Predicting the occurrence of central burst during open die
forging of high strength steels: A metallurgical and
mechanical analysis

Prashant Dhondapure?, Pierre Tiza Mha?, Lea Ebacher?, Simin Dourandish?, Henri Champliaud?,
Jean-Benoit Morinb, Elizabeth Bilitz°, Mohammad Jahazi® *

aDepartment of Mechanical Engineering, Ecole de Technologie Supérieure, 1100 Notre Dame
West, Montreal, Quebec H3C 1K3, Canada.

°Finkl Steel-Sorel Inc., 100 McCarthy, Saint-Joseph-de-Sorel, Quebec J3R 3M8, Canada.
dFinkl Steel, 1355 E 93" St., Chicago, IL 60619, United States.

*Corresponding author e-mail address: mohammad.jahazi@etsmtl.ca

Final report of FIERF supported research project.


mailto:mohammad.jahazi@etsmtl.ca

Abstract

Cracking along the central axis of large size high strength steel bars is a common issue during
forging, resulting in significant part rejections. This study aims to enhance our understanding of
stress-strain dynamics during forging, particularly focusing on how die geometry influences
damage evolution in AISI H13 steel cogging. Using the Gleeble-3800® thermo-mechanical
simulator, hot compression and tensile tests were conducted to establish an optimal material model
and damage model. The developed model was then implemented into the Transvalor Forge NxT
3.2% finite element (FE) code. Subsequently, FE analysis was conducted with concave, flat, and
convex die shapes to predict damage along the shaft central axis. The damage level was predicted
based Cockcroft and Latham damage criterion. A comparative analysis of these die geometries
was performed to assess their impact on central burst sensitivity. The FE model's validity was
confirmed using industrial data. Results indicated that cogging with a concave die yielded the
lowest damage, while the flat die led to the highest damage. Additionally, the coefficient of
variation (CoV) was used to measure deformation uniformity, with the concave die providing the
most consistent results and proving advantageous for cogging compared to the flat and convex
dies. This study successfully demonstrated the industrial-scale implementation of the concave die

approach in cogging operations.
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damage prediction.

1. Introduction

This project involved collaboration with Finkl Steel-Sorel Inc., Quebec, Canada, and Finkl Steel,
Chicago, United States. Before writing and finalizing the project proposal, we held several
meetings with our industrial partners to understand their concerns and challenges regarding central
burst formation during open die forging, particularly in the cogging process of high-alloy steels
like AISI H13 and FX steel. After comprehending the industrial challenge, we outlined the
objectives of this project as follows: 1) Develop the optimum constitutive model for the

investigated alloy, 2) Calculate the critical damage value for the forging temperature range and



strain rate, 3) Develop and validate the FE model for the industrial cogging process, 4) Simulate
the industrial cogging process using three different die geometries to illustrate the diverse
deformation paths, and 5) Propose the optimum deformation path to eliminate or reduce regions
prone to central crack initiation and propagation during the cogging of high strength steel.

In the industrial landscape, large shafts, often constructed from AISI H13 tool steels, find extensive
application in sectors such as energy and transportation [1], [2]. The production process for large
ingots, especially those made of high-strength steels, encompasses multiple stages. These include
bottom casting in cylindrical shape ingots, open die forging, and subsequent quenching and
tempering procedures prior to machining. Upsetting, Free from Mannesmann effect (FM), and
cogging are the three main steps during open die forging [3]. Center burst, a defect that emerges
along the central axis during rolling or forging is a well-documented issue in the industry [4]. This
flaw causes irreversible harm to the component, frequently resulting in partial or complete
rejection. Hence, it's crucial to pinpoint and measure the influence of each manufacturing process

parameter involved in center burst formation.

In the literature reported on the effect of tensile stress on internal defect formation and void closure
during the plastic deformation. Smirnov [5] investigated the origins of internal defects and
identified shear stress and tensile stress as key factors contributing to central damage. Teterin and
Liuzin [6] conducted tests on composite steel billets, revealing a concentrated zone of plastic
deformation in the billet center. Hayama [7] developed an empirical formula to calculate tensile
stress the center of forged shafts, determining optimal working conditions to prevent central
damage. Dong et al. [8] simulated cross wedge rolling using the finite element method and reported
that internal damage occurred when the first principal stress in the workpiece center surpassed
yield stress. Li and Lovell [9] concluded, based on numerical simulation results, that effective
plastic strain was the most reliable predictor of internal damage. Pater et al. [10] utilized numerical
analysis of the cogging process, identifying the central region of the workpiece as most prone to
cracks due to positive mean stress. Silva et al. [11] linked high sulfur content and elevated working
temperatures to the formation of large central cavities. Zhou et al. [12] established a finite element
model to analyze internal defect generation during cogging, highlighting micro-cracks originating
from shear stress cycles that progressed to cracks due to high level of first principal tensile stresses.
Regarding defect removal techniques, extensive research has focused on void closure, resulting in



significant advancements in understanding the influence of crucial process parameters on void
behavior in large ingots during hot forging. Others [6,13-15] investigated the influence of of
forging conditions, as well as, die geometry on void closure and reported that concave dies led to
better results Similarly, Zhang et al. [16] found that a larger roll diameter was more efficient for
void closure during hot rolling of steel.. These findings collectively suggest that compressive states
tend to enhance closure efficiency, whereas tensile and shear states exacerbate defects. Despite
extensive efforts to comprehend defects occurring at the ingot center during production, this
industrial challenge remains pertinent. Consequently, further research is imperative to
comprehensively understand this phenomenon and develop solutions that effectively address

industry concerns.

