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Abstract

This study addresses the significant gap in the literature regarding the heat transfer coefficient (HTC) under near-solidus
forming (NSF) conditions, where materials are shaped close to their solidus state, presenting complex behaviour compared
to traditional hot forming processes. Despite the pivotal role of heat transfer in developing a reliable material model for the
digital twin (DT), limited data exist particularly regarding HTC characterization at NSF. Additionally, testing methodolo-
gies suitable for the high-temperature conditions, crucial for NSF processes, have not been adequately addressed. To fill
this gap, this study aims to characterize HTC under NSF conditions using a columnar pressing test. The test was conducted
at three different temperatures such as 1250, 1300, and 1360 °C and two different pressures, 2 and 8§ MPa. During the test,
temperature data was collected at the centre of the sample using a k-type thermocouple. Furthermore, the DT of the pressing
test was developed and the three-dimensional finite element model of 42CrMo4 steel was constructed using FORGE NxT®
4.0 FEM software. The simulations were performed with varying HTC values to replicate the experimental test data. Inverse
modelling techniques were then applied to compare experimental and simulated data, enabling the characterization and
optimization of HTC values under NSF testing conditions. The results demonstrated that HTC in the NSF process is primary
impacted by the forming pressure, whereas temperature change showed no variation at the studied ranges. The HTC value of
500 W/m°K and 800 W/m?K was identified at 2 MPa and 8 MPa, respectively. The conclusion of this study aims for a bet-
ter understanding of heat transfer phenomena in NSF processes, enhancing the reliability of DT for industrial applications.
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1 Introduction

The near solidus forming (NSF) process, which involves
materials forming close to their solidus state, has emerged
as a promising technique in metal forming. Leveraging
high ductility and excellent mechanical properties [1], this
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material waste and energy consumption [2]. The digital
twin methodology can be used to replicate the deformation
behaviour of the NSF process and optimize it to increase
efficiency and reduce CO2 footprint. However, the state-
of-the-art NSF modelling does not account for reliable heat
transfer coefficient characterizations and modelling. The
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heat-transfer coefficient described by Boer et al. in the hot
upsetting process[4]. The effect of HTC on the metal form-
ing processes is not new; already in 1990, Burte et al. stated
that the HTC was a critical parameter in the hot forging pro-
cess [5]. In the nineteenth century, the Industrial Revolution
catalyzed a deeper exploration of heat transfer principles,
significantly impacting metal forming practices.

During the latter half of the twentieth century, there was
a simultaneous acceleration in experimental techniques,
as highlighted by Bergman et al. [6]. Innovations such as
infrared thermography, thermocouples, and heat flux sen-
sors revolutionized the field by enabling precise measure-
ments and analyses of heat transfer during metal forming
processes [7]. These advancements played a pivotal role in
validating and refining theoretical models, effectively bridg-
ing the gap between empirical observations and scientific
understanding.

One of the significant outcomes of this advancement
was the rise of high-temperature forming processes. With
further development in specialized alloys and technological
breakthroughs, high-temperature forming processes gained
popularity [8]. Techniques like hot forging, hot rolling, hot
extrusion, and NSF, involving working metals at elevated
temperatures, emerged. These methods allowed for enhanced
formability, reduced forming forces, and improved control
over material properties [9]. Understanding and optimizing
heat transfer in these high-temperature processes became
paramount, influencing product quality, efficiency, and
cost-effectiveness in the manufacturing of metal compo-
nents [10]. Despite the detailed investigation of HTC in
other forming processes at elevated temperatures such as
Malinowski et al. in the bulk metal forming process [11]
and Baoshan et al. in the upsetting test of TC11 titanium
alloy [12], the characterization of heat transfer in NSF has
been largely overlooked (due to the challenges faced during
NSF process, which includes high-temperature measure-
ment, non-uniform heating, transient behaviour, material
properties, heat losses, and finally testing methodology and
measurement techniques).

