputs from the similar metal forming analysis 
[41]. Temperature dependence is taken through tempera-
ture dependent thermophysical material properties. All 
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the dissipated energy between billet and die due to fric-
tion is assumed to be contributing to interfacial heat gen-
eration, which is a typical assumption made in many metal 
forming analyses [41].

Finally, the cooling step is modelled for thermal and 
metallurgical aspects in ABAQUS/Standard. The cooling 
simulation takes the final deformed geometry with its 
average recrystallized grain size ( Df  ) and temperature ( T  ) 
distribution from deformation simulation as the input 
material state. Heat transfer from the billet to the cool-
ing or quenching media is modelled by applying appro-
priate heat transfer coefficient and emissivity interaction 
parameters. Phase fraction evolution, hardness and ferrite 
grain size prediction are modelled in the UMATHT subrou-
tine. The subroutine takes the change in temperature at 
each time increment as input from the solver to calculate 
the change in phase-fractions (as described in Sect. 2.3), 
which is then cumulatively added to get the final phase 
fractions. Hardness and ferrite grain size is also calculated 
using respective equations in the subroutine and stored as 
state-dependent variables. The phase fractions dependent 
thermophysical properties, needed for solving heat trans-
fer equations, are also computed in the subroutine.

The information flow between individual sub-step 
simulations is achieved using ABAQUS python scripting 
that enables the post-processing of the output files of 
one simulation to extract the relevant information and 
preparation of the appropriate files to be read by the next 
simulation. This microstructural information flow, between 
simulations of different sub-steps of forging, leads to their 
integration. Further, it is ensured that the integration of 
models is not affected by different sub-steps of forging 
by appropriately mapping the state variables information 
between meshes of different sub-step simulations. The 
complete integrated process modelling framework of FEM 
simulations along with the appropriate information flow 
between individual sub-steps is shown in the Fig. 2.

4  Forging process studies for hot upsetting

In order to demonstrate the importance of the integrated 
modelling of hot forging process, the framework has been 
used to address two studies for a typical case of single-hit, 
flat-die hot-upsetting of a C–Mn–Mo steel cylindrical billet. 
The two studies conducted are: (1) studying the effect of 
various forging process parameters and (2) studying the 
effect of the macrosegregation in the incoming billet on 
the resultant microstructure and properties. The composi-
tion of the steel is given in Table 1, and the schematic dia-
gram of process cycle highlighting the process parameters 
and dimensions of the cylindrical billet is shown in Fig. 3 
a, b respectively. The cylindrical billet is modelled as a half 

axisymmetric part in the FE model (as shown by shaded 
portion in Fig. 3b), and to be forged to 67% reduction in 
height. Following sub-sections describe the studies.

4.1  Effect of process parameters

Designing the manufacturing route for obtaining the 
desired properties of the forged component requires 
exploration of the effect of various process parameters on 
the final microstructure and properties. This study eluci-
dates the application of the modelling framework for such 
an activity. In order to study the combined effect of pro-
cess parameters such as heat–soak time, forging tempera-
ture and forging velocity on the final microstructure and 
property distribution, multiple simulations have been car-
ried out for the complete process cycle at different combi-
nations of these process parameters values. Following are 
the values of the process parameters used in this study:

• Heat–Soak time ( tsoak , in minutes): 100, 200
• Forging temperature ( Tforge , in ◦C ): 1000, 1100
• Forging velocity ( vforge , in mm/s): 10, 25, 50, 75

These process parameter values have been chosen 
based on the industrial practices for small-sized forged 
components. Figure 4 shows the FEM contour plots for 
the distribution of some of the key results obtained at 
the end of each sub-step for the case of tsoak = 100 min, 
Tforge = 1100 ◦C  and vforge = 25 mm/s. It is evident from 
Fig.  4b that there are two prominent regions in the 
forged part that have either undergone complete recrys-
tallization or no recrystallization at all. This is despite the 
simple geometry of billet, which is broadly undergoing 
uniform deformation. This is similar to the experimental 
findings of Mkaddam et al. [19] who reported the for-
mation of two zones in the forgings that experienced 
different extents of deformation during processing. 
Similarly, Fig. 4d shows finer ferrite grain size at the sur-
face and coarser grain at the centre, which is similar to 
the experimental findings of Taherizadeh et al. [20]. As 
discussed earlier, both the distribution and the homo-
geneity of final microstructural features and properties 
should be considered while making appropriate choices 
for process parameters. Thus, it is important to express 
the results in a manner which conveys this information. 
For this, relative distribution plots, expressed in terms 
of bulk volume fraction, are plotted for microstructural 
features and properties. In the context of the current 
work, the microstructural features studied are recrys-
tallized fraction ( X  ), final average austenite grain size 
( Df  ), phase fractions ( Xk ) and ferrite grain size ( D� ), and 
the property studied is the final hardness ( HV  ). In order 
to obtain the relative-distribution plots of these results 



