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Abstract
The microstructure evolution, plastic deformation, and damage severity during the open die hot forging of a martensitic 
stainless steel were investigated using finite element (FE) simulation. A microstructure evolution model was developed and 
combined with a visco-elastoplastic model to predict the strain, the strain rate, and the temperature distribution, as well as 
the volume fraction and the size of dynamically recrystallized grains over the entire volume of an industrial size forging. The 
propensity to damage during hot forging was also evaluated using the Cockcroft & Latham model. The three models were 
implemented in the FE code and the results analyzed in terms of microstructure inhomogeneity and stress levels in different 
regions of the forging. A good agreement was obtained between the predicted and the experimental results, demonstrating 
that the simulation provided a realistic representation of the forging process at the industrial scale.

Keywords  Microstructure-based FEM modeling · Martensitic stainless steel · Microstructure evolution · Dynamic 
recrystallization · Hot forging · Finite element simulation · Damage analysis

Introduction

 Critical components, such as turbine shafts made of high 
strength steels, are produced by ingot casting followed by 
open die forging [1]. The objective of the latter is to break 
down the porous and heterogeneous as-cast microstructure in 
a bid to produce a consolidated microstructure with uniform 
grain sizes across the entire volume of the forged piece [2]. 
Static recrystallization (SRX) and dynamic recrystallization 
(DRX) are the main phenomena resulting in the formation of 
finer grains. In recent years, the demand for ever larger size 
ingots has increased significantly, resulting in higher lev-
els of heterogeneity and casting defects. In this context, the 
selection of the open die forging parameters, namely, strain, 
strain rate, and temperature, is of paramount importance [3, 

4]. Indeed, while it is possible to obtain a uniform grain size 
distribution in small to medium size bars, when it comes to 
larger diameters measuring more than 50 cm, [5], a non-uni-
form grain size distribution is commonplace. Such variations 
often result in non-conformities, and even part rejection.

During the same period, numerical simulation has proven 
effective in analyzing the deformation behavior and micro-
structure development process during hot deformation, thereby 
reducing the need for large scale experimental trials, [6–10]. 
Specifically, Jiang et al. [6] used FE simulation to study grain 
size evolution during hot forming of an Al-1% Mg alloy. They 
validated their simulation results by using optical microscopy 
and found an error of around 7%. Cho et al. [7] developed a 
rigid viscoplastic FE model to predict grain size evolution and 
recrystallization behaviors during thermomechanical process-
ing of a die steel. They studied the effect of work hardening 
and holding time on grain growth with experimental validation 
done using optical micrography technique. Na et al. [8] devel-
oped a 3D FEM and predicted grain size evolution during the 
forging of a superalloy blade and studied the effect of δ phase 
dissolution temperature on grain boundary movement. Chen 
et al. [9] simulated the upsetting process of X20Cr13 steel on 
laboratory scale samples and reported that the DRX volume 
fraction and grain size were non-uniformly distributed after 
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this forming process, and that the heterogeneity increased with 
the complexity of the product shape. Lin et al. [10] simulated 
the hot upsetting process of a 42CrMo steel and concluded that 
the microstructure evolved unevenly at the end of the process, 
and that the strain rate and the deformation temperature are the 
critical factors for the evolution of the microstructure. They 
also found that the maximum deformation degree occurred at 
the center of the cylindrical sample, and the material was fully 
recrystallized at this location. In all the above studies, grain 
size changes were quantified using optical microscopy and 
image analysis. In one of the studies, the authors used optical 
microscopy to technique to determine the experimental grain 
size.