AISI H13 is a high strength steel and an intricate alloy composition, rich in molybdenum and
vanadium, enhancing its resilience to hot deformation [17], [18]. Consequently, forging this alloy
poses challenges due to its sensitivity to central burst cracking during forging and significant
resistance to deformation at lower forging temperatures. Han et al. [19] advised against applying
elevated forging loads, as they could increase the propensity to center burst defects. Fig. 1(a)
illustrates the formation of a center burst defect in the forged part. Additionally, Fig. 1(b) displays
the propagation of the center burst crack revealed during inspection The above observation is in
agreement with those reported in the literature [20] that the burst progresses along the central axis
with an increase in the number of passes. The mechanism of central crack formation involves the
creation of voids due to tensile stresses and decohesion caused by shear forces during radial
compression processes such as cogging and cross wedge rolling. Tensile stress is predominantly
present along the central axis of the ingot during these processes [21]. Therefore, the design of
forging dies plays a crucial role in minimizing or mitigating tensile stress during radial

compression processes.

Existing literature predominantly focuses on center crack and burst formation during the Cross
Wedge Rolling (CWR) process, with limited information available regarding cogging. Despite
their fundamental similarities, both processes involve radial compression as a primary loading
mechanism. Consequently, an examination of published studies is presented herein. Lee et al. [22]
reported that during the CWR process burst occurred at the midpoint of the shaft along the central
of ingot.



(a) Center burst formation and (b) propagatio
through the central axis of the shaft

Fig. 1. The occurrence of central burst phenomena during forging of AISI H13 steel (a) the
initiation of center burst formation and (b) the subsequent propagation along the center axis of the
workpiece.

Zhou et al. [23], [24] conducted extensive research on burst formation during cross wedge rolling
of aluminum, utilizing both experimentally and finite element analysis. Their study proposed
damage criteria aimed at predicting the risk of center crack development. They emphasized the
crucial roles of maximum tensile and shear stresses in the occurrence of the burst phenomenon.
Similar results were reported by Li et al. [25] in an 1100 H16 aluminum alloy. Kukuryk [26]
employed the Cockcroft and Latham (C-L) damage criteria during cogging of small size low
medium carbon steel specimens. Their results further confirmed the role played by tensile stresses
in initiating the center line cracking. In a subsequent study, the same authors [27] investigated the
occurrence of burst in a stainless steel and used flat and curved anvils and the most suitable criteria

for predicting burst occurrence during forging.

Limited information is widely available regarding the formation of center bursts during the
cogging process of round products, especially concerning AISI H13 steel, despite its significant
industrial applications [28], [29]. Previous studies have mainly focused on establishing
correlations between material tearing and center burst formation using flow curves obtained from
laboratory-scale compression samples. However, these studies have not addressed the assessment

of center burst formation risks under deformation conditions typical of the cogging process.



Additionally, there is a notable lack of data on how deformation path influences stress-strain states
and damage value evolution along the center axis of the industrial size ingot during the industrial
cogging process [30], [31]. Most of the existing data on die geometry influence relates to void

closure.

Kukuryk et al. [26] explored the effects of different die configurations, such as flat, VV-shaped, and
an assembly of three radial dies, on void closure in a high strength steel. Their research indicated
that the V-shaped die was the most effective for void closure. Dudra et al. [14] conducted a study
investigating the influence of die shape on void closure during open die forging. They evaluated
strain and stress distributions at the center of the workpiece and concluded that effective strain was
a better indicator for complete welding voids. Zhang et al. [32] investigated how die geometry
influences void closure during forging. through multiscale finite element analysis and determined
the optimum die shape for during upsetting and cogging. Tamura et al. [33], employed FE analysis
to optimize the die curvature radius for void closure during forging of a stainless steel bar.
Kukuryk [34] explored the effects of convex dies, on stress-strain states during the cogging of a
die steel and reported that by adjusting die curvature, it was possible to eliminate tensile stresses
along the central axis of the forged part and on this basis proposed a criterion for predicting
damage. Ghiotti et al. [35] introduced a predictive model for the occurrence cracks along the
longitudinal axis of a steel shaft during thermomechanical processing. They introduced a damage
law that accounted for pre-existing flaws in the metal from the manufacturing process. In a recent
study, Lin et al. [36] explored the impact of flexible rollers on center defects in a C45 steel bar
during skew rolling. They identified deformation conditions aimed at minimizing tensile and shear
stresses to prevent central defects along the workpiece's center axis, resulting in successfully rolled
bars free from the Mannesmann effect.

