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A B S T R A C T   

Development of cracks along the center axis of large high strength steel bars commonly occurs during the forging 
and leads to excessive part rejections. The present investigation aims to develop a better understanding of the 
evolution of stress-strain states during the forging operation and in particular the effect of deformation path 
illustrated by die geometry, on the evolution of damage during the cogging of an AISI H13 steel. Hot compression 
and tensile tests were performed using Gleeble-3800 thermo-mechanical simulator to develop the optimum 
material model which was then implemented in the finite element (FE) code Forge NxT 3.2® using a developed 
user subroutine. Normalized Cockcroft and Latham damage criterion and maximum shear stress (Tresca’s) theory 
of failure were used to predict the damage and failure in the center axis of the shaft through FE analysis with 
three different die shapes: concave, flat, and convex. A comparative study between the three die geometries was 
conducted to quantify the effects of each of them on the sensitivity to central burst damage. FE model was 
validated using industrial data. The lowest and highest damage values were found to occur in the case of cogging 
with concave and flat die, respectively. The coefficient of variation (CoV) is employed as a measure of hetero
geneity and it was found that the concave die provides more uniform deformation and most favorable results for 
the cogging compared to the flat and convex dies. The novel approach, application of concave die successfully 
implemented at the industrial scale cogging.   

1. Introduction 

Cogging is a forging process to manufacture different types of 
straight and stepped shafts from rectangular or square blocks by appli
cation of compressive force. Large industrial size forged shafts made of 
AISI H13 tool steels are widely used in the energy and transportation 
industries [1,2]. The manufacturing of large ingots especially high 
strength steels consists of melting in an electric arc furnace, followed by 
degassing, ingot casting, open die forging, and finally quench and 
temper operations before machining. Open die forging of large size in
gots consists of upsetting, Free from Mannesmann effect (FM), and 
cogging process [3]. The formation and propagation of a defect, known 
as center burst, along the center axis during hot deformation (rolling, 
forging, etc.) of high strength steels is often observed in the industry and 
reported in the literature [4]. The occurrence of this defect brings un
recoverable damage to the part and results in total or partial rejection 

[5,6]. Therefore, to address the issue it is very important to identify and 
quantify the role of each of the manufacturing process parameters that 
lead to center burst defect formation. 

AISI H13 is a high strength highly alloyed steel characterized by high 
molybdenum and vanadium contents that significantly increase the 
resistance to hot deformation [7,8]. Therefore, forging of AISI H13 alloy 
is challenging due to the high sensitiveness to high temperature defor
mation and high resistance to deformation at lower forging tempera
tures. Han et al. [9] reported that the application of higher forging loads 
is not a viable solution as it could lead to even more center burst defects 
during the cogging process. Fig. 1(a) shows the center burst formation at 
extreme end of the workpiece indicated with an arrow. Fig. 1(b) shows 
the propagation of the center burst defect along the center axis of the 
workpiece found during the quality check. Yang et al. [10] it have been 
reported that the center burst defect will propagate through the central 
axis of a workpiece (as shown in Fig. 1) with increase in number of 
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passes under the radial compression. 
In the literature, the available data on the formation of center crack 

and burst is mostly related to Cross Wedge Rolling (CWR) process, and 
very little or no data is reported on cogging. Although, fundamentally 
cogging and CWR are similar as radial compression is the most impor
tant loading in both cases. Hence, an analysis of the published literature 
on center burst cracking during the CWR process is provided hereafter. 
Lee et al. [11] found that center cracks formed during the CWR process 
in the middle of the shaft in both radial and axial directions. 

Zhou et al. [12–14] studied the central crack formation during the 
cross wedge rolling of pure aluminum using FE analysis and lab scale 
experiments and proposed damage criteria to predict the risk of center 
crack formation. They reported that the maximum tensile and shear 
stresses were the key parameters for damage occurrence along the center 
axis of the workpiece. Li et al. [15] studied experimentally the center 
crack formation in a 1100H16 aluminum alloy and investigated the 
mechanisms responsible for ductile fracture at the center of the work
piece. They reported that significant void formation and propagation 
occurred along the center axis of the workpiece, induced by shear and 
tensile stresses, respectively. Kukuryk [16] used normalized Cockcroft 
and Latham damage criteria for the prediction of damage during multi 
pass cogging of lab scale specimens made of 30CrMoV1211 steel and 
reported that tensile stresses were the primary factor influencing the 
initiation of discontinuities along the center axis of the workpiece. In a 
recent study, the same authors Kukuryk et al. [17] studied a two-stage 
cogging process of a X5CrNi18-10 stainless steel, using flat and shaped 
anvils, and calculated the distribution of effective strain and stress, mean 
stress, and stress triaxiality in the radial direction. They identified the 
damage criteria that best represented the center burst cracking during 
the cogging of the investigated alloy. 

Very little data is available in the open literature on the formation of 
center burst during the cogging of high strength steel bars and even less 
in relation to AISI H13 steel, despite the important industrial applica
tions of this steel [18–20]. The reported studies have focused on relating 
material tearing and center burst formation to the evolution of the flow 
curve on laboratory scale compression samples and not assessing the risk 
of center burst formation as a function of deformation conditions rep
resenting the cogging process. The data is even more scarce when it 
comes to the influence of die geometry on stress-strain states and damage 
evolution at the center of the workpiece during the cogging process of 
large size round bars [21,22]. Most of the existing data on the influence 
of die geometry is on void closure. Kukuryk et al. [16] studied the effect 
of flat, v-shaped die and assembly of three radial dies on void closure on 
a X40CrMoV511 steel. The authors found that v-shaped die was the most 
efficient in closing axial voids of various sizes, as compared to the other 
types of dies. Dudra et al. [23] analyzed the influence of flat, v-shape, 
and Mannesmann effect-free dies on void closure during open die 