Some researchers have also reported that a partially recrys-
tallized microstructure influences the strength of the grain and 
can cause the nucleation of voids, their coalescence, and fur-
ther evolution into microcracks, which get coarser, and even-
tually result in fractures [11–13]. To quantitatively predict the 
ductile fracture condition and the region facing the greatest 
risk of cracking, different damage criteria, have been proposed 
[14–18], (https://​www.​trans​valor.​com/). Cockcroft and Latham 
[14] proposed a damage criteria for hot deformation, based on 
the fracture strain and maximum tensile stress. Oyane et al. 
[15] proposed a ductile fracture criteria for cold metal work-
ing processes that is based on fracture strain of pore-free and 
porous materials. Brozzo et al. [16] developed and proposed 
a new method for the prediction of damage and forming limit 
diagrams during  sheet metal forming. Clift et al. [17] used frac-
ture criteria, based on continuum fracture, to predict fracture 
initiation during metal working processes, such as upsetting and 
extrusion. Freudenthal [18] developed a criteria to predict the 
inelastic behavior of solids in plastically deformable structures. 
Among the above fracture models, Cockcroft-Latham and 
Brozzo are the most used in hot forging applications. Accord-
ing to the above damage criteria, cracks should be anticipated 
when the cumulative damage reaches and exceeds the associ-
ated critical damage value (https://​www.​trans​valor.​com/).

The above literature review demonstrates the strong cor-
relations between the hot forging parameters, microstructure 
evolution, and susceptibility to cracking; however, no compre-
hensive research has been conducted to analyze these changes 
for large size parts, either experimentally or numerically. In 
particular, no such work has been reported for large size forged 
ingots of martensitic stainless steels (MSS) that are used for 
critical components in the energy and transportation industries.

The present study aims to fill this gap and focuses on the 
application of constitutive models of a martensitic stainless 
steel recently developed and published by the present authors 

[19] to the hot forging of a large size industrial scale ingot. 
Specifically, the effects of thermomechanical parameters on 
microstructure evolution and grain size during the upsetting 
step, where the most significant microstructural changes take 
place, are considered by coupling the physics-based micro-
structural model with a visco-elastoplastic mechanical model. 
The models are then implemented into the FEM code, through 
the development of an original user subroutine (UMAT) form-
ing simulation software application. Variations in temperature, 
stress, effective strain, damage, DRX fraction, and DRX grain 
size are thus predicted. Furthermore, the simulation results are 
validated by comparisons with experimental results.

Materials, methods, and model setup

Compression tests and microstructural 
characterizations

Finkl Steel (Sorel, Quebec, Canada) provided the materials 
used in this investigation. The chemical composition of the 
alloy X12Cr13 is shown in Table 1. AISI410 is also called 
X12Cr13.

Hot compression tests were conducted on cylindrical sam-
ples measuring 10 mm and 15 mm in diameter and height, 
respectively, using a Gleeble-3800 thermomechanical simu-
lator machine. The samples were prepared from an industrial 
size forged bar [19]. All thermomechanical processing param-
eters were selected according to the industrial forging process. 
Specifically, a temperature range of 1050–1200 °C at intervals 
of 50 °C and a strain rate of 0.001–1 s−1 were used. After the 
tests, the experimental data were used to develop the constitu-
tive material model needed to predict the flow stress, and at the 
simulation stage. The accuracy and validity of the predicted 
material model was ensured through its comparison ed with 
the experimental results data [19]. The samples were cut par-
allel to the compression axis by a precision cutter machine 
for microscopic examination. The specimens were etched 
with a Vilella solution composed of 1gm (O2N)3C6H2OH, 
5 ml HCL, and 100 ml C2H5OH, for approximately 25 s. The 
microscopic images were obtained using an Olympus LEXT 
OLS4100 laser confocal microscope. The Microstructural 
Image Processing (MIP4) software (https://​en.​metso​fts.​ir/​
index.​html) was used to determine the grain size before and 
after deformation.

Table 1   Chemical composition 
of X12Cr13 (wt%)

C Mn Cr Si P Mo Cu Ni

0.14 1.03 11.71 0.25 0.02 0.19 0.15 0.48

https://www.transvalor.com/
https://www.transvalor.com/
https://en.metsofts.ir/index.html
https://en.metsofts.ir/index.html
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Material flow analysis

To accurately predict the material flow behavior of the inves-
tigated steel, different constitutive models, such as Hansel-
Spittel and Johnson-Cook that are commonly implemented 
in FE software packages, were investigated [20]. After the 
predicted flow stress and the stress measured from the exper-
imental tests were compared, an Arrhenius-type model was 
found to be the most accurate constitutive model. This model 
is a strain-dependent relationship that relates the strain rate, 
temperature, and activation energy through the following 
equation [21]:

And Z is:

where Z is the Zener-Hollomon parameter, Q is the activa-
tion energy required to overcome deformation barriers, A, α, 
and n are material constants, R is the universal gas constant, 
T is the temperature, ϵ̇ is the strain rate, and σ is the applied 
stress.