Based on the literature reviewed above, it becomes evident that maximum tensile shear stresses,
and stress-strain states significantly influence the propensity for cracks and bursts during forging.
This study aims to pinpoint key deformation parameters amplifying susceptibility to center burst
defects in AISI H13 steel cogging. Specifically, it delves into how die geometry influences stress-
strain states, central burst and damage development. Additionally, it seeks to develop and apply a
predictive model to industrial-scale workpieces. To achieve these goals, the most precise

constitutive model for flow stress estimation was chosen and implemented into Transvalor-Forge



NxT 3.2® FEM code through a tailored subroutine. The simulations involved concave, flat, and
convex dies. Furthermore, the critical damage value across examined forging temperatures was
calculated for AISI H13 steel to predict burst-prone zones. The validated FE model was then used
to forecast center burst formation during industrial-scale AISI H13 steel cogging.

2. Materials and Experimental method
2.1. Materials

The material used for present research was provided by Finkl Steel-Sorel, Quebec, Canada. The
molten metal was poured into casting molds and allowed to solidify. Subsequently, the solidified
ingot was ejected from the casting mold and shifted to the forging furnace and heated to 1260 °C
before undergoing open die forging and subsequent heat treatment processes. Test specimens for
tensile and compression tests were machined from the quarter location of the 570 mm diameter
shaft. The chemical configuration of the AISI H13 steel in wt% is as follows: 0.4-C, 0.4-Mn, 1.05-
Si, 5.15-Cr, 1.35-Mo, 1-V and Fe balance.

2.2. Experimental method

2.2.1. Hot compression test

Using the thermomechanical simulator Gleeble-3800® hot compression tests were conducted to
produce flow curves for AISI H13 steel. Employing the flow stress curves the material model was
developed and integrated in the FE model to simulate the industrial cogging process. Samples,
following ASTM E209 standards, were fabricated with size of 10 mm diameter and 15 mm of
height. Initial evaluation of industrial conditions, such as die velocity, deformation temperatures,
reduction per pass, strain rates, and strain were determined using forging chart and thermal camera.
The laboratory test parameters involved three temperatures and four strain rates (1260 °C, 1200
°C, 1150 °C, 0.001 st to 1 s), representing conditions encountered in the industrial forging
process. Heating of the specimen to 1260 °C happened at a degree of 2 °C/s, followed by a 15-
minute hold at this temperature for uniform heating. Subsequently, cooling at a rate of 1 °C/s to
the desired test temperature was done, and the temperature was maintained for 60 seconds before
deformation began. To reduce friction during deformation, a nickel-based paste and a 100 ym
tantalum sheet were used at interface between the anvil and the test specimen surface. The

sampling rate was adjusted to ensure consistent data collection across all strain rates. Fig. 2



displays the true stress-strain curve derived following the hot compression test, covering various
combinations of process parameters (3 temperatures and 4 strain rates). The flow curves presented

in Fig. 2 reveal the presence of only hardening, both hardening and softening phenomena at higher

(0.1sand 1 s) and lower (0.001 s and 0.01 s2) strain rates respectively.

120 120 1200°C
100 aemm T 100
5 7 R
s 8\l S 80 .-
“ 1 e iy
§ 60 |/ ﬁ 60 @ mmmmmemmSemSCce——mmmeees
i | @
g 40 g 40
= =
0 0
o 0-1 0-2 0-3 0-4 0-5 0 0.1 0.2 0.3 0.4 0.5
True strain True strain
1260 °C
120
100
g
E 8 | .
“ eSS mTTTETT T ATTTT TS
o 60 | .--
- rd
krd /e mm—memmmmemcccaccca=a
© 40 [ _---"7"
2 -~
F 20
0
0 0.1 0.2 0.3 0.4 0.5
True strain
0.001s-1 0.01s-1 ---0.1s-1 ---1s-1

Fig. 2. Hot deformation behavior of AISI H13 steel at different temperature and strain rates
during the hot isothermal compression.

2.2.2. Hot tensile test and critical damage value

The primary aim to perform the hot tensile tests was to determine the critical damage value and
threshold value of the maximum shear stress for AISI H13 within the forging temperature and
deformation rate range, utilizing the normalized Cockcroft and Latham criterion. Tensile test
specimens, adhering to ASTM E8 standard [37] with a gauge length of 66 mm and a diameter of
6.25 mm, were prepared for this purpose. In Fig. 3(a), the tensile setup within the Gleeble-3800®
thermomechanical simulator chamber is depicted, featuring an extensometer for measuring

specimen elongation within the gauge length. The dimensions of the tensile specimen before and
after the test are illustrated in Fig. 3(c).
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Fig. 3. Thermomechanical simulator (a) Gleeble 3800® (b) hot tensile testing setup and view inside

the Gleeble chamber during the test (c) specimens before and after the deformation.