forging. This analysis was based on effective strain and hydrostatic 
stresses at the center of the billet. The authors reported that effective 
strain was a better indicator for void closure. Zhang et al. [24] studied 
the effect of die geometry on void closure during the forging of a heavy 
ingot using multi scale FE analysis. They reported that cymbal shape and 
v-shape die provided the best results for voids closing around the axis 
and near to the die surface during upsetting and cogging operations, 
respectively. Tamura et al. [25] employing rigid plastic finite element 
analysis for open die forging, optimized die curvature radius to ensure 
void closure in a stainless steel bar using the criterion based on equiv
alent plastic strain value. Kukuryk [26] studied the effect of convex die, 
assembly of three radial anvils and skew anvils die surface on 
stress-strain states during the cogging of a X32CrMoV12-28 die steel. 
The authors concluded that by variation of die curvature, stress-strain 
states can be varied in the absence of tensile stresses along the center 
axis of the workpiece and proposed a criterion to predict the damage. 
Ghiotti et al. [27] reported the formation of the Mannesmann defect 
during rolling, cogging, and cross wedge rolling along the longitudinal 
axis of a steel bar. They proposed a model to predict the Mannesmann 
effect at the center of the bar using a damage law that considered the 
impact of flaws already present in the metal during the fabrication 
process. Recently, Lin et al. [28] studied the effect of flexible rollers on 
the defects present at the center of a C45 steel bar during skew rolling. 
The authors determined deformation conditions that would minimize 
the tensile and shear stresses in order to avoid the formation of central 
defects along the center axis of the workpiece. Successfully produced 
rolled bar free from the center defect in absence of Mannesmann effect. 

Based on the above literature review it can be said that the crucial 
factors affecting the occurrence of center cracks and bursts during radial 
compression include maximum tensile stress, maximum shear stress, 
and stress-strain states at the center of the workpiece. This study aims to 
identify the key deformation parameters that increase the sensitivity to 
center burst defect formation and propagation during the cogging pro
cess of an AISI H13 steel and in particular determine the effect of die 
geometry on stress-strain states and the center burst damage evolution. 
A secondary objective is then to develop a predictive model and apply it 
to an industrial size workpiece. To this end, the optimum constitutive 
model, which provided the most accurate flow stress prediction, was 
determined and integrated into the Forge NxT 3.2® FEM code using a 
specially developed subroutine. The FE simulation of cogging process 
using concave, flat and convex die were performed. The critical damage 
value in the range of examined forging temperatures was calculated for 
the AISI H13 steel and used for the prediction of risky zones for burst 
formation. The validated FE model is used for the prediction of center 
burst formation during the cogging of AISI H13 steel on an industrial 
scale. 

Fig. 1. Center burst occurred during the cogging of AISI H13 steel (a) center burst formation at extreme end of the workpiece (b) center burst propagated along the 
center axis of the workpiece. 
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2. Material and experimental procedure 

2.1. Material 

The material used in this study was manufactured and provided by 
Finkl Steel-Sorel, Quebec, Canada. The production process commenced 
with the melting of scrap metal through an electric arc furnace, followed 
by refining and degassing to control the alloy composition. The melting 
process was followed by ingot casting and solidification. The solidified 
ingot was transferred to the forging furnace and heated up to 1260 ◦C 
before the forging and post forging heat treatment processes. Tensile and 
compression test specimens were machined from the quarter location of 
the 571 mm diameter shaft. Table 1 shows the chemical composition of 
the AISI H13 steel in weight percentage. 

2.2. Experimental procedure 

2.2.1. Hot compression test 
Hot compression tests were conducted using Gleeble-3800® thermo- 

mechanical simulator to obtain flow curves for AISI H13 steel and 
develop the material model for the finite element analysis of the cogging 
process. The samples with a diameter of 10 mm and a height of 15 mm 
were produced in accordance with the ASTM E209 standard. A pre
liminary analysis of the industrial conditions (press charts, temperature 
measurements, die velocity, etc.) allowed for the determination of 
deformation temperatures, reduction per pass, strain rates, and strain. 
Fig. 2 illustrates the laboratory test conditions, encompassing three 
temperatures 1260 ◦C, 1200 ◦C, and 1150 ◦C, coupled with four strain 
rates 0.001 s− 1, 0.01 s− 1, 0.1 s− 1, and 1 s− 1 that are representative of the 
industrial forging process. The specimen was heated up to a temperature 
of 1260 ◦C at a heating rate of 2 ◦C/s and maintained for 15 min to 
guarantee consistent temperature across the entire volume. It was then 
cooled at a rate of 1 ◦C/s to the test temperature. After reaching the test 
temperature, it was held for 1 minute before deformation was applied. 
Nickel based paste and 0.1 mm tantalum sheet were placed between the 
anvil and the specimen’s surface to minimize the friction during defor
mation. The sampling rate was adjusted to ensure an equal number of 
data points were recorded at all strain rates. After the hot compression 
test, the flow stress data was automatically exported from the Gleeble 
3800 in OriginLab® software on the computer connected to the 
controller. Fig. 3 presents the measured true stress-strain curve subse
quent to the hot compression test, considering all possible combinations 
of process parameters (3 temperatures and 4 strain rates). Flow curves in 
Fig. 3, demonstrate both the occurrence of hardening and softening 
phenomena at lower strain rates of 0.001 s− 1 and 0.01 s− 1, while only 
hardening is noticeable at strain rates of 0.1 s− 1 and 1 s− 1. 

2.2.2. Hot tensile test 
The main objective out of the hot tensile testing was to calculate the 

critical damage value in the range of forging temperature and defor
mation rate for AISI H13 using normalized Cockcroft and Latham cri
terion. The hot tensile test specimens (gauge length = 66 mm and 
diameter = 6.25 mm) were prepared according to ASTM E8 standard 
[29]. Fig. 4(a) shows the tensile setup inside the Gleeble 3800 
thermo-mechanical simulator chamber with an installed extensometer 
to measure the elongation in the gauge length of the specimen. Fig. 4(b) 
shows the tensile specimen before and after the test with dimensions. 
Fig. 5(a) shows the heating and tensile testing sequence at two distinct 
temperatures, 800 ◦C and 1200 ◦C, employing a strain rate of 0.05 s− 1. 
Test specimen diameter and length, both before and after the test, were 

recorded to calculate the percentage reduction in cross-sectional area 
and the elongation. Like the compression test data, tensile test data were 
also recorded and automatically exported in OriginLab® software. Fig. 5 
(b) shows the true stress-strain curves after the hot tensile test. 