Numerical analysis of microstructure evolution

Softening processes such as DRX and DRV occur during 
hot metal working operations such as hot rolling, extru-
sion, and forging. For materials with low or medium stack-
ing fault energy (SFE) such as stainless steel, DRX is the 
dominant softening process that takes place when a critical 
deformation, �c , is reached [22]. The DRX fraction during 
deformation can be calculated by relating the strain, strain 
rate, deformation temperature, and initial grain size. The 
equations in this context are based on the JMAK model [23]:
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 where b and n correspond to the Avrami coefficients. This 
equation was coded with a FORTRAN 90 user subroutine 
(https://​www.​fortr​an.​com) into the Forge NxT 3.1® soft-
ware. The constants of the equations, reported in Table 2, 
were calculated using flow stress data from the hot compres-
sion tests, detailed in a recent publication by the present 
authors [19].

The parameters listed in Table 2 were determined through 
the following procedure: first, the hardening rate was calcu-
lated from the flow stress curves obtained at different tem-
peratures and strain rates. Next, the relationship between 
hardening rate and strain was plotted to identify the criti-
cal strain for dynamic recrystallization, determined as the 
inflection point on the curves. Constitutive equations for the 
critical strain (εc), DRX fraction (Xdrx), and DRX grain size 
(Ddrx) were then formulated as functions of initial grain size 
(d0) and the Zener-Holloman parameter (Z). Coefficients and 
exponents for these equations were determined using regres-
sion analysis. The final equations for DRX are presented in 
Table 2. Figure 1 shows the procedure used in the numerical 
analysis for microstructural evolution prediction.

The material parameters used in the numerical analysis 
and implementation in the FEM model were: Initial grain 
size, d0 (µm), DRX grain size, Ddrx (µm), Temperature, T 
(°C), Critical strain, �c , Strain rate, 𝜀̇ (1/s), and DRX frac-
tion ( Xdrx ). The details of the experimental methodology 
used to determine the above parameters can be found in a 
recent publication by the present authors [19]. The Param-
eters listed in Table 2 were combined with the microstruc-
tural equations and implemented into the software. The 
selection of the thermomechanical processing parameters 
is representative of the actual industrial forging process. 
The ingot temperature was measured by a high-performance 
thermal camera. The reading temperature started when the 
ingot was taken out of the forging furnace and proceed 
until the end of the forging operation, for a total of 3 min. 
For the selection of the strain and strain rate, the hydrau-
lic press data, press pressure and press position that were 

X = 1 − e−b.t
n

Table 2   Equations describing 
the microstructure evolution 
[24]
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continuously recorded during the forging operation were 
analyzed, and the applied strain and strain rate in each time 
segment was determined and used for the design of the 
laboratory scale experiments.

Boundary conditions for Simulation

The amount of deformation and die velocity were recorded 
using the Finkl Steel equipment during the open die forging, 
as shown in Fig. 2a. The open die forging process (upsetting) 
was done using a 5000-ton press capacity, and Fig. 2b shows 
the forging process setup. The temperature was measured by 
a high-performance thermal imager, ThermoView® pi20, 
Fig. 2c [25]. Figure 3a shows the as-cast ingot after solidifi-
cation, which is ready to be transferred to the forging furnace 
and heated up to forging temperature and held for several 
hours, for temperature homogenization.

