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Abstract

This paper encompasses the development of a microstructure-based numerical model
(FEM) of the conveyor cooling process after the hot forging of industrial steel with accu-
rate predictions of the volume fraction of phases as yield and tensile strengths. An experi-
mental procedure for validating the FEM was conducted using optical and scanning electron
microscopy and tensile tests. Results showed very good agreement between the phase predic-
tions of the 3D FEM model and those obtained from direct measurement of forged parts, with
an average error of about 3.6 and 6.9 % for ferrite and pearlite phases, respectively. Tensile
test results were evaluated at a 90 % reliability level, and very good agreements were obtained
with an error of about 3 and 5 % for the yield and tensile strengths. The methodology could
predict the phase transformations, and the mechanical properties during cooling after the hot

forging of the steel were investigated.

Key words: Finite Element Method (FEM), reliability, microstructure, tensile stress, hot
forging, controlled cooling, P355NL1 steel

1. Introduction

The primary objectives of hot forging are to form
products with desired geometry and optimize their mi-
crostructure. Many industrial parts are produced by
this method because of their high strength and pro-
duction rate of parts. Parameters such as temperature,
the geometry of raw material, and die effectively re-
duce production costs and increase part quality. Finite
Element Analysis is well established nowadays in de-
termining the factors which affect the hot forging pro-
cess [1-4]. Computer simulation shortens the design
process and provides tools to investigate the desired
factors of the entire model.

The main parameters in computer simulation are
the prediction of material flow, filling the die without
leaving any defect, reducing material loss and stress in
the die, and increasing die life [5-7]. Therefore, many
researches have been developed to improve hot forg-
ing.

Simultaneous optimization of mechanical proper-
ties and microstructure of forged products is gaining
increasing importance in hot forging technologies. The
analytical model to predict microstructure and me-
chanical properties is strongly requested to realize this
technology. It should be capable of predicting the final
microstructure as a function of forging conditions and
alloy composition of the material. For the hot forg-
ing of steels, the evolution of microstructure should
be traced consistently from the austenite phase to the
ferrite/pearlite/bainite phase. The analysis based on
Finite Element Method (FEM) to predict microstruc-
ture in the austenite phase has been proposed. The
analysis of phase transformation should be combined
with this analysis to predict the final microstructure
after cooling with a defined cooling rate [8, 9].

Mountadar Lyassami et al. proposed a novel
method to simulate the different parts of a large
size forged block with different chemical compositions
and grain sizes using the multiple materials method
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Table 1. Chemical composition of micro-alloyed P355NL1 steel used in the study (wt.%)

C Si Mn P S Cr Mo

Ni

A Al Cu Sn Ti Nb

0.14 026 1.51 0.008 0.003 0.08 0.01

0.04

0.06 0.025 0.04 0.004 0.0027 0.0027

FORGE NxT 1.1® Finite Element code for the pre-
diction of phase fractions, which was confirmed by ex-
perimental validation. The volume fractions of phases
obtained by simulation agree with the measured data
with an error of about 5 % [10].

Schikorra et al. proposed an experimental-numeri-
cal procedure for predicting the microstructure in alu-
minum hot extrusion. They applied numerical models
to the real extrusion of a round profile and presented
the comparison between experimental measurements
and simulation results [11].

Li et al. established a model to simulate the mi-
crostructural evolution during the hot forging and
quenching process using the commercial FE-Code
Pamstamp. They also predicted the hardness accord-
ing to the phase fraction [12].

M. Eshraghi Kakhki et al. developed a numerical
model and applied it to simulate the cooling process
during the Jominy end quench test and the quench-
ing of a steel gear in water and oil. Good agreement
was found between the experimental and simulation
results. This model can simulate the continuous cool-
ing and kinetics of phase transformation and predict
the final distribution of microstructures and hardness
in low alloy steels [13].

Tran et al. studied a numerical simulation of the
process of quenching a C-ring sample of 100Cr6 steel.
The results showed an overview of the phase trans-
formation, residual stress, distortion, and hardness of
the specimen throughout the quenching process to the
end [14].