3. Identification of constitutive law parameters and calculation 
of damage value 

3.1. Arrhenius model 

The established model [30] provides the relation between critical 
factors for hot deformation, such as strain rate, temperature and acti
vation energy, while maintaining a constant deformation value. The 
relationship is presented in Eq. (1) where Z is known as the 
Zener-Hollomon parameter: 

Z=ε̇ e

(
Q

RT

)

(1)  

In the above equation, Q represents the activation energy (kJ.mol− 1), R 
stands for the universal gas constant (kJ.mol− 1.K− 1) and A, α and n are 
constants specific to the material. 

Arrhenius model also provides the relation between strain rate, flow 
stress, and deformation temperature, given by Eq (2). 

ε̇=AF(σ)e

(
−

Q
RT

)

(2)  

Here, F(σ) takes the form of a power function, exponential function, or 
Hyperbolic sine function as presented below: 

F(σ)=σn1 (ασ< 0.8) (3)  

F(σ)= e(βσ) (ασ> 1.2) (4)  

F(σ)= [sinh(ασ)]n (For all σ) (5)  

α=
β
n1

(6)  

In this context, A, n, n1, β and α represent material constants, with the 
additional relationship in Eq. (6). Combining the equations above, 
provides the expression for the flow stress, which primarily depends on 
the values of α, Z, A and n. The corresponding values for these material 
constants were determined through regression analysis and the results 
are reported in Table 2 for a strain of 0.5. 

On the basis of the above equations, the flow stress could be 
expressed as: 

σ =
1
α ln

⎧
⎨

⎩

(
Z
A

)1
n

+

[(
Z
A

)2
n

+1

]1/2
⎫
⎬

⎭
(7) 

Table 1 
Composition of chemical elements in AISI H13 steel.  

Elements C Mn Si Cr Mo V Fe 

Weight % 0.4 0.4 1.05 5.15 1.35 1 Balance  

Fig. 2. Heating and thermomechanical testing cycle.  
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Fig. 3. Flow stress behavior of AISI H13 steel after the hot isothermal compression.  

Fig. 4. Experimental setup (a) Gleeble 3800 thermo-mechanical simulator (b) tensile test setup inside the Gleeble chamber (c) tensile specimen before and after 
the test. 

Fig. 5. (a) The heating and deformation process (b) true stress-strain plot for AISI H13 steel following a hot tensile test at strain rate 0.05 s− 1.  
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The material constants mentioned above in Table 2 were determined 
for a fixed value of strain (0.5). As shown in Fig. 3, when the strain in
creases from 0.01 to 0.5, the flow stress exhibits both hardening and 
softening behaviors in the material and therefore, it must be considered 
in the analysis [31,32]. To address the impact of strain on flow stress, a 
modified Arrhenius model, known as the strain-compensated model 
[33], was used in the present study. The material parameters α, n, Q, and 
A were formulated as functions of strain by employing polynomial 
functions of degree six. These functions are detailed and provided in 
expressions (8-11). Table 3 provides the material parameters for the 
strain-compensated model, along with the coefficients of the polynomial 
function. 

α=B0 + B1ε + B2ε2 + ⋯⋯⋯⋯ + Bmεm (8)  

n=C0 + C1ε + C2ε2 + ⋯⋯⋯⋯ + Cmεm (9)  

Q=D0 + D1ε + D2ε2 + ⋯⋯⋯⋯ + Dmεm (10)  

lnA=E0 + E1ε + E2ε2 + ⋯⋯⋯⋯ + Emεm (11)  

3.1.1. Hansel-Spittel and Johnson-Cook models 
The Hansel-Spittel [34] and Johnson-Cook models [35] are 

phenomenological material models widely used for the prediction of 
material response during high temperature deformation. Both models 
have been implemented as default in many materials FE modeling 
software [36]. They take into consideration temperature and strain rate 
dependencies and consider the occurrence of both hardening and soft
ening phenomena during the material’s hot deformation process [37]. 
Eq. (12), depicts the mathematical formulation of the Hansel-Spittel 
model, establishing the relationship between flow stress and the mate
rial parameters. 

σ =Aoem1T εm2 ε̇m3 e
m4
ε (1 + ε)m5T em6εε̇m7 Tm8 (12)  

Where, σ represents stress (MPa), ε̇ stands for strain rate (s− 1), ε in
dicates strain, T represents the deformation temperature (◦C) and A, m1 
through m8 are specific material constants reported in Table 4. 

Fig. 6 shows a comparison of flow stresses between experimental and 
Arrhenius model predicted values. Dashed lines represent the experi
mental data, while solid lines represent the predicted values. The dif
ference between the measured and predicted values is small. However, 
this difference becomes more pronounced as the strain rate increases 
and temperature decreases. In Fig. 7 a comparison of flow stress between 
experimental and Hansel-Spittel model predicted values is presented. 
The difference between measured and predicted values are clearly 
higher compared to the Arrhenius model, especially at higher strain 

rates 0.1s− 1 and 1s− 1. Notably, for the lowest temperature of 1150 ◦C 
and highest strain rates, the Hansel-Spittel model is unable to predict the 
softening behavior of the AISI H13 material. The quantification of error 
and R-square values for the predicted flow stresses by the Arrhenius and 
Hansel-Spittel models is addressed in the subsequent section. 

Fig. 8(a) and 8(b) provide a comparison between experimental and 
predicted flow stress values using both constitutive models. The evalu
ations were conducted using the average absolute relative error (AARE) 
and R-square values. AARE values, computed using Eq. (13), were 
employed to assess the efficiency of flow stress prediction by the two 
models. AARE values for Arrhenius and Hansel- Spittel model were 
found to be 3.6 % and 5.7 %, respectively. R-square values were 
calculated for Arrhenius and Hansel-Spittel model were found to be 
0.9936 and 0.9802, respectively. A similar analysis, which will not be 
detailed here, was conducted for the Johnson-Cook model and led to 
similar results. Specifically, for the same data set, AARE and R-square 
values were found to be 13.5 % and 0.89, respectively. Finally, it must be 
noted that comparable findings for both models were reported by 
Ref. [38]. for modified-H13 steel. 

AARE=
1
N

∑N

1

⃒
⃒
⃒
⃒

σi
e − σi

p

σi
e

⃒
⃒
⃒
⃒×100 (13)  

Where, σe represents the experimental flow stress value, and σp denotes 
the predicted flow stress value. 