The complete meshed CAD model is shown in Fig. 3b. 
Due to the presence of symmetric conditions, as shown in 
Fig. 3b, a quarter of the 13.5 metric ton ingot was mod-
eled and used for the simulation step (Fig. 3c). Six sensors 
were installed as shown in Fig. 3c to track the results. The 
3D linear tetrahedral mesh was selected with volumetric 

elements, with a fine mesh size to provide high conver-
gence. Table 3 shows the boundary conditions used for the 
upsetting simulation.

It must be noted that under industrial forging condi-
tions, the ingot is heated up to 1230 °C and the forging 
starts at 1200 °C. Due to the very large size of the ingot, 
the temeprature remains almost constant duirng a large 
part of the upsetting process. As a result, only the results 
for the 1200 °C are shown here. However, all changes 
in temperature, strain and strain rate are calculated at 
any moment duirng the forging process, based on the 
boundary and initial conditions, throughout the forging 
process.

Damage analysis

To identify areas susceptible to deterioration during the 
forging process, the stress and strain states for deformed 
ingots were determined with the application of a finite 
element simulation. Among the different existing dam-
age criteria, the Latham-Cockroft damage criterion [14], 
which has successfully been applied to forging processes, 
was selected in this study. It involves the standardization 

Fig. 1   Numerical analysis procedure to predict the microstructural evolution using Forge NxT 3.1® software
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of stress by dividing the maximum stress by the equivalent 
stress as follows:

 where � is the equivalent plastic strain, �max is the maximum 
principal stress, � is the effective stress. The damage param-
eter C is a function of temperature, strain rate, and micro-
structure. Equation (3) was implemented into the software 
through a user subroutine and utilizes the remeshing func-
tion. A higher ‘C’ value, called the damage value hereafter, 
indicates a higher susceptibility to cracking. The damage 
value for martensitic stainless steel during hot forging which 
leads to surface cracking was reported as 0.5 and 0.6 [26].

(3)C = ∫
�

0

�max

�
d�

Results and discussion

To analyze the industrial upsetting process of X12Cr13 
stainless steel, simulation data was collected over the dura-
tion of the process (0 to 35 s). Six sensors (S 1 to S 6) were 
positioned along the center axis of the ingot and parallel to 
the deformation axis. Sensors 1 and 6 were placed near the 
bottom die and at the point of maximum strain, respectively, 
while sensors S 2 to S 5 were positioned between sensors S 
1 and S 6. Equivalent strain, strain rate, critical strain, DRX 
fraction, DRX grain size, and average grain size distribution 
were plotted against time to demonstrate the variation of 
critical parameters with time and different sensor positions. 
This analysis is presented in the following subsections.

Fig. 2   a 5000-ton press data for measuring the simulation parameters; b Upsetting process setup (5000-ton press); c Image taken by the thermal 
camera
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Strain/Strain rate distribution simulation results 
during upsetting

Strain distribution contours are shown in Fig. 4a. It can be 
seen that the contact zones with anvils (upper and lower 
dies) have lower strain values while the center and upper 
half of the ingot correspond to highly strained regions. The 
strain decreases gradually as we approach the surface of the 
ingot. The sensors are assigned to track parameter changes 
during the deformation, from the beginning to the end of the 
process. Figure 4b shows the strain versus time of 6 sensors, 
with the maximum strain level seen for point S 6. Figure 5a 
and b show the strain rate contour and the strain rate value of 
6 sensors during the upsetting. The average strain rate with 
the industrial condition is 0.015 s−1 for the upsetting process.

Critical strain for the initiation of dynamic 
recrystallization

Dynamic recrystallization phenomena require that a critical 
amount of deformation occur at a given temperature. The 
critical strain equation, εc, is shown in Table 2 as a power 
law. After constant calculations, the equation was imple-
mented into the Forge NxT 3.1® software through a user 
subroutine. Figure 6a and b represent the map of εc and the 
values of εc for the six points. All points, except for S 1, 
reach the critical value at different process time periods due 
to the uneven distribution of the strain. The point with the 
maximum strain, S 6, reaches the critical value sooner than 
the other points. However, no value appears in the diagram 
for point S 1 because it is situated in the dead zone, which 
has not experienced enough deformation for DRX initiation. 
This means that in this area, DRV is the dominant softening 
mechanism.