In the past decade, several research works have
been devoted to modeling phase transformation dur-
ing water-quenching, focusing on calculating Contin-
uous Cooling Transformation (CCT) diagrams, mi-
crostructures, and hardness uniformity [15]. Time
Temperature Transformation (TTT) or CCT dia-
grams are important tools to predict microstructure
evolution during quenching by allowing the identifi-
cation of phase boundaries of ferrite, pearlite, bainite,
and martensite as a function of cooling rate [16]. How-
ever, it is still insufficient to determine the phases and
mechanical properties of the specimen according to its
geometry. We aimed to simulate an industrial com-
ponent from a hot-forged state to conveyor cooling
and obtain the formed phases and related mechani-
cal properties. A systematic experimental analysis was
carried out in parallel with the simulation work to en-
sure high accuracy and experimentally proven data.

On the other hand, mechanical strength measure-
ments of forged metals require statistical analysis

where they need high reliability. Reliability is charac-
teristic of an item, expressed by the probability that
the item will perform its required function under given
conditions for a stated time interval [17]. The relia-
bility calculation is done with the formula below, Eq.
(1), later the received value is read normal distribution
Z-table [18]:

(1)

The mean values given in experimental studies cor-
respond to 50 % reliability levels. However, critical
designs need higher reliability levels. In this study,
we investigated one of the pressure vessel compo-
nents. Pressure equipment is potentially hazardous
and needs safety factors to protect against failure from
uncertainties in design, materials, manufacture, in-
spection, and operation. Factors of Safety (FOS) may
vary depending on the application [19]. For example,
the FOS is 2.5 for a propane tank [20]. For this rea-
son, a 90 % reliability level should be considered. We
calculated the error rate using the experimental re-
sults in 90 % reliability and numerical results. We also
calculated 10 and 50 % reliabilities for comparison.

Za = (& — Tort) /Sp-

2. Material and method

The material used in the study was low-carbon
steel grade P355NL1 steel (Table 1). As shown in
Fig. 1, the billets were first heated to 1200°C and then
hot forged in a 400-ton hydraulic press in 3 steps and
cooled on a conveyor for controlled/forced air cooling.

The material was received in as-rolled condition
with a reduction ratio of 6. The experiment, carried
out in industrial conditions, was complemented with
FEA with the use of commercial code SimufactForm-
ing 12® to predict metallurgical and mechanical prop-
erties of structural components after transformation of
overcooled austenite through direct cooling. Bound-
ary conditions corresponding to those from the ex-
periment were assumed: friction factor 0.3 (graphite
lubrication), tool temperature 200°C, constant ther-
mal conductivity of the metal 50 W K—! m—2, forming
speed 50 mm s~ !. Furthermore, thermo-physical prop-
erties (density, heat capacity, and thermal conduc-
tivity) were simulated in JMatPro® and introduced
in the material database format of SimufactForming
129,

The dies prepared in the CAD environment were
exported to the software in step format. The work-



C. Hocalar et al. / Kovove Mater. 60 2022 257-266 259

Fig. 1. Forging steps and final product of P355NL1.

piece was generated with the “auto shape” command,
which comes with the software. Then the workpiece
was heated by the induction module. The dies were as-
sumed to be rigid only for workpiece analyses and were
considered that there was only heat transfer present. A
symmetry axis was defined to speed up calculations.
Thus, the analysis time of the software was halved.
The Finite Volume Analysis method is used since; the
process is burry hot forging. Mesh size was chosen as
half of the burr size to obtain a precise analysis. In
multi-stepping analysis, cooling at transitions was also
used. Thus, more realistic results were achieved.

The results obtained from the materials, which
were experimentally produced, were used as inputs for
calculation. In experimental analyses, the product was
cooled for 10 min on a conveyor, then left to cool fur-
ther at room temperature. The thermal conduction co-
efficients were defined as a cooling duration of 10 min
on the conveyor, then further cooling at room tempe-
rature until it drops below the phase transformation
temperature. The software’s heat transfer module was
used in these processes, and material properties were
transferred from the JMatPro® software. Thus the re-
sults were obtained with a lower margin of error.

Fig. 2. The marked area shows the tensile test and met-
allographic examination sample, which were tested exper-
imentally.