To characterize heat transfer and validate models in high-
temperature forming processes, various tests have been
developed. These include tension, torsion, shear, and com-
pression tests, as utilized by authors such as Piao et al. for
tension/compression testing of AZ31B sheets and Johnson
et al. [13, 14]. Each test variation has its own advantages
and limitations, extensively explored by researchers in vari-
ous studies [15]. The compression test for instance, involves
rapidly compressing a cylindrical metal specimen between
flat dies, leading to significant heat generation due to plastic
deformation. This test was introduced by Dieter et al. in
1976 [16] and provides crucial data for understanding the
heat transfer coefficient under specific deformation condi-
tions. Nevertheless, the plastic work generates heat which
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is difficult to uncouple from the transfer and heat genera-
tion. In addition to experimental tests, other characteriza-
tion methods such as inverse heat conduction methods and
numerical simulations complement these tests, offering a
comprehensive understanding of heat transfer in the high-
temperature metal forming process [17]. Effective control of
temperature gradients and heat flow at elevated temperatures
significantly impacted the shaping of metals and continues
to be a critical area of research and development in the field
of metal forming [18].

In the literature, the columnar pressing test is a popular
method for the characterization of heat transfer, due to its
simplicity and ability to explore large ranges of strain and
strain rate at high temperatures. Mendiguren et al. used the
test to investigate the influence of the contact pressure and
die temperature on the heat transfer coefficient employing
USIBOR1500P material [19]. Similarly, Sethy et al. used the
test to conduct the research on press velocity, HTC, process-
ing time, mesh size, material, and tool temperature for Ti65
during high-temperature forming [20]. Later she performed
the same test to characterize the HTC at high temperatures
without deforming the billet [21].

From the literature, it is clear that heat transfer plays a
critical role in the development of reliable material model
as stated by Zhang et al. [22]. However, there is limited data
available on the forming process, particularly under NSF
conditions where the material is shaped close to its solidus
state described by Lozares and Plata et al. in the manufactur-
ing of NSF industrial components [1, 2]. Given the complex-
ity of material behaviour in NSF compared to hot forging,
there exists a significant gap in the literature concerning the
characterization of heat transfer coefficients [23].

To address this gap, this study aims to characterize the
HTC under NSF conditions through the columnar pressing
test. The test was conducted at three temperatures: 1250,
1300, and 1360 °C, and under two different pressures: 2 and
8 MPa. Subsequently, a three-dimensional finite element
model of 42CrMo4 steel for the pressing test was constructed
using FORGE NxT® 4.0 FEM software. Simulations were
conducted with varying HTC values to determine the tem-
perature data under different temperature and contact con-
ditions. Next inverse modelling techniques were employed
to compare the experiment data with the simulation curves.
Finally, the values of the HTC at NSF testing conditions are
characterized and optimized. Overall, results showed that
HTC remains stable across all temperature conditions how-
ever demonstrates significant change with contact pressure. At
2 MPa, the HTC value of 500 W/m2K was concluded across
all test conditions. Likewise, at higher contact pressures of
8 MPa, the HTC value is determined as 800 W/m?K. The
characterization of HTC at NSF conditions is pivotal for the
accurate development of the NSF digital twin (DT), hence
advancement towards the industrialization of the NSF process.
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2 Research methodology
2.1 Sample preparation for the test

The material used in this study is a highly industrially used
42CrMo4 steel in the form of 20 mm diameter bars. For the experi-
ments, billets of 20 mm+0.1 mm in height were extracted from the
bar, maintaining the initial 20 mm in diameter, see Fig. 1.

For measuring the temperature profile during the experi-
ments, a hole was drilled at the centre of the billet through
electric discharge machined (EDM), positioned 10 mm away
from the die’s contact surface, as illustrated in Fig. 1. This
cavity was designed to hold a K-type thermocouple with a
diameter of 2 mm, extending to a depth of 10 mm. The use
of a specially designed high-response K-type thermocouple
from [11] facilitates the accurate temperature measurement
throughout the experiment. Later, the temperature data will
be used to predict the HTC values in these experiments.

2.2 Preparatory steps before the test
It is important that the thermocouple is fixed at a single

point throughout the experiment to accurately measure the
temperature at one point (billet centre). For this purpose, a

light mechanical joint was generated through a sharp pointy
tool as shown in Fig. 2a. Furthermore, in order to mimic the
industrial process in which the dies are heated to reduce the
heat lose, the dies were preheated with the help of a Hasco
carbide heater as shown in Fig. 2b. For this purpose, a set
of 230 V and 630 W die heaters, one at the top and one at
the bottom die were installed in the preformed holes of the
dies. To accurately control the temperature from the Hesco
controller, a thermocouple was installed in both dies, which
provided a real time temperature data throughout the experi-
ment process.