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1358 | https://doi.org/10.1007/s42452-019-1380-9 Research Article

from the modelling framework, the relevant information 
from FEM simulations has been extracted and used. Fol-
lowing procedure details the methodology adopted for 
obtaining such plots: 

1. Value of the result ( Rint ) and the associated integration-
point volume ( Vo

int
 ) are extracted from each integra-

tion-point of the FEM model.
2. Vo

int
 of each integration point is normalized with respect 

to the total volume ( Vo
tot

=
∑

Vo
int

 ) to get its normalized 
integration point volume ( Vint).

3. The range of Rint for all the integration points ( ΔR ) is 
binned into the number of bins ( n ) of interest. This 
result in the formation of n bins, each representing a 
different interval ( ΔRi ) of ΔR.

4. Each Rint is then allotted to a particular ΔRi it belongs 
to, and its associated Vint is added to the cumulative 
volume for that bin ( Vi).

5. Finally, a distribution plot is plotted between ΔRi and 
their Vi.

Such a relative-distribution plot provides the informa-
tion on the statistical distribution of the range of the result 
( ΔRi ) in terms of bulk volume fraction ( Vi ) of the total billet 
volume. In this way, we can not only represent the range 
of the results obtained under certain process condition, 
but also the relative distribution over the volume of the 
billet. For example, from Fig. 5a we can deduce that, under 
the prescribed process conditions, around 34% of the total 
billet volume undergoes complete recrystallization, 7% of 
the billet undergoes no recrystallization, while rest of the 
volume undergoes partial recrystallization. Such a repre-
sentation of results can help us decide process parameters 
which yield homogeneous or acceptable distribution of 
microstructural features and properties.

Following subsections highlight some of the impor-
tant effects observed due to variation in different process 
parameters. Due to a large number of combinations for 
process parameter values possible, only a few such combi-
nations for prominent results are discussed. Similar effects 
of a particular process parameters were observed for other 
combinations as well.

4.1.1  Effect of heat–soak time ( tsoak)

Increasing heat–soak time ( tsoak ) leads to austenite grain 
growth, which affects the evolution of flow-stress and 
recrystallized grain size in the subsequent deformation 
step, which in turn affects the final phase fractions and 
properties during cooling. Thus the signature of increased 
tsoak can be seen in all the resultant microstructure fea-
tures. The effect of tsoak on two such features are dis-
cussed. Figure 5a, b show relative-distribution plots of 

recrystallized fraction, for 100 and 200 min of tsoak respec-
tively, at Tforge = 1000 ◦C and vforge = 25 mm/s. It can be seen 
from the distribution that the amount of bulk material 
undergoing complete recrystallization decreases with 
increasing tsoak and higher partially recrystallized volume 
is obtained. This is expected as the longer heat–soak 
time leads to larger austenite grain size and lower grain 
boundary area, thereby providing lesser nucleation sites 
for recrystallized grains and thus retarding the DRX kinet-
ics. On the other hand, Fig. 6a, b show the effect of tsoak on 
final martensite fraction after cooling. Depending upon 
the final application or further processing of the forged 
component (such as machining), martensite can be either 
a desirable or an undesirable component in the final 
microstructure and thus it is important to know the effect 
of process parameters on its formation. For example, if hot 
forging is to be followed by machining operation, the pres-
ence of martensite phase on the surface can lead to higher 
tool wear or crack formation. It can be seen that higher 
tsoak value leads to relatively higher martensite fractions. 
This is because of the larger austenite grain size (and thus 
higher Df  ) leads to an increase in hardenability of steels 
due to the decrease in the grain boundary area, and thus 
enables the formation of more martensite.