In this analysis Normalized Cockcroft and Latham Criterion was used for prediction of the regions
prone to crack initiation during the forging. This criterion is based on tracking the progression of
effective stress, equivalent strain, maximum tensile stress, and strain at the fracture point. Oh and
Kobayashi [38] introduced a ductile damage criterion to identify areas prone to crack initiation
and ductile fracture. During the open die forging process, ductile failure occurs along the central
axis of ingot due to the accumulation of plastic tensile strain and tensile stresses, where the damage
value signifies the degree of damage accumulation during metal forming [39], [40]. The critical
damage value varies depending on temperature and strain rate. Stefanik et al. [41] observed that
with increasing temperature and strain rate, the limiting damage value increased. In the present
investigation, damage values were determined by calculating the percentage reduction in cross-
sectional area at a constant temperature and strain rate. The computed critical damage values from
hot tensile tests conducted at 800°C and 1200°C, with a strain rate of 0.05 s, were found to be
0.9 and 1, respectively. The cogging analysis relied on yield strength and damage values to predict
vulnerable areas for the formation and propagation of center burst defects.

3. Comparison of constitutive models
3.1. Arrhenius constitutive Model

The established model [42] correlates crucial parameters for hot deformation, including strain rate,
temperature, and activation energy, while keeping deformation constant. The Arrhenius model is



highly used in the FE analysis metal forming, especially in hot deformation studies. The Arrhenius

model expressed using the following expressions, given by Eq. (1).

¢ = AF(0) ) 1)

Where, F(0) represents a power function, exponential function, or Hyperbolic sine function. F(o)

expressed using following Egs. (2-4):

F(o) = ¢™ (ao < 0.8) (2
F(o) = e® (ac > 1.2) 3)
F(o) = [sinh(ao)]™ (For all o) 4)

By integrating the aforementioned equations, the flow stress expression was derived, primarily
relying on the values of a, Z, A, and n. Through regression analysis, the corresponding values of
these material constants were determined. Material parameters for the Arrhenius Model at constant
strain of 0.5 are: # = 0.1230 (MPa™), ni= 5.9313, a = 0.0207 (MPa’), n = 4.36, O = 503.08 (K
J.mol?), Ind = 16.067 (s). Using the calculated material parameters, the flow stress expressed
with Eq. (5):

1 z Y2
1 Z\n Z\n
7= ;ln{(z) ¥ [(z) ¥ 1] } ©)
3.2. Hansel-Spittel and Johnson-Cook constitutive Models

The Hansel-Spittel [43] and Johnson-Cook models [44] are well-established phenomenological
material models employed to forecast material response in high-temperature deformation
processes. These models are frequently included as default choices in various finite element
modeling software packages [45]. They incorporate consideration of temperatures and strain rates
dependencies, along with the presence of both hardening and softening phenomena during the
material’s hot deformation [46]. Eq. 6 delineates the mathematical expression of the Hansel-Spittel

model, elucidating the relationship between material flow stress and assorted material parameters.

m.
o= A,e™TeMm Mg e (1 + )msTgMeegmiTms (6)



Where, o denotes stress (MPa), é-strain rate (s), e-strain, T represents the deformation
temperature (°C) and A, m1 through mg are constants to specific material were: 3 x 10"/, -0.0027,
0.2380, 0.1888, -0.0001, -0.0010, -0.0457, -2.5382 and 0 respectively.

Further analysis, including the determination of error quantification based on the average absolute
relative error (AARE) and R-square values for the predicted flow stresses by both the Arrhenius
and Hansel-Spittel models. AARE values, computed using Eq. 7, served as an indicator of the
predictive precision of flow stress prediction by the two models. A similar analysis was carried
out for the Johnson-Cook model and yielding comparable results, not elaborated here. It is

noteworthy that [47] reported similar findings for both models concerning modified-H13 steel.

o6—0p
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Where, o, denotes the experimental flow stress value, and o, represents the predicted flow stress

value.
Table 1. Comparison of accuracy of constitutive models
Constitutive model Arrhenius Hanse-Spittel Johnson-Cook
AARE % 3.6 5.7 135
R-square value 0.99 0.98 0.89

Table 1 provides the comparison of accuracy of constitutive models and the analysis revealed that
the predictions made by the Arrhenius model exhibited greater accuracy and better agreement with
the experimental flow stress values when compared to the Hansel-Spittel and Johnson-Cook
models. Consequently, the Arrhenius model was incorporated into the FE package Forge NxT 3.2®
to simulate the industrial cogging process and forecast the evolution of stress-strain states, and
damage at the conclusion of cogging process.