2.3 Description of the test apparatus

In this study, a tooling arrangement was mounted onto a
high-precision 40 kN SCHMIDT micro servo-press testing
apparatus (detailed in Fig. 3). The dies were consistently
kept at a temperature of 250 °C with the help of Hasco
cartridge die heaters. The specimens were heated to the
desired temperature in a Hobersal CRN-5X/17 electrical
furnace. Before transferring the billet from the furnace to
the press die, a CeraSpray® lubricant was sprayed onto the
dies following the same strategy as in the industrial NSF
process. This served to minimize the friction and to reduce

Fig.1 Specimen geometry and
thermocouple locations: a) Test
sample, b) Sample specification
(all units are in mm)
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Fig.2 Preparatory Steps: a) Mechanical welding of thermocouple, b) Press die with Hesco heater and thermocouple
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Fig.3 Test setup: a) Furnace
equipped with argon gas, b)
Micro servo-press with thermal
camera

the heat loss to the dies. The test specimen was connected
to a responsive K-type thermocouple, which is further
connected to a National Instruments N19215 module data
logger which facilitates the capture of temperature trends
from furnace heating all the way to the transfer and pressing
phase. Furthermore, to prevent excessive oxidation on the
surface of the billet during the heating, a controlled argon
atmosphere was created inside the furnace, which can be
seen in Fig. 3a. Moreover, to investigate the temperature
profile of the billet surface, a thermal camera was imple-
mented as shown in Fig. 3b.

2.4 Test procedure

Experimental trials were conducted under two distinct con-
tact pressures: 2 and 8 MPa. The low value of 2 MPa was
selected to estimate the HTC value during the initial stages
of the NSF process (low pressure), while a contact pres-
sure of 8 MPa was chosen as the maximum contact pressure
without the deformation of the billet.

The experiments were conducted using a high-precision
micro servo-press, which provides closed-loop control of
the applied force throughout the testing process. To charac-
terize heat transfer at a specific contact pressure within the
interface, a theoretical force calculation was used, assuming
a planar contact across the entire 20 mm diameter surface.
This assumption led to the application of forces of 628.32
N and 2513.28 N to achieve contact pressures of 2 MPa and
8 MPa, respectively. Initially, the press operated in a dis-
placement-controlled mode at a high speed, with the speed
reduced just before contact. During the heat transfer test, the
press was switched to a force-controlled closed-loop mode.

@ Springer

The specification of the testing conditions is summarized
in Table 1. The test was conducted at three temperatures:
1250, 1300, and 1360 °C. However, at 1360 °C, the mate-
rial began to deform at a pressure of 8 MPa due to its yield
limit; therefore, high-pressure data is neglected at 1360 °C.
At the beginning, the test specimens were heated to a desired
temperature in a furnace with a holding time to homogeniz-
ing the temperature. Similarly, to heat up the dies the Hasco
carbide die heaters were run for extra time intervals and after
achieving the thermal equilibrium at both specimen and dies,
the specimen was relocated to the press. Three specimens
were tested at each condition.

At the press, a nominal dwell interval of 0.7 s was desig-
nated before the pressing phase, where the press initiates its
displacement from the top dead centre with a velocity of 80
mm/s and just before reaching the billet the velocity of the
press was reduced to 1 mm/s to avoid the high-speed impact
of the die. In the pressing phase of the test, the billet was
pressed and held for a duration of 30 s. At the same time,
the temperature data were collected by the thermocouple

Table 1 Boundary conditions of the columnar pressing test

Billet tem-  Pressure ~ Ambient Dies Lubricant
perature temperature temperature

°C MPa °C °C Type

1250 2

1300 -

1360 - 20 250 CeraSpray®
1250 8

1300 -
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throughout the process. The billets after the pressing test
are shown in Fig. 4. Utilizing the temperature profile of the
specimen as input, the inverse calculation for HTC will be
implemented.

3 Experiment results

The results of the specimen heating process, transitioning
from room temperature to the target temperatures of 1250,
1300, and 1360 °C, are presented in Fig. 5. In these plots,
time is represented on the x-axis, while temperature is plot-
ted on the y-axis. All the plots are presented in the form of a
confidence band. The average line represents the mean value
of the temperature at all test repetitions at that time interval.
Each plot in Fig. 5 represents three different repetition of
individual test conditions. It is evident that, regardless of the
chosen temperature, the billet reaches the intended tempera-
ture within approximately 225 s (4 min). Following this, the
billet was left within the furnace for a few minutes more to
ensure even temperature distribution throughout its body.