The above analysis showed that predictions from the Arrhenius 
model demonstrated higher accuracy and closer alignment with the 
experimental flow stress values compared to Hansel-Spittel and Johnson 
and Cook models. As a result, the Arrhenius model was integrated into 
Forge NxT 3.2® software to simulate the cogging process and predict the 
stress, strain, and damage evolution map at the end of cogging. 

3.2. Normalized Cockcroft and Latham criterion 

This criterion relies on the evolution of the maximum tensile prin
cipal stress, effective stress-strain, and strain at the point of fracture. Oh 
and Kobayashi [39] proposed a ductile damage criterion to identify the 
regions prone to ductile damage and crack initiation. During the forging 
process, ductile failure occurs due to the accumulation of plastic tensile 
strain and tensile stresses. The damage value reflects the accumulation 
of damage during the metal forming process [40,41]. The critical 
damage value varies with temperature and strain rate. Stefanik et al. 
[42] examined the impact of these parameters on a BSt500S steel and 
observed that as temperature and strain rate rise, the limiting damage 
value also increases. Eq. (14) and Eq. (15) provide the relationship be
tween the critical damage value and material properties at a given 
temperature and strain rate. Both equations are available in the Forge 
NxT 3.2® [43]. In the present work, the damage values were calculated 
based on the percentage reduction in cross-section area using Eq. (15) at 
a constant temperature and strain rate. Table 5 provides the hot tensile 
properties as well as the damage values at 800 ◦C and 1200 ◦C, for a 
strain rate of 0.05 s− 1 determined from the hot tensile tests. Interpre
tation of cogging results were based on the yield strength and damage 
values to predict the risky zones for the center burst defect formation 
and propagation. 

CCR =

∫εf

0

(σ1

σ

)
dε (14)  

CCR≈ 1.5× In
(

1+
A%
100

)

(15)  

Where, ε is the equivalent strain, εf is the strain at fracture, σ1 is the 
maximum principal stress, σ is the effective stress, A% is the reduction of 
cross section near to fracture. 

Table 2 
Material parameters for the Arrhenius Model at strain 0.5  

β(MPa− 1) n1 α(MPa− 1) n Q(K J mol− 1) lnA (s− 1)

0.1230 5.9313 0.0207 4.36 503.079 16.067  

Table 3 
Coefficient of polynomial function for modified Arrhenius model for the AISI 
H13.  

α n Q( × 10− 6) lnA 

B0 = 0.0324 C0 = 4.435 D0 = 0.556 E0 = 40.9638 
B1 = -0.294 C1 = -7.379 D1 = -0.353 E1 = -23.1777 
B2 = 2.9275 C2 = 144.102 D2 = -4.033 E2 = -391.262 
B3 =

-15.482 
C3 = -1106.84 D3 = 42.129 E3 = 3803.6 

B4 = 44.606 C4 = 3735.17 D4 = -144.929 E4 = -12996.1 
B5 =

-65.421 
C5 = -5896.13 D5 = 206.846 E5 = 18786.2 

B6 = 38.146 C6 = 3577.77 D6 = -101.488 E6 = -9517.32  
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4. Finite element modeling and analysis 

The industrial cogging process was simulated using commercial 
finite element software Forge NxT 3.2®. A three-dimensional finite 
element model was employed for this analysis. Fig. 9 shows the finite 
element model along with the mesh geometry that was used for simu
lating the cogging process. The three die geometries concave, flat and 
convex, that were used for the simulation are shown in Fig. 9(a–c). The 
discretized FE model was used for the numerical simulation with four 
node tetrahedron elements and mesh sensitivity analysis was performed 
to ensure the accuracy of output results. The boundary conditions used 
in the finite element analysis were similar to the industrial process. This 
encompassed factors such as the initial billet temperature, deformation 
rate, amount of deformation applied per blow, and the heat transfer 
aspects with the environment and the die-workpiece interface. Table 6 
provides the details of the input boundary conditions used for the FE 
analysis. 

The dimensions of the flat and curve dies were 304 mm × 406 mm x 
1016 mm and the radius of curvature for the curve dies was 203 mm. 
During the cogging process, the initial billet with a square cross section 
of 711 mm × 711 mm x 2540 mm was positioned between the upper and 
lower dies along their edges. At end of every pass, the billet was rotated 
by 90, 45, and 22.5◦ to begin the next pass. This process is repeated until 
a target round shaft with a diameter of approximately 571 mm was 
obtained. Fig. 10 shows the finite element model at the end of the 
cogging process. Fig. 10(a-c) show equivalent strain distribution with 
concave, flat and convex dies, respectively. The results show that the flat 
die created higher equivalent strain values compared to the concave and 

convex dies curvature. It is interesting to note that to reach the same 
final dimensions concave, flat and convex dies required number of 
passes were 12, 19, and 16, respectively. 

Moreover, it can be seen that for the same amount of deformation, 
concave die produces more deformation compared to flat and convex 
die. Therefore, the concave die requires a smaller number of passes to 
achieve the final dimensions of the shaft and complete the cogging 
process. 

4.1. Industrial setup and validation of FE model 

Fig. 11 shows the forging setup at the partner industry, Finkl steel, 
Sorel, Quebec, Canada. Fig. 11(a) shows the 2000 metric tons forging 
press. Fig. 11(b-c) shows concave and flat die setups for the cogging of 
AISI H13 steel, respectively. Press pressure and position data were 
collected during the cogging operation. Using press pressures, forging 
loads were calculated in metric tons and with press position data, strain 
rate and percent deformation were calculated. Fig. 12 shows the com
parison of predicted and measured maximum force for each blow during 
cogging for the first two passes. It must be noted that, 8 blows were 
considered in each pass. Fig. 12(a-b) shows the comparison between 
predicted and measured maximum force versus number of blows for 
concave and flat dies, respectively. Specifically, it can be seen that as 
contact area between the die and the workpiece surface for the concave 
die is higher compared to the flat die; as a result, the concave die shows a 
higher value of maximum force. The average absolute relative error 
between measured and predicted maximum force were calculated for 
concave and flat dies, and were found to be ≈ 7 % and ≈5.3 %, 

Table 4 
Material parameters for Hansel - Spittel model.  