4.1.2  Effect of forging temperature ( Tforge)

Increasing the forging temperature ( Tforge ) will not only 
lead to higher grain growth during heating-soaking (which 
will have an impeding effect on DRX) but would also 
favour enhanced DRX due to high thermal energy avail-
able for recrystallization. Also, quenching from a higher 
Tforge would lead to the development of higher cooling 
rates in the billet during quenching. Therefore, the final 
microstructure and properties obtained after quench-
ing will have a complex dependence on Tforge . Figure 7a, 
b show the dependence of recrystallization fraction on 
Tforge . It can be seen from the figures that increasing Tforge 
from 1000 to 1100 ◦C leads to enhancement of recrystal-
lization, with an increase in completely recrystallized bulk 
volume from about 25% to 60%. In addition, an increase in 
the recrystallized fraction of partially recrystallized regions, 
and a decrease in the bulk volume of un-recrystallized 
regions is observed. On the other hand, Fig. 8a, b show 
the effect of Tforge on the final hardness distribution. Final 
hardness and its uniformity are important characteristics 
of the final component, which needs to be controlled in 
order to achieve desired properties. It can be seen that 
increasing Tforge leads to relatively lower uniform hardness 
distribution with regions containing higher hardness val-
ues as compared to lower forging temperature. This can be 
explained on the basis of enhanced martensitic transfor-
mation that occurs while quenching from a higher Tforge . 
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Martensitic transformation is favoured in austenite grains 
not only because of the higher average recrystallized grain 
size but also due to higher cooling rates obtained in case 
of higher Tforge. 

4.1.3  Effect of forging velocity ( vforge)

Increasing the forging velocity ( vforge ) increases the strain-
rate during deformation, which increases the critical strain 
required for initiation of DRX. This leads to a reduction in 
recrystallization fraction for the same amount of strain 

applied [Eq. (11)]. Apart from that, the increased strain-rate 
also leads to finer grain sizes in the completely recrystal-
lized regions [Eq. (13)]. Therefore, the distribution of final 
average grain size ( Df  ) after deformation will be decided by 
the net effect of the vforge . Figure 9a–d show the net effect 
of increasing forging velocity for one of the cases. It can be 
seen in general that as the forging velocity increases, the 
bulk volume corresponding to higher Df  values increases. 
There are two prominent peaks, as observed in the case 
of vforge = 10 mm/s in Fig. 9a. The first peak, at around 34 
� m, corresponds to the regions undergoing complete 
recrystallization, and other at around 55 � m corresponds 
to the regions undergoing no or negligible recrystalliza-
tion. As discussed before, these two peaks conform to the 
experimental findings of the formation of two separate 
zones of different grain sizes in the forgings [19]. Both the 
peaks decrease with increasing vforge due to decrease in 
the volumes corresponding to both the regions. Moreover, 

Fig. 2  Integrated process modelling framework with associated information flow

Table 1  Chemical composition of the C–Mn–Mo steel used for the 
two studies

Steel C Si Mn Mo

C–Mn–Mo 0.44 0.23 0.79 0.38

Fig. 3  Details of the hot-forging cycle and billet geometry for the studies: a Schematic of the hot forging cycle simulated highlighting the 
process parameters considered b The Cylindrical billet dimensions with shaded portion showing the half axisymmetric part modelled
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the peak for complete recrystallized region gets shifted to 
smaller grain size, because of the finer grains obtained due 
to increased strain rate. In addition, it can be observed that 
increasing vforge leads to a less uniform distribution of Df  
due to increase in partially recrystallized regions. On the 
other hand, it can be seen from Fig. 10a–d that increasing 
vforge , though resulted in inhomogeneous Df  distribution, 
leads to increase in uniformity of ferrite grain size ( D� ) dis-
tribution at the end of cooling. This is in accordance with 
the experimental findings of Essadiqi and Jonas [42] who 
studied the effect of hot deformation on ferrite formation 
during cooling and reported an increase in the homoge-
neity of ferrite grain structure with increase in strain-rate. 
Prediction of ferrite grain size is important since it governs 
the final mechanical properties of the components, and 
thus knowing its distribution becomes very important to 
keep the variation in final mechanical properties in control. 
As it can be seen from Eq. (19), D� not only depends on 
the initial austenite grain size ( Df  ) but also on the kinetics 
of ferrite transformation through the transformation start 
temperature ( T0.05 ) and the total ferrite fraction ( XT

f
 ). An 

increase in Df  values due to an increase in vforge leads to 
retardation of ferrite transformation kinetics, thus lowering 
of T0.05 and XT

f
.Thus the final D� distribution, on increasing 

vforge , depends on the net effect of increase in D� values 
due to an increase in Df  , and a decrease in D� values due 
to decrease in T0.05 and XT

f
. 