4. FE modeling and analysis

A three-dimensional finite element model was utilized for this simulation, as depicted in Fig. 4,
along with the mesh geometry employed for the cogging process simulation. Fig. 4(a-c) illustrates

the die geometries used for the FE analysis. In the FE model four node tetrahedron elements were



used for discretization of big ingot finite. The mesh sensitivity analysis was conducted to ensure
the accuracy of the results. The boundary conditions applied in the FE analysis mirrored those of
the industrial process, encompassing factors such as upper die crosshead speed (deformation rate),
initial ingot temperature, amount of deformation per bite, and heat transfer characteristics at the
die-workpiece interface and with the environment. The input boundary conditions for the FE
model were as follows: the initial ingot temperature was set at 1260 °C, and the die temperature
was assumed to be 35 °C. The displacement velocity of the upper die was 15 mm/s, while the
lower die remained stationary. The displacement per blow was set at 165mm. The assumed heat
transfer coefficient with the die and ambient environment was 10 KW/m2 K and 10 W/m2 K,
respectively. Friction conditions were assumed with no lubrication, consistent with the industrial
process. A mesh size of 26 mm was utilized for the FE analysis, and the Arrhenius constitutive
model was employed for hot deformation.

The dimensions of the open die forging dies, flat and curved were 305 x 406 x 1016 mm?, with a
radius of curvature of 203 mm for the curved dies. In the industrial cogging process, the initial
ingot, with a square geometry of size 711mm x 711mm and length of 2545 mm, was placed
between the upper and lower dies along the diagonally opposite edges. End of each pass, the billet
was rotated by 90, 45, and 22.5 degrees to initiate the subsequent pass. This rotation process was
repeated until achieving a target round shaft with a diameter of approximately 570 mm. Fig. 5
illustrates the FE model at the completion of the cogging process, with Figs. 5(a-c) displaying the
distribution of equivalent strain with concave, flat, and convex dies, respectively. it can be seen
that the flat die induced higher equivalent plastic strain values compared to the other dies. Notably,
to achieve the same final dimensions and shape, the concave, flat, and convex dies required 12,

19, and 16 passes, respectively.

(a)

Upper die

Lower die




Fig. 4. FE models for cogging simulation prior to deformation featuring (a) concave, (b) flat, and

(c) convex dies are illustrated.

.ES

Fig. 5. FE models for cogging process simulation after deformation at the conclusion of the
process, depicting the distribution of effective strain with (a) a concave, (b) a flat, and (c) a convex

die, are presented.

Additionally, it's evident that the concave die yields greater deformation for an equivalent amount
of force compared to the flat and convex dies. Consequently, the concave die necessitates fewer
passes to reach the desired final dimensions and shape of the shaft successfully complete the

industrial cogging process.
4.1 Industrial open die forging and FE model validation

Fig. 6 depicts the forging setup utilized at our partner facility, Finkl Steel, located in Sorel, Quebec,
Canada. In Fig. 6(a), the 2000 metric tons industrial forging press is showcased, while Fig. 6(b)
and (c) illustrate the setups employing concave and flat dies for the cogging process of AISI H13
steel, respectively. Fig. 7 presents a comparison between predicted and measured average peak
force during the initial two passes of cogging, with each pass comprising 8 blows. Specifically,
Fig. 7(a) and (b) delineate the comparison for concave and flat dies, respectively. Notably, the
interface area between the die and the ingot surface was greater for the concave die compared to
the flat die, resulting in a higher maximum force exhibited by the former. The AARE between
measured and predicted maximum force was approximately 7% for the concave die and
approximately 5.3% for the flat die. Comparative analysis indicates a favorable agreement between
predicted and measured average peak forces, albeit with the measured force registering slightly
higher values due to variations in friction conditions. Furthermore, the FE analysis results shows



the close resemblance between the final diameter of the shaft at the conclusion of the cogging
process in the industry and at the termination of the finite element analysis. The AARE value,

found to be less than 2.5%, validates the accuracy and reliability of the findings.
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Fig. 6. The open die forging setup at Finkl Steel, Sorel, Canada, includes (a) The 2000 metric tons
hydraulic forging press, along with (b) a concave and (c) a flat die setup.
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Fig. 7. Comparison between the measured and predicted average peak force for the initial 2 passes

during cogging with (a) a concave die and (b) a flat die.

Fig. 8 illustrates the map of equivalent strain distribution across the longitudinal cross sections of
the shaft upon completion of cogging. At the end of the process, a notable increase of equivalent
strain is observed at the shafts center in the cross section located at the extremity, contrasting with
the one at the center. Notably, a more evenly distributed equivalent strain is observed for the



concave die across all regions of the shaft, encompassing the surface, center, and extremities, when
compared to the other dies. The findings suggest local deformation along the central axis and
extremities with the flat die. In contrast, the convex die induces local deformation at the surface
and immediately below due to its sharper curvature, distinguishing it from the concave and flat

dies.