A m1 m2 m3 m4 m5 m6 m7 m8 

3× 1011 − 0.0027 0.2380 0.1888 − 0.0001 − 0.0010 − 0.0457 − 2.5382 0  

Fig. 6. Contrasting between experimental (dashed) and predicted (solid) flow stress using the Arrhenius model.  
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respectively. Comparative analysis shows good agreement between 
predicted and measured maximum forces. Measured force gives slightly 
higher value compared to the predicted due to the differences in friction 
conditions. Fig. 1(b) and 13 show that final diameter of the shaft at end 
of cogging process in the industry and at end of FE analysis were very 
close to each other. AARE value was found to be less than 2 %; thereby, 
confirming the validity of the findings. 

Fig. 13 shows the distribution map of equivalent strain along the 

longitudinal and transverse cross sections of the shaft at the end of the 
cogging process. The left and right transverse cross sections were 
captured at the extreme end and center of the shaft, respectively. The 
figures in the right cross section display the resulting diameter of the 
shaft after the simulation using the corresponding die geometries. 
Following the completion of the cogging process, there is a greater 
accumulation of equivalent strain at the center of the shaft on the cross 
section located at the extreme end, in contrast to the cross section at the 
center. The concave die exhibits a more uniform distribution of equiv
alent strain across all regions of the shaft, including the surface, center, 
and extreme edges, in comparison to the convex and flat dies. The 
outcomes indicate localized deformation along the center axis and 
extreme edges with the flat die. Conversely, the convex die induces 
localized deformation at the surface and just below the surface because 
of its sharper curvature, differing from the concave and flat dies. 

Fig. 14 presents the distribution of damage values on both the lon
gitudinal and transverse cross sections of the shaft upon completion of 

Fig. 7. Contrasting between experimental (dashed) and predicted (solid) flow stress using the Hansel-Spittel.  

Fig. 8. Comparison of accuracy and correlation between experimentally measured and predicted flow stress values by employing (a) Arrhenius model and (b) Hansel 
- Spittel model. 

Table 5 
AISI H13 steel hot tensile properties and corresponding damage value.  

Temperature 
(⁰C) 

Yield 
strength 
(MPa) 

Final diameter 
at necking c/s 
(mm) 

% Reduction in 
cross section 
area 

Critical 
damage 
value (CCR) 

800 125 ~1.5 94 0.99 
1200 29 ~1.2 96.5 1.01  
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the cogging process. The pattern of damage value distribution aligns 
with that of the equivalent strain distribution. Left and right transverse 
cross sections were taken at the extreme end and at the center of the 
shaft, respectively. Upon completing the cogging process, it was 
observed that damage accumulation at the center of the shaft’s extreme 
end cross section was more pronounced compared to the center cross 
section. This disparity can be attributed to varying stress-strain condi
tions. When employing the concave die, damage distribution exhibited 
uniformity across the surface, central region, and extreme edges of the 
shaft. In contrast, the flat and convex dies displayed non-uniform 
damage distribution. The most substantial damage was identified at 
the extremities and along the central axis of the shaft. These outcomes 
align closely with experimental observations, indicating that the shaft’s 

extremities were more susceptible to damage, which in turn could 
initiate cracks and lead to burst formation. Yang et al. [10] reported that 
after burst formation with an increase in the number of passes, crack 
propagation took place along the longitudinal axis through the center of 
the shaft. 

5. Results and discussion 

5.1. Identification of the key parameters 

To analyze the cogging process, data was collected at the end of each 
pass. For data recording, two distinct regions were selected: the two ends 
and the central area of the shaft. This selection was prompted by the 
non-uniform distribution of deformation and damage along the longi
tudinal axis. Fig. 15 shows the placement of sensors in simulation used 
for data acquisition. Sensors 1 to 5 were positioned along the longitu
dinal cross section, aligned with the center axis of the shaft. Sensors 1 
and 5 were located at the two extreme ends, while sensors 2, 3, and 4 
were positioned within the central regions of the shaft. Equivalent 
strain, damage value, maximum shear stress and stress triaxiality vari
ations were plotted to show how the average values from the two 
extreme ends (1 and 5) compare to the average values from the central 
region (2, 3, and 4) in relation to the number of passes. This analysis is 
presented in the following. 

5.1.1. Equivalent strain distribution 
Fig. 16 depicts the change in the equivalent strain as the number of 

passes increases throughout the cogging process. The results show a 
linear increase with the increasing number of passes. Notably, the 
average equivalent strain value at the two ends surpassed the average 
value within the central region of the shaft at the end of each pass. The 

Fig. 9. Finite element model for cogging simulation before deformation with (a) concave (b) flat and (c) convex die.  

Table 6 
Input boundary conditions for FE analysis.  

Parameters Input to FE model 

Square ingot and initial dimensions 711 mm × 711 mm x 2540 mm 
Upper and lower die Concave, flat and convex 
Ingot initial temperature 1260 ◦C 
Die temperature 35 ◦C 
Die velocity 15 mm/s 
Material AISI H13 steel 
Material model Arrhenius 
Displacement per blow 165 mm 
Mesh size 26 mm (tetrahedron) 
Number of mesh elements 126121 (workpiece) 
Heat Transfer coefficient with air 10 W m− 2 K− 1 

Heat Transfer coefficient with die 10000 W m− 2 K− 1 

Friction condition No lubrication 
Manipulator Assumed holds one end of the ingot  

Fig. 10. Finite element model for cogging simulation after deformation at the end of cogging showing the effective strain distribution with (a) concave (b) flat and (c) 
convex die. 
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Fig. 11. Cogging setup at partner industry Finkl steel, Sorel, Canada (a) 2000 metric tons forging press (b) Concave and (c) Flat die setup.  

Fig. 12. Comparison of the measured and predicted maximum force for the initial 2 passes during the cogging process of an industrial size ingot of AISI H13 steel, as 
shown in (a) for the concave and (b) for the flat die. 

Fig. 13. The distribution of equivalent strain is shown along the longitudinal and transverse cross sections of the shaft after the cogging process using (a) concave, (b) 
flat, and (c) convex die. 
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average equivalent strain values at the end of cogging varied between 
2.4 and 2.9 for the concave die, 3.3 and 4.5 for the flat die, and 2.9 and 
3.4 for the convex die, encompassing both ends and the central region. 