Dynamic recrystallization distribution

Figure  7a shows the map of the DRX volume fraction 
distribution under industrial deformation conditions. It is 
revealed that the dynamic recrystallization fraction has a 
direct relationship with the strain: it rises with increasing 
strain and falls with decreasing strain. Moreover, the DRX 
volume fraction distribution is inhomogeneous, due to the 
inhomogeneous strain distribution, as reported in Fig. 5a. 
This means that the strain distribution directly affects the 
microstructural evolution during upsetting. The maximum 

Fig. 3   a 1066 mm diameter as-cast ingot; b meshed finite element model; c ¼ of the model

Table 3   Input data for FEM analysis

Parameters Value

Temperature (°C) 1200
Friction factor 0.35
Die temperature (°C) 400
Environment temperature (°C) 35
Press velocity (mm/s) 23.35
Initial billet height (mm) 1960
Final billet height (mm) 1143
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DRX fraction is located at the center, toward the top of the 
ingot, where the workpiece experiences its maximum degree 
of deformation, while the minimum is related to the top and 
bottom of the ingot in contact with the upper and lower dies. 

Figure 7b depicts the DRX fraction of six sensors versus 
time, and it is seen that the DRX fraction of point S 1 is 
close to zero, while that of S 6 reaches 100% DRX. The 
DRX starts at a different time for each point because of the 

Fig. 4   X12Cr13 stainless steel open die forging simulation results: a distribution of equivalent strain; b plot of strain evolution of 6 sensors dur-
ing upsetting

Fig. 5   X12Cr13 stainless steel open die forging simulation results: a distribution of average strain rate; b plot of strain rate evolution of 6 sensors 
during upsetting
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uneven strain distribution, with this start time being sooner 
for higher strain values than for the other points.

Figure 8 presents a whole model in order to illustrate 
the different percentages of DRX volume fraction at the 
end of upsetting, where the material volume does not 

undergo the DRX phenomenon, and how much of the 
material is fully recrystallized. The ISO volume corre-
sponds to the amount of recrystallized volume that the 
software provide these results.

Fig. 6   X12Cr13 stainless steel open die forging simulations results: a distribution of critical strain for DRX initiation; b plot of critical strain 
evolution of 6 sensors during upsetting

Fig. 7   X12Cr13 stainless steel open die forging simulation results: a distribution of DRX at the end of upsetting; b plot of DRX fraction evolu-
tion of 6 sensors during upsetting
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DRX grain size distribution

Figure 9a presents the DRX grain size map. Like previous 
parameter contours, the grain size distribution is also une-
ven, and the higher the strain, the bigger the grain size. As 
the point reaches the critical strain, �c , the DRX initiates. 
Figure 9b shows the moment when DRX grain nuclea-
tion occurs; as the deformation proceeds, the nuclei get 

coarser. In the regions where the nucleation starts sooner, 
the nuclei have more time to grow, but the points with 
lower DRX volume fractions have finer grain sizes as the 
grains are at the start of the recrystallization stage. In gen-
eral, the nuclei start off very fine and continue growing 
until the next recrystallization cycle. The DRX grain size, 
therefore, increases as the DRX percentage increases. For 

Fig. 8   Iso volume of DRX fraction in different percentages at the end of upsetting

Fig. 9   X12Cr13 stainless steel open die forging simulation results: a distribution of DRX grain diameter at the end of upsetting; b plot of DRX 
grain diameter evolution of 6 sensors during upsetting
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the zones with complete DRX, the grain size is around 
73 μm, which is 70.8% smaller than the initial grain size.

Distribution of average grain diameter

This section shows the grain size distribution of recrys-
tallized and non-recrystallized (dead zone) materials. 

Figure 10a shows the grain size map, with the red zones 
experiencing minimum deformation. As shown in Fig. 10b, 
the grain size at S 1, which is in the red zone, remained 
unchanged from its initial value.