From the obtained forging specimens for tensile
tests and metallographic examination, a LOM (Light
Optical Microscopy) and SEM microscope were taken
out, and ultimate strength, yield strength, and phases
were investigated. Tensile test (arrow 1) and metallo-
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Fig. 3. Microstructures for as-received (a, ¢) and CC (b, d) samples.

graphic examination (arrow 2) specimens taken from
forged parts are shown in Fig. 2. The Thermo-Calc
2019b with TCFE9: Steel/Fe-Alloy v9.1 was used to
obtain the calculated phase diagram for equilibrium
phases, which was then compared to the experimental
one.

In order to control the cooling rates of specimens
precisely during cooling, a conveyor device was used
for carrying specimens after exiting of furnace, and the
cooling rates were calculated by measuring the tempe-
rature of specimens after exiting of furnace and after
exiting the conveyor using a calibrated pyrometer.

3. Results
3.1. Experimental results

As given in Fig. 3a, polygonal ferrite grains and
pearlite banding were revealed in the as-received sam-
ple produced by hot rolling and normalizing condi-
tions. The presence of polygonal ferrite is connected
to the slow cooling used for the normalization process,
which allows the reconstructive transformation from
austenite to ferrite. The effects of the conveyor cooling,
conferred by the rapid cooling relatively, resulted in an
evident microstructural change that can be noticed be-

tween the controlled cooled and as-received (normal-
ized) conditions. Primarily, the conveyor-cooled (CC)
sample (Fig. 3b) exhibited coarser ferrite and pearlite
grains with a volume fraction of ferrite and pearlite
content of around 61.6 and 38.4 %, respectively. Fur-
thermore, CC resulted in randomly oriented short fer-
rite needles from rough polygonal ferrite, which is of-
ten referred to as Widmanstatten ferrite. It is well
known that Widmanstatten ferrite usually nucleates
at ferrite grain boundary allotriomorphs, as is shown
in Fig. 3b. High cooling rates seem to favor the pre-
cipitation of Widmanstatten austenite. R. L. Bodnar
and S. S. Hansen showed that the volume fraction of
the Widmanstatten structure increases with increas-
ing austenite grain size and the cooling rate, making it
difficult for ferrite allotriomorphs to grow completely
across the austenite grains during transformation [21].
In this study, the samples were heated to 1200°C be-
fore forging; therefore, the high heating temperature
was also responsible for the formation of Widmanstat-
ten ferrite. Besides, R. P. Todorov and Kh. G. Khris-
tov described well that the content of carbon, the cool-
ing rate, and the sizes of austenite grains are the main
factors determining the formation of conventional or
Widmanstatten structures [22].

SEM micrographs showed that while the as-
received sample had fine and coarse pearlite lamella
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Fig. 4. The equilibrium phase diagram of P355NL1 obtained using Thermocalc software.

Table 2. The mechanical properties for 10, 50, and 90 % reliable, and the error rate according to simulations

As-received

CC

YS UTSsS Hardness YS The error rate for YS UTS The error rate for UTS Hardness
(Nmm?) (Nmm?) HRB (Nmm?) (%) (N mm?) (%) HRB
050 408 562.3 416 -5.7 585 0.8
o0 413.579 578.54 428.61 -8.5 607.75 -2.9
ooo 40242 546126 2716 4034 2.8 562.25 4.9 63.83
So 4.36 12.7 9.85 17.78 -

(Fig. 3c), the CC sample consisted of fine, ultra-fine,
and broken pearlite (Fig. 3d). The CC resulted in a
higher amount of pearlite than the as-received sample.
This result suggested that the misfit between ferrite
and pearlite with different interlamellar spacing gener-
ates a significant amount of elastic strain, which leads
to an increase in lattice strain.

The equilibrium phase diagram and phases formed,
which were calculated using Thermo-Calc® soft-
ware for P355NL1 steel, confirm microstructure re-
sults (Fig. 4). Under equilibrium conditions, austenite
(FCC_A1) decomposes into ferrite (BCC_A2) and ce-
mentite at ~697°C. FCC_A1#2 represent very low
amounts of precipitates containing Ti, Nb, Mo, C,
and N (like TiN, NbC). HCP_A3#2 represent the met-
als, as well as MesX, carbonitrides such as CrsN,
Moo C, V3C, and W>C in very low amount.