The results show that, employing the concave die led to higher 
equivalent strain values at both locations when compared to the flat and 
convex dies. Du [44] reported that during the forging of a railway axle, 
the equivalent strain at the workpiece center during forging with flat 
and concave anvils were 1.35 and 1.57, respectively. Xu et al. [45] in a 
similar study stated that the curvature of the concave die induced higher 
compressive deformation. Thus, by altering the die curvature, the 
deformation path and intensity of deformation were modified, leading 

to a more uniform deformation of the material. 

5.1.2. Damage value 
Based on the outcomes of the hot tensile tests, critical damage values 

were computed, revealing a variation ranging from 0.9 to 1 at temper
atures of 800 ◦C and 1200 ◦C, respectively. Fig. 17 shows that with an 
increment in the number of passes, the damage value exhibited a linear 
rise both at the two ends and within the central region along the center 
axis of the shaft. The average damage values at the two ends were noted 
to be greater compared to the average value in the central region of the 
shaft. Initially, up to the 8th pass, the damage values for all die 

Fig. 14. Damage value distribution along longitudinal and transverse cross section of shaft at the end of cogging with (a) concave (b) flat and (c) convex die.  

Fig. 15. Sensor location for data recording at the end of each pass.  

Fig. 16. Change in equivalent strain with the number of passes during the cogging of H13 steel, depicted as: (a) the average of two end values and (b) the average of 
values in the central region of the shaft. 

P. Dhondapure et al.                                                                                                                                                                                                                           



Journal of Materials Research and Technology 27 (2023) 8244–8257

8254

geometries were quite similar. However, after the 8th pass, there was a 
swift increase to 1.5 and 1.8 for the flat and convex dies, respectively. In 
contrast, for the concave die, the damage value increased at a compar
atively slower rate, reaching 0.7 at the end of the cogging. Hence, 
minimizing the number of passes to attain the desired shaft dimensions 
is of utmost significance. This investigation revealed that utilizing the 
concave die allowed reaching the required final dimensions in as few as 
12 passes, compared to 19 passes with the flat die and 16 passes with the 
convex die. 

5.1.3. Maximum shear stress 
The critical threshold for the maximum shear stress was determined 

as 62.5 MPa through the hot tensile tests. Fig. 18 demonstrates the 
change in the maximum shear stress as the number of passes increases 
during the cogging process. The findings indicate a linear increase in the 
maximum shear stress value as the number of passes is increasing, both 
at the two ends and within the central region along the center axis of the 
shaft. The average maximum shear stress values at the two ends were 
noted to be higher than the average values in the central region. At the 
end of cogging, the average maximum shear stress in the central region 
and at the two ends of the shaft ranged from 26 to 60 MPa for the 
concave die, 36–84 MPa for the flat die, and 29–66 MPa for the convex 
die. Fig. 18(a) shows the average value of the maximum shear stress at 
the end of the cogging for the two ends of the shaft for flat and convex 
dies. Notably, this value surpasses the critical threshold for crack initi
ation, indicating a definite potential for center burst and crack forma
tion. Fig. 18(b) shows the average values within the central region of the 
shaft for the three die geometries. These values remain below the critical 
stress threshold (62.2 MPa), implying a minimal risk of crack 

occurrence. Using the concave die geometry, the maximum shear stress 
value was below the critical threshold in all regions, in contrast to the 
flat and convex dies. Therefore, with concave die curvature, it was 
possible to reduce the maximum shear stress value to approximately 60 
MPa. 

5.1.4. Stress triaxiality 
The critical stress triaxiality value, necessary to prevent the initiation 

and formation of cracks in the material, should be equal to or lower than 
dotted line in Fig. 19 (− 0.3) [46]. A high negative value reduces the risk 
of central burst formation [47]. Fig. 19 shows the variation of stress 
triaxiality with the number of passes during cogging. Unlike equivalent 
strain, damage value and maximum shear stress value, the stress triax
iality value in the central region demonstrates a decrease (more negative 
value) with the rising number of passes, in contrast to the average value 
at the two ends of the shaft. Throughout the cogging process, the stress 
triaxiality variation curve exhibited a sinusoidal waveform. This phe
nomenon arises from the alternating compressive and tensile stress 
states that the material undergoes along the center axis of the shaft with 
each pass; as the number of passes increases, and as the average stress 
triaxiality in the central region decreases. 

The average stress triaxiality values at the extreme ends for all three 
dies are illustrated in Fig. 19(a). The results show that the stress triax
iality values for the concave die range between − 0.2 and − 0.7, with the 
majority of values situated in the region of no crack risk. Similar results 
were obtained for the central region, as presented in Fig. 19(b). It can be 
seen that the smallest triaxiality stress values are for the concave die; 
although, in this case, the two other dies also fall within the safe zone; 
however, the values are still significantly higher than the ones for the 

Fig. 17. Change in damage value with the increase in the number of passes during H13 steel cogging, shown as: (a) the average of two end values and (b) the average 
of values in the central region of the shaft. 

Fig. 18. Change in maximum shear stress with the increase in the number of passes during the cogging of H13 steel, depicted as: (a) the average of two end values 
and (b) the average values in the central region of the shaft. 
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concave die. The large negative value indicates the presence of domi
nant compressive deformation and stress states along the center axis of 
the workpiece. 

A comparison between the three die geometries that summarizes the 
above results is provided in Table 7, all the parameter values were re
ported from the extreme end to the central region at the end of cogging. 
Where it can be seen that the concave die configuration yields to more 
uniform deformation distribution, maximum shear stress, and lower 
damage values featuring a notably negative stress triaxiality value of 
− 0.9 (indicative of compressive stress states), in contrast to the flat die. 
Furthermore, the comparison demonstrates that all the parameter values 
for the convex die fall within the range between concave and flat dies. 

The above results are in agreement with those of Yang et al. [10] who 
emphasized the significance of maximum shear stress and maximum 
tensile stress (first principal stress) as crucial factors influencing the 
formation and propagation of center burst formation. The results re
ported by Zhou et al. [13]on the role of tensile and maximum shear 
stresses on central crack formation during cross wedge rolling are 
confirmed by our study for cogging of AISI H13. Specifically, our anal
ysis showed that the maximum shear stress initiated void formation, 
while principal stress expedited crack propagation. Kukuryk [17] study 
involved the examination and comparison of three ductile damage 
criteria. The analysis also revealed that the normalized Cockcroft and 
Latham damage criterion was an efficient measure for ductile damage 
prediction during the cogging process. 