Equivalent strain
5

- (b)Flatdie i
O W A G W e W W
i

(c) Convex die

- ~ -

Fig. 8. Map of equivalent strain distribution across the longitudinal cross-section of the shaft post-

cogging process is illustrated with (a) a concave, (b) a flat, and (c) a convex die configuration.

Fig. 9 illustrates the map of damage evolution across the longitudinal cross sections of the shaft
post-cogging process. The map of damage evolution mirrors that of the equivalent strain
distribution. Upon completion of the industrial cogging process simulation, a higher damage
accumulation is observed at the center of the shafts extreme end cross section, owing to differing
stress-strain states. Employing the concave die curvature resulted in homogenous damage
evolution across all the regions of the shaft. Conversely, the flat and convex dies exhibited
heterogenous damage distribution, with the most significant damage observed at the extreme ends
and along the central axis of the shaft. These findings are consistent with experimental
observations, indicating heightened susceptibility to damage at the shaft's extreme ends, which
could potentially lead to crack initiation and burst formation. Yang et al. [10] reported crack
propagation along the central axis of the shaft following burst development, with an increase in

the number of passes.
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Fig. 9. Map of damage evolution along the longitudinal cross-section of the shaft at the conclusion

of the cogging process is depicted with (a) a concave, (b) a flat, and (c) a convex die configuration.
5. FE results and discussion
5.1. Identification of the critical parameters

To study the industrial cogging process, data were collected after each pass, focusing on two
specific regions: the two extreme ends and the central area of the shaft along the center axis. This
selection was made due to the uneven distribution level of deformation and damage evolution
along the longitudinal axis. Fig. 10 illustrates the location of sensors used for data recording in the
simulation. Sensors 1 to 5 were placed along the longitudinal axis of the shaft. Two sensors were
positioned at two extreme ends (1 and 5), while remaining three sensors were located along the
central region of the shaft (2 to 4). Variations in strain, damage, shear stress, and stress triaxiality
were plotted verses the average values of extreme end and central region sensors. This analysis is
elaborated in the subsequent sections.



Average of end region values (1 and 5)

Average of central region values (2, 3, and 4)

Fig. 10. Location of sensors for data recording at the conclusion of each pass.

5.1.1. Equivalent strain variation

In Fig. 11, the progression of equivalent strain at the end of the cogging process is depicted. The
results show a steady linear increase with each successive pass. Particularly, the average equivalent
strain values at the two extreme ends were higher compared to the central region of the shaft at the
end of cogging process. Specifically, the average equivalent strain values at the conclusion of

cogging at extreme ends 2.9, 4.5, 3.4 and central regions 2.4, 3.3, 2.9 for the concave die, flat die,

and convex die respectively.

(a) End regions (b) Central regions
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Fig. 11. Variation in average values of equivalent strain at the conclusion of cogging of AISI H13

steel: (a) at two extreme end and (b) at central region of the shaft.

Results shows that using the concave die curvature provides the higher strain values at both
locations compared to the other two die curvatures. For instance, Du [48] observed that during the
open die forging of a railway axle, the strain at the axle centers were 1.35 and 1.57 using flat and
concave curvature dies respectively. Similarly, Xu et al. [49] documented in a comparable study

that the concave curvature die prompted greater radial compressive deformation. Therefore, by



altering the die geometry or curvature, the path of deformation was adjusted, results in a

homogenous distribution of strain.
5.1.2. Damage value variation

Following the results of the hot tension tests, critical damage value for forging temperature range
was determined and the critical damage is 1. Fig. 12 illustrates the average damage values at the
end of the cogging process at the two extreme ends and central region of the shaft. The average
critical damage values at the two extreme ends notably surpassed compared to the central region
damage value. In the beginning of the cogging process up to 8" passes the damage value for all
die geometries showed similar value. Though, there was a rapid escalation in damage value to 0.7
1.8 and 1.3 for the concave, flat and convex dies, respectively. Thus, reducing the number of passes
to achieve the targeted shaft dimensions is very important. The number of passes required to obtain
the final dimensions using concave, flat and convex die were 12, 19 and 16 passes respectively.
Therefore, employing the concave die curvature lowest number of passes required during cogging

process to achieve same final dimensions.

(a) End regions (b) Central regions

2 2
o 1.6 o L6
2 =
£12 Risk of crack 212 Risk of crack
& No risk of crack N No risk of crack
g 038 g 038
3 =
=04 0.4

) ,

Concave die Flat die Convex die Concave die Flat die Convex die

Fig. 12. Alteration in average damage value at the conclusion of cogging of AISI H13 steel: (a) at
two extreme end and (b) at the central region of the shaft.