Fig.4 Test samples after the pressing test

1400

— 1250°C
— 1300°C
— 1360 °C

1200 A

1000

800 -

600 4

Temperature (°C)

400 1

200

0 50 100 150 200 250
Time (s)

Fig.5 Heating cycle of the billet inside the resistance furnace

Furthermore, it can be seen that at the initial stages, the
billet heats up slowly for few seconds, which is due to the
fact that the thermocouple was placed at the centre of the bil-
let and initially the temperature of the furnace is redistribut-
ing in the billet causing slow heating. After this initial stage,
the billet’s temperature rises linearly until it reaches ~ 730
°C. At this point, a decline in temperature is observable due
to microstructural changes. Subsequent to this phase, the
material’s temperature continues to rise until it ultimately
reaches the intended target temperature.

Next, the plotted data illustrated in Fig. 6 shows the tem-
perature change in the specimen throughout the columnar
pressing test. Similarly, here all the plots are at three tem-
peratures and two different pressures, with repetitions based
on the boundary conditions shown in Table 1. The whole
test is divided into three stages, labelled as (I), (I), and (III).
Label (I) shows the time window in which the billet reached
its targeted temperature and was still in the furnace (inside
the furnace). Label (II) represents the time window in which
the workpiece was moved from the furnace to the lower die
(transfer phase). Finally, (III) shows the pressing phase,
where the workpiece is pressed and held for 30 s.

Taking a closer look at each of the three phases, we can
observe some interesting temperature changes. When the
specimen was transferred from the furnace to the die, the
temperature decreased by around 150 to 160 °C (in the
centre of the billet where the thermocouple is measuring).
Before the top die began moving down to press the speci-
men, at this point there was no external pressure on the test
sample. Hence, the heat transfer coefficient was also low,
leading to relatively minor heat transfer from the speci-
men to the die. However, the heat transfer increases during
the pressing phase, as pressure builds up at the interface
between the dies and the specimen when they come into
contact. This facilitated rise in the heat transfer, which con-
tinued for 30 s as shown in Fig. 6 (all plots). This significant
increase in the heat transfer coefficient linked to the applied
pressure at the interface was discussed by Lu et al., during
their investigation of the interfacial heat transfer coefficient
for TC11 titanium alloy [12]. Furthermore, the increase in
the heat loss is different for both pressures; for 2 MPa at all
temperatures, we see a temperature loss of around 330 °C
from the start to the end of the pressing phase, whereas in
case of 8 MPa, the loss of 440-450 °C can be noted.

By looking deep into the individual plots, first, we see
that in few experiments, the confidence band of the transfer
phase is a bit wider compared to the rest of the phases. This
is evident in Fig. 6a, which indicates a minor deviation in
temperature during the transfer phase during the test caused
by a slight rotation of the thermocouple attached to the cen-
tre of the billet. Also, the duration of the transfer phase is
different in some cases, such as 15 s for 1250 °C at 2 MPa or
11 s for 1360 °C at 2 MPa. The minor delay was caused by
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the placement of the billet, as the billet is attached to a ther-
mocouple and sometimes the readjusting of the billet into
the die’s centres can cause a small variation in transfer time.

Overall, during all experiments, the billet was carefully
transferred to minimize human errors as much as possible.

Figure 7 illustrates the thermal analysis of the test at a
temperature of 1250 °C, utilizing the equipment as previ-
ously depicted in Fig. 3b. The figure is further divided into
four sub figures: (a) showcasing the heated dies before the
test, (b) representing the placement of the billet inside the
press, (c) depicting the pressing phase, and (d) displaying
the end of the pressing phase with the top die returning to
its original position.

Figure 8 shows the thermal camera data at both 2 and
8 MPa at the temperature of 1250 °C. With readings
taken at the billet’s surface during the test, each graph

is consisted of three repetition such as tests #1, #2, and
#3. In Fig. 8a and b, the temperature curves differ for
each test due to the variations in the transfer phase dura-
tion during the test. As the surface of the billet is more
sensitive to heat dissipation into the air, shorter or longer
transfer times could lead to different initial surface tem-
peratures at the beginning of the pressing phase, even if
they all show a similar trend for each repetition during
the pressing phase.