3.2. Mechanical test results

Table 2 gives the mechanical properties of the CC
samples for 10, 50, and 90 % reliability levels compared

with the as-received sample. The yield strength values
of CC samples were 416 and 403.4 N mm~2 for 50 and
90 % reliability. As it is seen, the higher reliability,
the lower the mean yield strength. A similar trend
can be observed in the tensile strength. In addition,
CC showed comparable hardness and UTS. This can
be explained by a coupled effect from the suppression
of polygonal ferrite and the higher amount of finer
pearlite formation, which acts as a motion suppressor
for dislocations.

3.3. Numerical results

The predicted transformation-time histories
throughout the conveyor cooled component section
and the temperature distribution across the cross-
section are shown in Fig. 5. The forged components
were cooled for 600 s on the conveyor and then cooled
to room temperature by batch cooling. The phase
evolutions on the conveyor at the 360th second and
conveyor output (600th second) are given in Fig. 5.
Phase quantities are taken along line A-B, shown in
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Fig. 5. Predicted phase and cooling rate distributions along the AB line of P355NL1 alloy. Computed using the SIM-
UFACTFORMING 12® (a) the phases at 360th second of cooling; (b) the phases at the conveyor output; (c) the final
distribution of the phases and (d) the final cooling rate.

Fig. 2. As is seen from Fig. 5a that when cooling time
is 360s which is 60 % of the total time in the con-
veyor, ferrite transformation almost completed, but
pearlite and bainite transformations just started, and
the austenite fraction was still higher. Phase transfor-
mation was homogeneous throughout the hot-forged
component in the conveyor. After the conveyor out-
put (600th second), there was still an austenite phase
in the middle of the component; therefore, transfor-
mations haven’t been completed yet (Fig. 5b). At this
point, the remaining amount of austenite started to
transform into pearlite. The final microstructure was
mainly ferrite and pearlite with a negligible amount of
bainite (Figs. 5a—c). The maximum amount of trans-
formed ferrite was located in the center of the sam-
ple, as shown in Fig. 5c, while pearlite was mainly
located in the surface region (Fig. 5b) because of cool-
ing rates (Fig. 5d). Transformation finished after the
batch cooling. The total transformation process time
took about 750s. The phase and the cooling rate dis-
tributions are best illustrated in Fig. 6 along the sam-
ple section. It can be seen that the cooling rates on
surface locations were far higher than those in the cen-
ter.

Phase transformations at different temperatures
and different regions are shown in Fig. 7. By the cool-
ing on the conveyor, 43 % of pearlite, 56 % of ferrite,
and trace amounts of bainite were observed, and al-
most all of the austenite had been transformed. Most
of the austenite in the center of the respective sample
remained in an untransformed state at the observa-
tion of the conveyor exit. While over 60 % of ferrite
and nearly 38 % of austenite were observed at the cen-
ter of the material, there was no pearlite and bainite
formation. In other words, the phase transformation
persisted at the center of the material. The material
surface temperature dropped below 550°C while the
core was above 650°C, 600th second of cooling on the
conveyor. Materials were taken from the conveyor and
left in the case to cool. Numerical analysis shows that
the phase transformation is completed at 750th second
of cooling. While the higher pearlite fractions were ob-
served at the material surface, its lower fraction at the
core has arisen from slower cooling.

According to simulation results (Fig. 6), it is pre-
dicted that the edge of the part, which was metal-
lographically investigated and shown by arrow 1 in
Fig. 2, exhibited 59 % pro-eutectoid ferrite and 41 %
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Fig. 6. The final phase and the cooling rate distributions throughout the component. The arrow sign shows a metallo-
graphically investigated area; bainite vol.% (a), pearlite vol.% (b), ferrite vol.% (c), and cooling rate (d).

pearlite. Experimental investigations showed that pro-
eutectoid ferrite and pearlite fractions were 61.6 and
38.4 %, respectively. The relative error between the ex-
perimental data and simulation results was calculated
by the following relation:

Osim — Oex
Error = ———2 % 100, (2)

exp

where Jexp and dsim are measured and predicted vol-
ume fractions of the transformed phases.