5.1.3. Maximum shear stress variation

The threshold of the shear stress was established at 62.5 MPa through hot tensile tests. Fig. 13
depicts the evolution of the shear stress at the end of the industrial cogging process. Significantly,
the average shear stress values at the two extreme ends were higher compared to those in the central
region. At the conclusion of the cogging process, the average shear stress within the central region

were 26, 36 and 29 MPa and at the two extreme ends were 60, 84 and 66 MPa using concave, flat,



and convex die respectively. In Fig. 13(a), the average shear stress value at the end of the cogging
process for the two extreme ends of the shaft. Particularly, this value is higher than the critical one
for crack initiation, indicating a significant risk of crack development. Fig. 13(b) displays the
average values within the central region of the shaft for the all die geometries, consistently
remaining below the threshold stress value of 62.2 MPa, indicates lower rick of crack formation.
By employing the concave die curvature, the shear stress value stayed below the critical threshold
in all regions such as extreme ends and central part, unlike with the flat and convex dies. Thus, the
concave die curvature facilitated a reduction in the maximum shear stress value to approximately
60 MPa.

(a) End regions (b) Central regions
100 100
% 2
E E o0
= Risk of crack = Risk of crack
R | R - - - I | e
= E No risk Z E No risk of crack
of crack
E2 40 EZ 4
E £
! 20 a 20
= =
0 0
Concave die Flat die Convex die Concave die Flat die Convex die

Fig. 13. Variation in average maximum shear stress at the conclusion of the cogging process of
AISI H13 steel: (a) at two extreme end and (b) at central region of the shaft.

5.1.4. Stress triaxiality variation

The threshold stress triaxiality value, crucial for preventing crack initiation in the material, ideally
the stress triaxiality value should equal or be lower than the dotted line depicted in Fig. 14 (-0.3)
[50]. A higher negative value significantly decreases the danger of central burst formation [51].
Fig. 14 illustrates the variation in stress triaxiality with three different curvatures at end of
industrial cogging. Unlike the trends observed for strain, shear stress, damage and the stress
triaxiality value in the central region shows a decrease (resulting in a more negative value) at end
of process, contrary to the average value at the two extreme ends of the shaft. During the cogging
process alternating compressive and tensile stress states experienced by the material along the
center axis of the bar with each pass, leading to a decrease in the average stress triaxiality in the

central region as the number of passes increases.
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Fig. 14. Variation in average stress triaxiality at the conclusion of the cogging process of AISI

H13 steel: (a) at two extreme end and (b) at central region of the shaft.

Fig. 14 (a) shows the variation of average stress triaxiality values at the extreme ends for all die
curvatures. The results indicate that the average stress triaxiality values for the concave die
curvature range from -0.7 to -0.9, with the majority falling within the region of minimal crack risk.
Similar outcomes were observed for the central region, as depicted in Fig. 14(b). It is apparent that
the smallest stress triaxiality values correspond to the concave die; however, the values for the
other dies also remain within the safe range, although notably higher compared to those for the
concave die. The significant negative value shows dominant compressive deformation over the

tensile stress states along the center axis of the shaft.

The findings align with prior research by Yang et al. [20], emphasizing the critical role of
maximum shear stress and tensile stress in initiating and advancing center burst formation.
Additionally, our results validate the observations made by Zhou et al. [21] regarding the influence
of tensile and maximum shear stresses on central crack initiation and propagation during cross
wedge rolling, now extended to the cogging process involving AISI H13 steel. Precisely, our
investigation suggests that maximum shear stress initiates void formation, while principal stress
promotes crack propagation. Moreover, Kukuryk [27] investigated and compared three ductile
damage criteria, with our analysis endorsing the efficacy of the normalized Cockcroft and Latham

damage criterion for predicting ductile damage during the cogging process.

Fig. 11 illustrates the variation in equivalent strain under the same deformation per pass. It is
evident that the concave curvature die induces higher levels of compressive deformation at the

shaft's center compared to the flat and convex curvature dies. This disparity can be qualified to the



larger contact area achieved with the concave die, facilitating greater constraining of lateral
material flow. In contrast, the smaller contact area of the flat and convex dies offers less control
over lateral material flow. These findings align with the research by [27], which explored the
impact of convex curvature anvils on stress states and fracture prediction in the two stage cogging

of a stainless steel shaft.

Figs. 12 and 13 demonstrate that damage accumulation and shear stress predominantly occur along
the center axis, with the higher values concentrated at the two extreme ends of the shaft. This
concentration elevates the risk of crack development, particularly evident in cogging processes
utilizing flat or convex die curvatures, where the values exceed the critical damage (1) and
threshold shear stress value limit of 62.5 MPa by the end of the industrial cogging process.
Consequently, the material becomes prone to cracking. Fig. 14 illustrates the variation in stress
triaxiality with different die curvatures. Notably, cogging process with flat or convex curvature
dies results in lower negative stress triaxiality values in the range of (-0.1 to -0.3) at the two
extreme ends of the shaft. Unlike, utilizing the concave curvature die yields stress triaxiality values
ranging between -0.2 to -0.9 at the end of cogging. This indicates that the concave die induces
more significant compressive stresses and high deformation level at the center, accompanied by
lower damage values (ranging from 0.3 to 0.7) and homogenous distribution of deformation.