However, despite having almost identical temperatures
at the beginning, the pressing phase in 2 MPa ends at 652
°C while in 8 MPa it ends at 595 °C (Fig. 8). Which clearly
indicates the effect of pressure on the heat transfer coef-
ficient during the NSF process. Overall, the thermal camera
analysis demonstrated similar heat transfer behaviour com-
pared to the thermocouple data.

(d)

565

| €l
1160

Fig.7 Thermal camera analysis: a) heated dies, b) billet placement inside press, ¢) pressing phase, d) post-pressing phase
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(a) Temperature plots at 2 MPa

Fig.8 Thermal camera temperature data at 1250 °C
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4 Methodology, model generation,
and the calculation of HTC

4.1 Inverse analysis methodology

To calculate the HTC, reverse analysis was implemented, and
its details can be seen in Fig. 9. For this purpose, a compre-
hensive DT model was developed to replicate the experimen-
tal process depicted in Fig. 6, which consists of the transfer
phase, dwell time, and pressing phase. The DT is focused
particularly on understanding the temperature dynamics
during these phases, with the transfer phase influenced sig-
nificantly by heat exchange to air (HEA), and the pressing
phase by the heat transfer coefficient (HTC). To thoroughly
investigate these dependencies, the simulations study was
conducted with a wide range of HTC and HEA values. With
this approach, the thermal behaviour of the sample during
the experiment trials can be replicated. Through deep analy-
sis, the evolution of temperature profiles for each simulated
scenario was tracked. Subsequently, aligning experimental
temperature data with these numerical predictions enables
a precise comparison between simulated and observed out-
comes. This methodology enabled us to identify the specific
HEA and HTC values that accurately reproduce the tempera-
ture profiles observed in experimental trials.

4.2 Numerical modelling

The implementation of heat transfer laws in various software
platforms may introduce slight disparities. Consequently, it was

Experiment Trials

essential for the authors to perform inverse calculations of trans-
fer coefficients using the same software utilized in industrial
forming simulations. Notably, FORGE NXT® stands out as
one of the most commonly employed software tools for this
purpose. This numerical analysis tool excels in simulating large
strain thermo-plasticity deformation behaviour, making it a pre-
ferred choice for industrial forging and numerical simulation
framework (NSF) applications. In this study, a 3D finite ele-
ment model of 42CrMo4 steel for the pressing test was meticu-
lously crafted using the FORGE NXT® finite element software
to facilitate the development of the desired transfer coefficients.
For the plastic behaviour of the material, the Hansel-Spittel
model, which describes the relationship between flow stress,
strain, strain rate, and deformation temperature is used. The
Hansel-Spittel model is expressed by the following equation

c= Ae’"‘Te'”Zé'"3e”:_~4(l + £)"sT gMre g Tms Mo €))

In this context, ¢ represents stress, € denotes strain, € is
the strain rate, T is the deformation temperature, and m; to
m, are material constants. The boundary conditions used
in the simulations are summarized in Fig. 10a. The upper
and lower tools were represented as rigid entities, with the
unilateral contact and the friction coefficient at the part/die
interface. For which the Coulomb limited Tresca model is
implemented from the FORGE database, details of which
can be found in the paper [23]. The heat transfers were
established between the parts and dies, as well as between
the parts and the surrounding air. The HTC is governed by
the transient heat conduction equation known as Fourier’s
law; a mathematical form of the equation is expressed:
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Fig.9 HTC characterization process flow chart

@ Springer



The International Journal of Advanced Manufacturing Technology (2024) 135:721-733 729
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Fig. 10 Numerical modeling of the columnar pressing test: a) boundary conditions, b) temperature distribution during the test

9, “\ ox2 )
where T represents the temperature, ¢ is time, x is the space

variable, and the material properties are introduced by o
that it is defined as

a, = —kd
=
PiCd

3

where k; is the thermal conductivity, py represents the
density, and c, is the specific heat. While the lower die
remained stationary, a predetermined vertical displacement
was imposed on the upper die. In the simulation, the dies
were assigned temperatures of 250 °C, with the surroundings
air temperature (20 °C). The specimen was partitioned into
36,360 tetrahedron elements with 7369 nodes, while the dies
were kept as a rigid body. The resulting average mesh size of
the billet was ~0.7 mm throughout the process. For the press,
the experimental force of 2 or 8 MPa for each experiment
was imposed on the corresponding simulation. Furthermore,
the remeshing rule was implemented in the simulation to
reduce the computational time while increasing the accuracy
of the simulation results.