4.2  Effect of macrosegregation

Apart from enabling appropriate choice of process param-
eters (as demonstrated in Sect. 4.1), being able to incor-
porate the effect of chemical composition, the modelling 
framework also enables integration with upstream pro-
cess of casting by taking the resultant macrosegregation 
in the billet into account. In order to model the effect of 
macrosegregation during casting, a typical macrosegrega-
tion profile is assumed by taking inputs from the study of 
Mangal et al. [43]. The carbon and the manganese con-
tent of the cylindrical billet are varied radially from the 
centre to the surface. Figure 11a shows this variation for 
the C–Mn–Mo steel, expressed in terms of r/R, where r is 
the radial distance of any point in the cylinder from its 
axis and R is the radius of the cylinder. The dashed lines 
in the figure show the nominal carbon and manganese 
content for the steel. The hot forging process cycle, similar 
to that as given in Fig. 3a, is simulated for this billet for the 

Fig. 4  Contour plots of the distribution of various results in the billet obtained after different sub-steps: a austenite grain size distribution 
after heat–soak step, b DRX-fraction after deformation step, c hardness (VHN) and d ferrite grain size (�m) after quenching step
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Fig. 5  Relative-distribution 
plots for DRX fraction obtained 
for 1000 ◦C forging tempera-
ture, 25 mm/s forging velocity 
at different soak times: a 
100 min soak times b 200 min 
soak time

Fig. 6  Relative-distribution 
plots for Martensite fraction 
obtained for 1000 ◦C forging 
temperature, 75 mm/s forging 
velocity at different soak times: 
a 100 min soak time b 200 min 
soak time

Fig. 7  Relative-distribution 
plots for DRX fraction obtained 
for 200 min heat–soak time 
and 25 mm/s forging velocity 
at different temperatures: a 
1000 ◦C b 1100 ◦C
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following conditions: tsoak = 100 min, Tforge = 1100 ◦C and 
vforge = 25 mm/s.

Figure 11b–d respectively show the radial variation 
of recrystallized fraction, hardness and ferrite grain size 

obtained at the centre of the billet having macrosegre-
gation, and its comparison with the case of billet having 
a uniform composition. It can be seen that there is not 
much difference in the recrystallization fraction profile 

Fig. 8  Relative-distribution 
plots for Hardness obtained for 
200 min heat–soak time and 
25 mm/s forging velocity at 
different temperatures: a 1000 
◦C b 1100 ◦C

Fig. 9  Relative-distribution 
plots for final average grain 
size 

(

Df

)

 after hot deformation 
obtained for 200 min heat–
soak time and 1000 ◦C forging 
temperature at different veloci-
ties: a 10 mm/s b 25 mm/s c 
50 mm/s d 75 mm/s
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of the two cases closer to the centre, except at the sur-
face where the billet with macrosegregation undergoes 
more recrystallization. This can be attributed to the high 
strain at the centre of the billets, due to which both the 
billets undergo complete recrystallization irrespective of 
the composition. However, near the surface, the strain is 
relatively less due to bulging effect, and thus, the effect 
of composition becomes more prominent. Since there is 
a higher carbon content at the surface, it leads to a lower 
activation energy for deformation during DRX and thus 
enhances DRX kinetics. This is very much in accordance 
with some of the previous experimental studies that 
reported the effect of carbon content on DRX [44–46]. On 
the other hand, there is a marked difference in the final 
hardness and ferrite grain size variation. As can be seen 
from Fig. 11c, higher hardness is obtained both at the sur-
face and at the centre of the billet with macrosegregation, 

whereas at regions in between, the hardness of the billet 
with macrosegregation is lower than the hardness of the 
billet with no macrosegregation. This is expected as the 
high carbon content at the centre and at the surface lead 
to high hardness values of individual phases than at the 
centre. Apart from that, the higher solute content at centre 
and surface leads to suppression of diffusional phases, and 
assist in martensite formation, which has higher hardness 
than other phases. Moreover, higher cooling rate at the 
surface can further assist in the formation of martensite. 
Similar understanding can be applied to ferrite grain size 
variation, shown in Fig. 11d. High cooling rates prevalent 
at the surface leads to the formation of finer ferrite grain 
size, whereas at the centre, the high solute content com-
pletely suppresses ferrite formation.