The damage analysis was carried out to find the area’s most 
sensitive to crack formation. In the damage criteria, it was 
assumed that a crack is initiated in a deformed material only 

Fig. 10   X12Cr13 stainless steel open die forging simulation results: a distribution of average grain diameter at the end of upsetting; b plot of 
DRX fraction evolution of 6 sensors during upsetting

Fig. 11   X12Cr13 stainless steel open die forging simulation results: a distribution of Cockcroft and Latham damage criteria; b plot of damage 
factors evolution of two sensors on the surface and inside of the ingot; c distribution of maximum principal stress
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when a threshold value, defined based on the criteria used, is 
exceeded [1, 27]. Figure 11a shows the contour of the damage 
factor for the Latham Cockcroft damage criteria at the end of 
upsetting. As expected, the surface of the ingot is most likely 
to undergo crack formation, which means that the surface of 
the ingot is in danger of cracking. Figure 11b depicts two 
sensors selected on the surface and inside the ingot, with two 
different cracking risk levels. In Fig. 11c, the area with the 
highest cracking risk, the surface, experiences a higher maxi-
mum principal stress. This means that the maximum level of 
tensile stress was achieved on the surface of the ingot. The 
combination of a non-uniform microstructure evolution and 
high tensile stresses could lead to the formation of surface 
cracks. Therefore, based on the above analysis, it is possible 
to develop new forging schedules that would result in more 
uniform microstructures and higher mechanical properties 
while avoiding surface cracks during the deformation process.

Verification of the simulation results 
with experimental measurement

Compression tests were conducted using the Gleeble-3800 
thermomechanical simulator machine. In a previous study 
[19], the Arrhenius model was validated as a predictive con-
stitutive equation by comparison with experimental results, 
and the model was implemented into the simulation soft-
ware, with good agreement. The DRX fraction and criti-
cal strain for the initiation of DRX were calculated for all 
deformation conditions. The characteristic points, including 
the peak stress and peak strain, critical stress and strain, 
and the maximum softening rate, were calculated using 
the methodology proposed by Poliak and Jonas, named 
the double-differentiation technique [25]. The microstruc-
ture evolution of the deformed sample was characterized 
for comparison with the microstructure-based FEM model 
prediction results. Figure 12a and b show the microstructure 
before deformation and the cross-section of the deformed 
samples in the 1200 °C–0.1  s−1 condition, respectively. 
Three zones were selected to show non-recrystallized, par-
tially recrystallized, and fully recrystallized materials under 

Fig. 12   a Initial microstructure before hot compression test; b stitching image of a cross-section of the deformed sample; c unchanged micro-
structure of zone 1 with serrated grain boundary; d mixed microstructure of zone 2; e fine and uniform microstructure of zone 3
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hot compression tests. The microstructure of the dead zones, 
the top and the bottom in contact with the anvils remained 

unchanged. However, the serrated grain boundaries (black 
arrows) in Fig. 12c, zone 1, indicate that the dislocation 
accumulation and migration have started at these locations, 
but the degree of deformation is not sufficient to enable the 
accumulation and nucleation of a nucleus. Figure 12d, zone 
2, shows the partial recrystallization, meaning that the DRX 
starts locally. In this zone, the material reaches the critical 
strain for DRX initiation, but does not exceed the complete 
recrystallization strain. Figure 12e, zone 3, shows the center 
of the deformed sample, which has uniform and fine recrys-
tallized grains, and the material is fully recrystallized in this 
zone. As can be seen, the recrystallized grains are much finer 
than the initial grains.

Table 4 shows the grain size of the deformed samples 
measured by the MIP4 software for all deformation condi-
tions. The grain size increases as the temperature increases 
and when the strain rate decreases. Figure 13 shows the 
microstructure of the deformed sample measured by the 
MIP4 software. The critical strain was measured for the 
experimental tests, as shown in Table 5.