Hence, the concave curvature die offers more favorable stress-strain states compared to other dies.
5.1.5. Heterogeneity in equivalent strain distribution

Examining the non-uniform dispersion of equivalent strain is essential for comprehending the
industrial forging process. In bulk forming techniques, the uneven spread of plastic strain
influences deformation characteristics, microstructure, and mechanical attributes [52], [53]. To
assess this, the equivalent strain was measured in all 126121 elements of the entire forged bar after
12 passes. In this research, we introduce the coefficient of variation (CoV) as a metric for studying
the heterogeneity of the cogging process. The CoV is calculated by dividing the standard deviation
by the mean value. Prior studies in the literature have utilized the CoV to express heterogeneity in
the ring rolling process [54]. The dimensionless CoV offers insights into the degree of variation
relative to the mean within a dataset. A higher CoV value suggests a more significant heterogeneity

in distribution. The mean (u) and standard deviation (o) were calculated using the following



expressions outlined in Eqgs. 8 and 9, respectively. Eq. 10 is subsequently applied to ascertain the
coefficient of variation, as illustrated below.

w= ZL&/N 8
=N (H-w?

o= Nt ®)

Cov == (10)

Here, N represents the total number of elements in the entire ingot, while &; denotes the equivalent

strain corresponding to each element.
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Fig. 15. lllustrates the coefficient of variation (CoV) variation of equivalent strain at the

conclusion of the industrial cogging process.

Fig. 15 depicts the coefficient of variation (CoV) variation during the cogging process using
concave, flat, and convex dies. Utilizing a concave die for cogging results in a more consistent
deformation in comparison to flat and convex dies. Both Figs. 11 and 15 corroborate that cogging
with a concave die enables higher strain levels and homogenous deformation relative to flat and

convex dies while remaining below the cracking threshold.

The implementation of the concave die method in the cogging process of AISI H13 steel, as shown
in Fig. 8(b), has been adopted in the industry. This adoption has resulted in the eradication of



center burst defects and a reduction in the number of passes from 19 to 12. Consequently, this has
led to a decrease in energy consumption and an improvement in production output. Findings of
present research were in align with present authors in recent publication on cogging of high
strength steel [55].

6. Summary and Conclusions

This examination involves the development of an appropriate constitutive material model for AISI
H13 steel. The developed material model was incorporated into a thermo-mechanically coupled
three-dimensional (3D) FE model of the industrial cogging process using a user subroutine. The
validity of the developed FE model was confirmed through comparison with industrial data.
Several finite element simulations were executed to refine the cogging process, specifically
targeting the impact of different die curvatures (concave, flat, and convex) on strain distribution,
stress-strain states and damage progression along the central axis of the shaft. The goal was to
pinpoint vulnerable areas susceptible to center burst formation during AISI H13 steel cogging.
Through these simulations, extensive insights into potential center burst zones were acquired,
leading to the identification of the optimal die geometry for cogging. In essence, the primary

outcomes and deductions from this investigation are summarized as follows:

a. A precise material model, based on the Arrhenius constitutive model, was developed and
validated against experimental flow stress data, demonstrating enhanced predictive
accuracy when contrasted with the Hansel-Spittel and Johnson-Cook models. Moreover,

the critical damage threshold within the forging temperature range was ascertained.

b. The established material and damage models were seamlessly incorporated into the Forge
NxT 3.2® platform, enabling the simulation of the cogging process on an industrial scale
ingot. This validated finite element (FE) model possesses the capability to anticipate areas

of concern prone to center burst occurrence during cogging.

c. To achieve the targeted diameter of shaft around 572mm, number passes required using

concave die, convex die and flat die are 12, 16 and 19 respectively.

d. Stress triaxiality value decreases at center and constant at extreme edges of shaft as the
number passes increases, lowest value -0.9 present with concave die compared to the flat

and convex die.



e. So, using flat and convex die for cogging process it may lead to generation of micro crack
at extreme edges of shaft and propagates along the longitudinal axis of the shaft as the

number of passes increases.

f. Therefore, using concave die minimum number of passes 12 requires to complete cogging
process and it gives lowest value of damage 0.7, lowest value of stress triaxiality -0.9 and

more uniform distribution of strain value.

g. During the cogging of the highly sensitive material AISI H13 steel, the concave die
exhibited superior performance, offering more uniform and substantial compressive

deformation while concurrently yielding lower damage values compared to other dies.

h. A pioneering strategy involving the application of the concave die in cogging was
introduced and used in the industry, resulting in the eradication of center burst occurrences
in the shaft and a notable increase in production output.

For a PDF of this report with references, please visit the FIA Technical Library at

https://www.forging.org/fia/content/technical-library.
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