As can be seen from these results, carrying out this kind 
of analysis can predict the variation in properties across 

Fig. 10  Relative-distribution 
plots for ferrite grain size 

(

D�

)

 
obtained for 200 min heat–
soak time and 1000 ◦C forging 
temperature at different veloci-
ties: a 10 mm/s b 25 mm/s c 
50 mm/s d 75 mm/s
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forgings that a particular kind of segregation profile can 
result in, and thus can help in better process design to 
achieve the product with controlled quality. Some preven-
tive measures such as chemical composition regulation 
[23] and adding additional homogenization treatments 
[24] have been suggested in the literature to reduce 

the variation in properties of forgings caused due to 
macrosegregation. However, by capturing the effect of 
macrosegregation in an analysis like this and by study-
ing the effect of process conditions on the homogene-
ity of microstructure and properties, like as discussed in 
Sect. 4.1, the variation in properties of these forgings can 

Fig. 11  Radial variation of 
composition and different 
microstructural features at the 
centre of the billet due to mac-
rosegregation: a carbon and 
manganese b recrystallization 
fraction c hardness (VHN) and 
d ferrite grain size (�m)

Fig. 12  ICME workflow for 
design and development for 
hot forged components
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be further brought down by the proper choice of hot forg-
ing process conditions. Moreover, such kind of integrated 
modelling approach can assist in bringing closer collabo-
ration between otherwise disjointed casting and forging 
process design, to obtain a controlled product quality 
collaboratively.

5  Summary and conclusion

In this work, an integrated, composition-based, modelling 
approach has been implemented for hot forging process 
using different microstructure evolution models available 
in the literature for each sub-step. The FE models of indi-
vidual sub-steps of heating, deformation and cooling are 
developed and integrated by establishing the appropriate 
information flow between them, leading to the formation 
of an integrated process modelling framework. The appli-
cation of such a framework is demonstrated by using it 
in studies that address two problems of industrial impor-
tance for a simple hot upsetting process.

The first study is focussed on exploring the effect 
of various process parameters on the distribution of 
microstructure and properties obtained at the end of 
the process. In order to quantify the distribution and 
homogeneity of microstructural features and property 
values obtained under certain process condition, a novel 
method for representing such information in terms of 
the bulk-volume fraction of the forged billet has been 
used. The second study is focussed on exploring the 
effect of the macrosegregation in the incoming billet, 
caused during casting, on the final microstructure and 
properties variation across the forging. The first study 
highlights the importance of selecting the different sub-
steps process parameters in tandem with each other for 
getting the desired relative distribution of microstruc-
ture features and properties, the cognizance of which is 
imperative for making better process as well as product 
design decisions. The second study, on the other hand, 
brings out the importance of consideration of upstream 
processes on the variation of microstructure and prop-
erties across the hot forged part, thereby underscoring 
the importance of designing different processes of a 
manufacturing route in integration with each other. It 
may be noted that these studies pertain to a relatively 
simple case of hot upsetting of cylindrical billet where 
the deformation is broadly uniform. However, in complex 
forgings, with significant variation in strain and strain 
rate across the forging, these effects may get further 
pronounced.

The studies presented in this paper bring out the impor-
tance of taking the effects of each of the processes of the 
manufacturing route into account on the distribution of 

resultant microstructure and properties, thereby neces-
sitating the adoption of an integrated approach for 
design and development of products. Such an integrated 
approach explodes the process design space and gives 
greater avenues to engineer and enhance the quality 
of the product in comparison to traditional approaches. 
Apart from assisting in making better decisions for geo-
metrical and manufacturing design, being able to capture 
the effect of chemical composition, the modelling frame-
work can also enable proper material selection for the 
required properties. For brevity purposes, the current work 
has been demonstrated for a simple case of the hot upset-
ting process where the deformation is relatively uniform as 
compared to complex forging and hence easier to analyse. 
However, the material modelling framework developed in 
this work is not bound by the geometrical complexity and 
hence equally applicable for complex industrial hot forg-
ing. The framework developed in this work is intended to 
be automated and used as a module in establishing an 
ICME workflow for the design and development of forged 
components, as shown in Fig. 12. Such an ICME workflow 
shall eventually enable a closer collaboration between 
otherwise disjointed stages of geometrical designs, mate-
rial selection and manufacturing process design to collec-
tively obtain a product with a controlled quality.
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