The volume fractions of ferrite and pearlite ob-
tained by simulation are in good agreement with the
measured data, with an error of about 3.6 and 6.9 %,
respectively. Mountadar Lyassami et al. predicted the
phase fractions of water quenched large ingots of the
low carbon steel within an error of about 5 % by using
FE-based FORGE NxT 1.1® software to carry out the
simulation work [10].

Although a very successful 3D FEM model was es-
tablished, it should be pointed out that the present
phase transformational model does not consider the
evolution of retained austenite and carbides by assum-
ing their limited amount in the present steel as well as
Widmanstatten ferrite, which cannot be distinguished
from polygonal ferrite by modeling.

Bouissa et al. [23] studied the FEM modeling of
phase transformation during quenching of large-size

steel forgings; the authors confirmed modeling results
by dilatometry test and metallographic examination
of the microstructure and obtained very good agree-
ments. A good agreement between hardness measure-
ment and FEM results was also obtained; however, the
authors did not simulate the yield and tensile strength
of samples.

According to the results of the numerical analy-
sis (Fig. 8), the yield strength from the surface of
the material to the center varies between 404.4 and
382.2 MPa, while the tensile strength varies between
606.7 and 586.8 MPa. In the region where the tensile
sample was taken, numerical studies show that the ex-
pected yield and tensile strengths are approx. 392 and
590 MPa, respectively. The yield and tensile strengths
obtained were 403.4 and 562.25 MPa, experimentally
at a 90 % reliability level. Therefore, it can be said
that simulations are in good agreement with the mea-
sured data in 90 % reliability with an error of about
3 and 5% for yield and tensile stresses. On the other
hand, in all reliability levels (10-50-90 %) (Table 2),
the error rate changed from 0.8 to 8.5 %, which is still
in good agreement.

4. Conclusions

In this paper, a numerical analysis of the hot forg-
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Fig. 7. Evolution of temperature-dependent phase transformation.

Fig. 8. The final yield (a) and tensile (b) stress distribu-
tions throughout the component.

ing of a P355NL1 component is presented. The nu-
merical model was calibrated and validated utilizing
experimental data to show the possibility of prediction
of material properties of the hot-forged components
by numerical analysis. A dedicated numerical model
was used to simulate the process and the metallurgi-
cal evolutions occurring during conveyor cooling. All
simulations were carried out by FEA using commer-
cial code SIMUFACTFORMING 12®. Based on the
results and discussions, the following conclusions are
made:

— Forced air cooling resulted in randomly oriented
short ferrite needles called Widmanstatten ferrite, fine
or ultra-fine pearlite lamella, and a negligible amount
of bainite. The hardness was higher than the as-
received sample, mainly due to the increase of pearlite
fraction and finer lamella of pearlite.

— The agreement between the phase fractions mea-
sured and simulated is strong evidence of the adequacy
of the methodology for the study of microstructure
evolution during the hot forging process. The volume
fraction of ferrite and pearlite was measured at about
61.6 and 38.4vol.% experimentally, and it was deter-
mined at 59 and 41 vol.% numerically. The phases were
successfully simulated in the range of 3.6 and 6.9 % er-
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ror rates for ferrite and pearlite, respectively.

— Experimental results predicted yield and tensile
strength distribution throughout the component sec-
tion with high accuracy. The numerical analysis eval-
uated the yield and tensile strength values at 392 and
590 MPa, respectively. The strengths were obtained as
403.4 and 562.25 MPa experimentally at a 90 % reli-
ability level, and the yield and tensile strengths were
successfully estimated with an error of about 3 and
5%. The hardness error between the experiment and
simulation is within 2 %.

— The finite elements technique is a useful tool to
provide information that would have been difficult to
obtain by experimental tests and also offer a better
understanding of the mechanical behavior of the sam-
ple during tensile tests. It could be used to effectively
predict the temperature distribution, cooling rate pro-
file, microstructure, hardness, and YS and UTS during
as-employed quenching.

— The numerical methodology conducted during
this work could be transposed to other heat treatment
processes that include phase transformation mecha-
nisms such as induction heating processes, metal form-
ing at high temperature, and different cooling condi-
tions.
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