Fig. 16 shows that equivalent strain variation with the same amount 
of deformation per blow, the concave die induces a greater level of 
compressive deformation at the center of the shaft than the flat and 
convex dies. This observation might be attributed to the larger contact 
area achieved with the concave die in contrast to the other two die ge
ometries. The increased contact area with the workpiece surface, 
coupled with the inward shape of the die, results in greater constraining 
of the lateral material flow [48]. For flat and convex dies, the contact 
area was smaller, and there was less control over the lateral material 
flow. The obtained results are in agreement with those of [17] who 

studied the effect of the convex anvils on the stress state and fracture 
prediction in two stage cogging of a stainless steel bar. 

Figs. 17 and 18 show that the accumulation of damage and maximum 
shear stress value primarily occurs along the center axis of the shaft, 
with the highest values concentrated at the two ends of the shaft. This 
pattern amplifies the risk of crack initiation. Cogging using flat or 
convex dies surpasses the upper limit of the critical damage value (i.e., 
1) and the maximum shear stress value of 62.5 MPa at the end of the 
cogging process. In such circumstances, the material becomes suscep
tible to cracking. Fig. 19 presents the stress triaxiality variation in 
relation to the number of passes. It must be noted that cogging with flat 
or convex dies resulted in slightly negative stress triaxiality values 
(ranging from − 0.1 to − 0.3 at the two ends of the shaft). In contrast, the 
use of the concave die yielded stress triaxiality values ranging between 
− 0.2 and − 0.7 at the end of cogging. Therefore, the concave die gen
erates more pronounced compressive stresses and deformation at the 
center, accompanied by smaller damage values (0.3–0.7) and uniform 
deformation. Therefore, concave die curvature provides more 
compressive stress-strain states compared to flat and convex die. 

5.1.5. Heterogeneity in equivalent strain distribution 
Study of heterogeneous distribution of equivalent strain holds 

importance for the forging process. In case of bulk forming process, in
homogeneities in distribution of plastic strain impact the deformation 
behavior, microstructure and mechanical properties [49,50]. The het
erogeneity index was calculated by measuring the equivalent strain in 
each of the 126121 elements, in the entire forged bar at the end of 12 
passes. In this study, the coefficient of variation (CoV) is introduced as a 
heterogeneity index for cogging process studies. The coefficient of 
variation is computed by dividing the standard deviation by the mean 
value [51]. In the recent studies available in the literature, heterogeneity 
in the ring rolling process was expressed using the CoV [52]. The 
dimensionless value CoV, offers insight into the level of variability in 
relation to the mean within a population. A larger value of CoV indicates 
a higher level of non-uniformity in distribution. The mean (μ) and 
standard deviation (σ) were computed using the formulae provided in 
Eq. (16) and Eq. (17) respectively. Eq. (18) is employed to determine the 
coefficient of variation, as demonstrated below. 

μ = ΣN
i=1εi/N (16)  

σ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ΣN
i=1(εⅈ− μ)2

N − 1

√

(17)  

CoV=
σ
μ (18)  

Fig. 19. Variation of stress triaxiality with the increase in the number of passes during the cogging of H13 steel, represented as: (a) the average of two end values and 
(b) the average values in the central region of the shaft. 

Table 7 
Comparison and summary of above results.  

Parameters Concave 
die 

Flat die Convex 
die 

Number of passes requires to achieve 
final diameter (571 mm) 

12 19 16 

Equivalent strain 2.4 to 2.9 3.3 to 4.5 2.9 to 3.4 
Damage value 0.3 to 0.7 0.8 to 1.8 0.8 to 1.4 
Maximum shear stress (MPa) 28 to 60 36 to 84 29 to 66 
Stress triaxiality − 0.7 to 

− 0.9 
− 0.32 to 
− 0.3 

− 0.4 to 
− 0.3  
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Where, N is the number of elements in the entire ingot. εi equivalent 
strain corresponding to a single element. 

Fig. 20 shows the variation of CoV as a function of the number of 
passes during the cogging process with concave, flat and convex die. It is 
observed that as the number of passes increases, the CoV value decreases 
which results in better homogeneity in strain distribution. This indicates 
decrease in heterogeneity in equivalent strain distribution as the number 
of passes increases. Cogging with concave die provides more uniform 
deformation compared to the flat and convex die. Figs. 16 and 20 show 
that cogging process with concave die helps in obtaining higher strain 
levels and uniform deformation compared to flat and convex die and 
staying below the cracking threshold. 

The new approach of using concave die during the cogging of AISI 
H13 steel has been implemented in the industry as shown in Fig. 11(c). 
Resulting in the elimination of the center burst defects while the number 
of passes were reduced from 19 to 12; thereby, reducing energy con
sumption and increasing the production output. 

6. Conclusions 

This study comprises of development of constitutive model for AISI 
H13 steel. This model was then implemented via user subroutine to 
develop a 3D thermo-mechanically coupled FE model of industrial 
cogging process. The developed FE model was validated using industrial 
data. The cogging process was optimized using a series of FE simulations 
run to ascertain the effect of the deformation path defined by die ge
ometry (concave, flat and convex) on the stress-strain states and damage 
evolution along the central axis of the shaft. The objective was to 
anticipate critical regions prone to center burst formation during the 
cogging of AISI H13 steel. Complete information on risky zone for the 
center burst formation was obtained and the best die geometry for the 
cogging process has been identified. The key findings and conclusions 
drawn from this study could be summarized as.  

1. An optimum material model was developed based on the Arrhenius 
constitutive model and validated with experimental flow stress data. 
It shows more accurate prediction compared to the Hansel - Spittel 
and Johnson - Cook model. Additionally, the critical damage value 
for the forging temperature range was determined.  

2. The developed material and damage model were integrated into the 
Forge NxT 3.2® and cogging process was simulated for industrial size 

ingot. The validated FE model offers the capability to forecast the 
risky area prone to center burst formation during cogging.  

3. The concave die provided more uniform and higher compressive 
deformation, along with lower damage values compared to the flat 
and convex die during the cogging of highly sensitive material AISI 
H13 steel.  