To include the initial heterogeneous temperature distri-
bution observed during the experiment test, the simulation
process consisted of three main stages. In the first stage (I),
the temperature evolution is determined during billet trans-
fer from the furnace to the press table while employing the
exchange of heat with air along the billet’s entire boundary

surface. In the second stage, (II) the temperature evolution
is simulated for the period when the billet was placed on the
press die, while the billet deformation is not commenced.
Finally, the upper die was subjected to a predefined contact
pressure (III), pressing the specimen between the upper and
lower die at the desired pressure. Throughout the simula-
tion, the temperature history of the specimen was monitored
using a virtual sensor situated at the centre of the billet
similar to the experiment test. The process times for the first
two stages replicated the experimental data.

Figure 10b graphically illustrates the temperature gradi-
ents in a typical pressing test for 42CrMo4 at 1250 °C, prior
and after the pressing. Overall, it can be seen that at 1250
°C, approximately a temperature of 158 °C was lost during
the transfer phase. Furthermore, the highest temperature can
be noticed at the centre of the billet whereas the surface is
cooler due to higher heat loss to the air, as shown in Fig. 10b.

Overall, the simulation was carried out defining differ-
ent values of the HTC which resulted in different tempera-
ture evolutions at the centre of the billet. By comparing
both experiment and simulation curves, the correct HTC
value was optimized and minimized for the pressing test
(Fig. 9).

4.3 HTC calculations analysis
Figure 11 illustrates the inverse identification procedure as

depicted in Fig. 9. The experimental temperature evolution
at the centre of the billet is denoted by black dots (2 MPa)
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and blue triangles (8 MPa) markers. Additionally, the con-
tinuous lines represent the temperature evolution prediction
by the digital twin (DT) under various assumed heat transfer
coefficients (HTC). Notably, for the scenario of 2 MPa pres-
sure, a HTC of 500 W/m’K is found to accurately reproduce
the temperature evolution. Conversely, under high contact
pressure conditions (8 MPa), a higher HTC of 800 W/m?K
is necessary to match the experimental heat loss.

As presented in Fig. 6, during the second phase (II), the
heat loss is controlled by the heat exchange to air (HEA)
coefficient. Therefore, the same procedure as the one just
presented can be used to characterize the HEA considering
phase two (II) experimental data. As in the transfer phase,
the billet was in contact with the air and the transfer tool, the
heat was lost due to conduction, convection, and radiation;
hence, the cooling curve for 2 and 8 MPa testing is consid-
ered as multiple repetitions of the same test.

In Fig. 12, the output of the inverse analysis conducted for
the three different experimental temperatures, the different con-
tact pressures, and both transfer phase (II) for HEA identifica-
tion and phase three (III) for HTC identification are presented.

At 1250 °C, the cooling rate was recorded around 10 °C/s
during the transfer phase (Fig. 12a). In the pressing phase,
the heat loss is accentuated due to the transfer from the billet
to the dies. At a window of 30 s, the temperature at 2 MPa is
declined by ~ 320 °C, whereas for high pressure 8 MPa, this
decline is ~400 °C, shown in Fig. 12b.

Similarly, at 1300 °C, as shown in Figs. 12¢ and d, there is
a notable alignment between the experimental and simulated
curves. At this temperature, the cooling rate is calculated to
be approximately 13.5 °C, representing a 3.5 °C increase
compared to the cooling rate at 1250 °C. This observa-
tion suggests that heat loss is more pronounced at higher
temperatures and, conversely, lower at lower temperatures.

1200
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HTC 200
1000 - = HTC 500
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HTC 2000
900

800 -
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Time (s)

Fig. 11 Comparison of numerical and experimental results at various
HTC values
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Examining the pressing phase plots, in the case of 2 MPa,
the temperature decreases from an initial temperature of
1133 °C to approximately 800 °C, while for 8 MPa, the final
temperature is recorded at around 690 °C at the end of the
pressing phase. This reflects a temperature drop of 110 °C
compared to the low-temperature condition (1250 °C). Fur-
thermore, the disparity in heat loss between 2 and 8 MPa is
notably greater compared to 1250 °C, attributed to the higher
temperature profile.