By comparing the microstructure evolution of the simula-
tion results and the experimental one under similar condi-
tions, it can be seen that the implemented equations for the 

Table 4   DRX grain size at different temperatures and different strain 
rates at the end of upsetting

Temperature (°C) Strain rate (s−1) Grain size (µm)

1050 0.001 23.65
0.01 23.06
0.1 21.78
1 20.14

1100 0.001 68.59
0.01 56.6
0.1 48.25
1 25.27

1150 0.001 77.75
0.01 64.66
0.1 52.28
1 40.76

1200 0.001 92.5
0.01 72.58
0.1 66.4
1 39.83

Fig. 13   Microstructure of 
deformed sample measured by 
MIP4 at (a) 1050 °C–0.1 s−1 
(b) 1100 °C–0.1 s−1 
(c) 1150 °C–1 s−1 (d) 
1200 °C–1 s−1
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DRX fraction, DRX grain size, and critical strain for DRX 
initiation could accurately predict the microstructure evolu-
tion of a large size ingot.

Figure 14a and b depict the distribution of the damage 
value over the external surface of a deformed sample and 
in its central section, respectively. Similar to the simulation 
results shown in Fig. 11, the damage value is maximum at 
the surface of the sample. Figure 14c presents the micro-
structure of the deformed sample at the location with the 
maximum damage value. As can be seen, the microstructure 
is composed of a mix of large size and small size grains 
characteristic of a partially recrystallized microstructure. 
These microstructure non-uniformities and high damage 
value of the surface could make this area particularly sus-
ceptible to crack formation.

The higher damage value and the presence of an inhomo-
geneous grain distribution observed at the free deformation 
surface of the ingot during hot deformation, indicate that 

cracks were more prone to initiate at the surface. Specifi-
cally, the higher damage values around the free deforma-
tion surface signifies the presence of higher tensile stresses, 
as shown in Fig. 11b, while the inhomogeneous grain dis-
tribution reveals a combination of recrystallized and non-
recrystallized grains near the free deformation surface. At 
the end of deformation, around the free deformation surface, 
lower strain is present compared to the center of the speci-
men. Therefore, partial dynamic recrystallization occurs 
at the surface, leading to inhomogeneous grain sizes. Due 
to the combination of the inhomogeneous microstructure 
and higher damage (tensile stresses) at the surface, which 
weakens the strength of grain boundaries and the grain inte-
rior, surface cracking occurs during the hot deformation of 
X12Cr13 stainless steel. Similar observations have been 
reported during high temperature deformation of AISI 410 
and AISI 321 stainless steels [13, 26]. Finally, it must be 
noted that fundamental mechanisms governing the kinetics 
of DRX and related softening processes that take place dur-
ing hot deformation were not studied in the framework of 
the present research and require a separate study similar to 
the one reported in a recent publication [28].

Table 5   Critical strain for DRX initiation at forging temperature

Temperature (°C) Strain rate (s−1) εc

1200 0.001 0.02
0.01 0.113
0.1 0.127

Fig. 14   Distribution of 
X12Cr13 stainless steel Cock-
croft and Latham damage cri-
teria; a whole sample; b inside 
deformed sample; c micro-
graphs of the deformed sample 
with a maximum damage value
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Conclusions

In this study, numerical simulation and experimental stud-
ies were carried out on the upsetting process at a high tem-
perature of X12Cr13 stainless steel. The evolution of the 
working parameters involved was analyzed, leading to the 
following conclusions:

1.	 The constitutive equation and microstructure evolu-
tion models were implemented into the finite element 
code through a user subroutine and a coupling of mod-
els showed very good agreement with the experimental 
findings for the investigated steel.

2.	 The simulation results allowed to develop a detailed 
map of the temperature, strain, and strain rate over the 
entire volume of the large size ingots and specifically 
showed that more than 80% of the ingot was recrystal-
lized at the end of upsetting. Specifically, the simulation 
results, validated by experimental observations of the 
microstructure, showed that in the regions with mixed 
large and small grain sizes, such as the surface region, 
the material is more sensitive to cracking, as evidenced 
by higher damage values.

3.	 The damage analysis results showed that cracking sus-
ceptibility is higher in the regions with mixed micro-
structures (recrystallized and non-recrystallized). Such 
regions are often close to the surface of the forging.
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