4. A novel approach and application of concave die in cogging were 
implemented in the industry and resulted in an elimination of center 
burst in the shaft and increased production output. 
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[48] Dyja H, Banaszek G, Mróz S, Berski S. Modelling of shape anvils in free hot forging 
of long products. J Mater Process Technol 2004;157(158):131–7. https://doi.org/ 
10.1016/j.jmatprotec.2004.09.022. 

[49] Li B, Zhang S, Hu R, Zhang X. Dislocation density and grain size evolution in hard 
machining of H13 steel: numerical and experimental investigation. J Mater Res 
Technol 2020;9:4241–54. https://doi.org/10.1016/j.jmrt.2020.02.051. 

[50] Nayak S, Singh AK, Prasad MJNV, Narasimhan K. Development of microstructural 
heterogeneities and dynamic restoration activity during ring rolling of Ti-6Al-4V 
alloy and its tensile response. J Alloys Compd 2023;963:171241. https://doi.org/ 
10.1016/j.jallcom.2023.171241. 

[51] Zhu S, Yang H, Guo LG, Gu RJ. Investigation of deformation degree and initial 
forming temperature dependences of microstructure in hot ring rolling of TA15 
titanium alloy by multi-scale simulations. Comput Mater Sci 2012;65:221–9. 
https://doi.org/10.1016/j.commatsci.2012.07.014. 

[52] Nayak S, Kumar Singh A, Gokhale H, Prasad MJNV, Narasimhan K. Optimization of 
Ti-6Al-4V ring rolling process by FE simulation using RSM. Int J Solid Struct 2023: 
262–3. https://doi.org/10.1016/j.ijsolstr.2022.112064. 112064. 

P. Dhondapure et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/j.jmatprotec.2019.116549
https://doi.org/10.1016/j.jmatprotec.2019.116549
https://doi.org/10.1016/j.ijmachtools.2020.103647
https://doi.org/10.1007/s00170-022-10126-1
https://doi.org/10.1007/s00170-022-10126-1
https://doi.org/10.1016/S0924-0136(02)00303-5
https://doi.org/10.3390/met9050538
https://doi.org/10.3390/ma14113113
https://doi.org/10.3390/ma14113113
https://doi.org/10.1007/s12540-020-00863-x
https://doi.org/10.1016/j.ijmecsci.2017.12.045
https://doi.org/10.1016/j.ijmecsci.2017.12.045
https://doi.org/10.1016/j.jmrt.2023.08.275
https://doi.org/10.1016/j.jmrt.2023.08.275
https://doi.org/10.1016/j.jmrt.2023.08.073
https://doi.org/10.1016/j.jmrt.2023.08.073
https://doi.org/10.1007/s00170-016-9378-6
https://doi.org/10.1016/0890-6955(90)90042-H
https://doi.org/10.5539/mas.v6n10p15
https://doi.org/10.1179/030192303225001801
https://doi.org/10.1179/030192303225001801
https://doi.org/10.3390/ma13245589
https://doi.org/10.3390/ma13245589
https://doi.org/10.1016/j.cirp.2009.03.099
https://doi.org/10.1016/j.cirp.2009.03.099
https://doi.org/10.1007/s00170-021-08079-y
https://doi.org/10.1007/s00170-021-08079-y
https://doi.org/10.1520/E0008
https://doi.org/10.1016/0001-6160(66)90207-0
https://doi.org/10.1016/j.jmrt.2023.01.106
https://doi.org/10.1016/j.jmrt.2023.01.106
https://doi.org/10.1080/2374068X.2020.1731233
https://doi.org/10.3390/ma15124116
https://doi.org/10.3390/ma15124116
https://doi.org/10.1016/j.ijmecsci.2013.09.017
https://doi.org/10.1016/j.ijmecsci.2013.09.017
https://doi.org/10.1016/0013-7944(85)90052-9
https://doi.org/10.3390/met13030633
https://doi.org/10.3390/met13030633
https://doi.org/10.1016/j.jallcom.2021.162387
https://doi.org/10.1557/s43579-022-00182-9
https://doi.org/10.1115/1.3439471
https://doi.org/10.1115/1.3439471
https://doi.org/10.1016/j.jmrt.2022.02.104
http://refhub.elsevier.com/S2238-7854(23)02979-4/sref41
http://refhub.elsevier.com/S2238-7854(23)02979-4/sref41
http://refhub.elsevier.com/S2238-7854(23)02979-4/sref41
https://doi.org/10.2478/v10172-011-0058-0
http://refhub.elsevier.com/S2238-7854(23)02979-4/sref43
https://doi.org/10.1115/IMECE2015-50695
https://doi.org/10.1115/IMECE2015-50695
https://doi.org/10.1007/s12289-020-01590-9
https://doi.org/10.1007/s12289-022-01735-y
https://doi.org/10.1007/s12289-022-01735-y
https://doi.org/10.1016/j.engfracmech.2004.07.011
https://doi.org/10.1016/j.engfracmech.2004.07.011
https://doi.org/10.1016/j.jmatprotec.2004.09.022
https://doi.org/10.1016/j.jmatprotec.2004.09.022
https://doi.org/10.1016/j.jmrt.2020.02.051
https://doi.org/10.1016/j.jallcom.2023.171241
https://doi.org/10.1016/j.jallcom.2023.171241
https://doi.org/10.1016/j.commatsci.2012.07.014
https://doi.org/10.1016/j.ijsolstr.2022.112064

	Influence of deformation path on the stress state and damage evolution along the central axis of a large size forged ingot  ...
	1 Introduction
	2 Material and experimental procedure
	2.1 Material
	2.2 Experimental procedure
	2.2.1 Hot compression test
	2.2.2 Hot tensile test


	3 Identification of constitutive law parameters and calculation of damage value
	3.1 Arrhenius model
	3.1.1 Hansel-Spittel and Johnson-Cook models

	3.2 Normalized Cockcroft and Latham criterion

	4 Finite element modeling and analysis
	4.1 Industrial setup and validation of FE model

	5 Results and discussion
	5.1 Identification of the key parameters
	5.1.1 Equivalent strain distribution
	5.1.2 Damage value
	5.1.3 Maximum shear stress
	5.1.4 Stress triaxiality
	5.1.5 Heterogeneity in equivalent strain distribution


	6 Conclusions
	Credit author statement
	Declaration of competing interest
	Acknowledgments
	References