Finally, Figs. 12e and f depict the correlation of tempera-
ture profiles between experimental and simulation tests at
1360 °C. These plots illustrate the model’s accurate predic-
tion of the transfer phase, as depicted in Fig. 12e. Moreover,
at 1360 °C, the cooling rate initiates at approximately 15
°Cls, gradually decreasing to 13 °C/s by the end of the trans-
fer phase (from around ~ 1220 to~907 °C). This highlights
the significant influence of sample and surrounding air tem-
peratures on the cooling rate, which increases with higher
temperatures and decreases vice versa. This trend is evident
when comparing the cooling rates at 1250, 1300, and 1360
°C. Additionally, in the pressing phase, the model effectively
predicts the temperature curve from the beginning to the end
of the pressing phase, as shown in Fig. 12f. However, no reli-
able experiment data was obtained at 1360 °C under contact
pressure of 8 MPa due to material limitations.

The characterized heat exchange to the air and heat trans-
fer coefficient under NSF conditions are summarized in
Fig. 13. Figure 13a illustrates the relationship between HEA
and the initial transfer temperature, while Fig. 13b displays
the characterized HTC under various contact pressures and
temperatures.

On one hand, the conducted study reveals a minor
dependency of the HEA on the transfer temperature, with a
slight coefficient increase observed as the transfer tempera-
ture rises. On the other hand, the HTC appears to remain
stable across the tested temperature range but demonstrates
significant dependency on contact pressure.

Overall, in this study, the HTC exhibited only a minor
dependency on temperature within the specific temperature
range and investigated experimental conditions. This finding
is consistent with certain conditions where the influence of
temperature on HTC is not pronounced, such as in scenarios
where the surface characteristics or contact conditions domi-
nate the heat transfer behaviour. In this study, we focused
on a relatively narrow temperature range (1250 to 1360 °C)
compared to the broader temperature ranges examined in
some other literature studies.

However, in other contexts, particularly under differ-
ent material conditions, surface roughness, oxidation, or
higher temperature ranges, the HTC can show a significant
dependency. For instance, literature reports variations in
HTC with temperature due to factors such as phase changes
at the interface, changes in material properties like thermal
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Fig. 12 Comparison of experimental and simulation data; transfer phase and pressing phase

conductivity, and variations in surface emissivity. For exam-
ple, studies such as [24] have shown that in certain metal

forming processes, the HTC increases with temperature due
to enhanced thermal conductivity at higher temperatures or

@ Springer
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changes in interfacial conditions. Conversely, other studies
[25] have reported minimal dependency when the contact
surfaces are relatively smooth, and the temperature range is
narrow. Our findings suggest that within the specific range
of near-solidus temperatures investigated, the HTC remains
relatively stable. This could be attributed to the consist-
ent contact conditions maintained during the experiments,
as well as the specific material properties at the examined
temperatures. However, we do not intend to generalize this
observation beyond the scope of our study and further inves-
tigation is needed to address this in more detail.

5 Conclusion

The columnar pressing test is developed to calculate the HEA
and HTC under NSF conditions for 42CrMo4 steel. For this
purpose, tests were conducted at a temperature and pressure
of 1250, 1300, 1360 °C, 2 and 8 MPa, respectively. A reverse
analysis has been performed by comparing the experiment
results with the simulation in FORGE NXT®. Based on the
findings presented in this work, the following conclusions
are drawn:

¢ A minor dependency of the HEA on the transfer tempera-
ture has been found.

e The HTC appears to remain stable across the tested tem-
perature range but demonstrates significant dependency
on contact pressure.

e At alow contact pressure of 2 MPa, a consistent HTC
value of 500 W/m?K was identified for all tests. Like-
wise, at higher contact pressures of 8§ MPa, the HTC
value remained at approximately 800 W/m?K across all
test conditions.

@ Springer

In summary, this study addresses the identified research
gap by providing essential data on HEA and HTC under
NSF conditions for 42CrMo4. These characterizations are
pivotal for the accurate development of the NSF digital
twin (DT) and, consequently, for the industrialization of the
NSF process. However, it is important to note a limitation
of the current study, which only investigates low pressures
of 2 MPa and 8 MPa, allowing for the isolation of plastic
work and HTC effects. Nonetheless, given the expectation
of higher contact pressures during the NSF process, further
investigations will be necessary to encompass the full range
of industrial pressure scenarios.
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