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Abstract. For the reliable numerical simulation and design of compound forging processes involving
dissimilar materials, an accurate representation of thermal boundary conditions is essential. In
particular, the heat transfer coefficient (HTC) at the interface of the workpiece and the die strongly
influences temperature distribution, material flow, and interfacial integrity. Despite its significance,
the HTC 1is frequently modelled as constant in finite element (FE) simulation due to the lack of
experimental data for forging-relevant conditions. Therefore, this study presents an experimental—
numerical methodology for determining load-dependent HTCs representative of compound forging.
A specialised test setup was used to reproduce the thermal-mechanical boundary conditions of hot
bulk forming, by inducing contact pressures both below and above the flow stress of the workpiece
material. Temperature histories were recorded using embedded thermocouples and analysed through
an inverse numerical approach based on a one-dimensional (1D) finite element (FE) model. The
influence of contact pressure, heating atmosphere, and lubrication on the HTC was systematically
investigated for a S235JR specimen temperature of 600 °C. The results demonstrate a pronounced
pressure dependency of the HTC, with increasing values at higher contact pressures. Oxide formation
and lubrication were shown to significantly affect heat transfer behaviour, particularly while heating
under atmospheric conditions. The presented approach provides process-specific HTC data that can
substantially improve the predictive capability of numerical simulations for compound forging
applications.

Introduction

The reduction of vehicle weight is a key strategy within the automotive sector to lower CO-2 emissions.
While highly developed lightweight solutions have been established in sheet metal forming, their
transfer to bulk metal forming remains comparatively limited [1]. As the total mass of bulk-formed
components in vehicles is approximately equivalent to that of sheet metal parts, substantial
lightweight potential exists in this domain [2]. Hybrid components made from at least two different
materials offer great potential as a new technology for innovative lightweight construction concepts.
Using hybrid components allows the advantageous properties of each material to be exploited in a
targeted manner, thereby reducing component weight while maintaining the same load capacity.
Compound forging enables load-adapted component structures by joining distinct materials within a
single forming operation. This facilitates resource-efficient highly productive fabrication of near-net-
shape hybrid components. During forming, the dissimilar materials are bonded through a combination
of mechanical interlocking and metallurgical joining. The process chain consists of the pre-joining of
semi-finished parts by form or force fit, followed by targeted inhomogeneous inductive heating to
establish material-specific temperatures, and compound forging to a hybrid component [3].

Hybrid components made of aluminium and steel offer an excellent combination of weight reduction
through the aluminium on the one hand and increased strength through the steel on the other. The
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joining of dissimilar materials such as steel and aluminium presents significant challenges, primarily
due to the different forming temperatures and the formation of intermetallic phases (IMP). The
thermal conditions at the material interfaces critically influence the forming behaviour and the IMP
formation. Heat transfer from the hotter steel to the aluminium may locally exceed the aluminium
solidus temperature, causing partial melting and impairing the bond. Also, heat loss of the steel billet
may reduce its formability and increase the risk of damage failure. Additionally, continuous heat
transfer occurs from the billets to the colder die surfaces [3, 4]. Accurate description of the
temperature distribution within the semi-finished parts and tools is therefore essential for a precise
process design and simulation. Finite element modelling has proven capable of fulfilling this purpose;
however, its accuracy strongly depends on the correct representation of process-specific thermal
boundary conditions [5].

A key parameter in modelling thermal interactions is the HTC « at the workpiece—die interface, which
depends on time-varying process quantities such as contact pressure (ogy), surface temperatures
(Tworkpiece> Taie)> and lubrication conditions (Nyyprication) [3,6]. Despite its relevance, the HTC is
commonly treated as a constant in numerical simulations due to insufficient experimental data [7],
thereby limiting predictive accuracy. The experimental characterisation of the HTC is extremely
challenging due to the difficult accessibility of the contact area and the control of the test parameters.
Experimental determination of the HTC requires temperature measurements near or at the contact
interface. Direct approaches, such as tool-surface thermocouples, often interfere with the contact and
compromise the measurement, while thermography is not applicable in closed-die conditions [5].
Indirect methods, whereby thermocouples are embedded close to the die surface, are thus commonly
employed. By reproducing experimental conditions numerically and iteratively matching the
simulated temperature histories to the measured, the HTC can be determined. Fundamental studies
using such indirect approaches were presented by Singh et al. [8], Dixit et al. [9], and Volke et al.
[10]. Additional contributions include Wen et al. inverse heat conduction analysis for warm sheet
forming [6] and Bhattacharya et al.’s characterisation of HTC during press hardening, highlighting
the contact pressure as the dominant influence factor [11].

Most of these investigations rely on a test rig developed by Volke et al., involving two heated
opposing punches with integrated temperature sensors [10]. However, generating homogeneous
initial temperature fields and controlling relevant parameters, such as contact pressure or position of
the thermocouples is experimentally demanding. Furthermore, existing studies predominantly
address sheet metal forming, whereas bulk forming involves substantially higher contact pressures
and a greater thermal mass, leading to slower cooling rates and increased thermal inertia of the
workpiece. In processes such as compound forging in closed dies, contact pressures may exceed the
material flow stress due to superimposed hydrostatic pressure states.

To this day, no detailed investigation of the HTC under the specific thermal-mechanical conditions
of compound forging has been reported. This study presents an extension of the experimental setup
by Mohnfeld et al. [12] for recording the HTC of steel for composite forging. In order to prevent the
aluminium from melting due to the steel during heating, the HTC was investigated for a steel
temperature of 600 °C under varying process boundary conditions. The approach enables the coupled
experimental-numerical determination of a load-dependent HTC, providing essential data for
accurate modelling and process design.

Methods - Experimental Investigation

The system was mounted in a servo-hydraulic forming simulator (Instron), as shown in Fig. 1. The
test set-up consists of three steel plates guided laterally by two columns. The upper plate is fixed to a
strain gauge-based load cell (Kistler) and rigidly guided by the outer columns. The columns are fixed
against the lower frame of the forming simulator using adjustable feet. The centre plate is mounted
in a floating configuration via springs. A U-shaped cavity in the centre plate bears the specimen holder
and ensures its alignment between the punches. The lower plate is connected to the hydraulic cylinder.
When the cylinder moves towards the force load cell, the springs are compressed, thereby
continuously centring the middle plate between the upper and lower plates. This ensures a
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simultaneous contact of the upper and lower punches to the specimen. To protect the system from the
temperatures typical for hot bulk forming of up to 1,100 °C, cooling channels were added into the
plates and connected via hoses, as shown in Fig. 1(a). A continuous water flow through these channels
enables a rapid heat extraction from the specimen holder, thereby maintaining reproducible testing
conditions and shielding the bearings and columns from thermal loads. The functional principle of
the specimen holder (1.2343), the specimen (S235 JR), and the punches (1.2343) is shown
schematically in cross-section in Fig. 1(b). The tool steel 1.2343 was chosen because the dies are
made from 1.2343 in the subsequent compound forging process, and S235JR is a workpiece material
used in the compound forging process. The steel specimen is fixed in the specimen holder, which can
be closed in a form-fit manner by rotating the locking mechanism around the z-axis. Openings in both
the specimen holder and the lock allow the punches to contact the specimen's end faces. Once the
punches establish contact, the specimen is fully enclosed, generating a hydrostatic stress state. This
enables the investigation of contact stresses exceeding the flow stress of the specimen material. Each
punch has a drilled hole into which a type-K thermocouple (TC1, TC3) is inserted to within 0.9 mm
of the punch face, allowing near-surface measurement of the punch temperature during contact
heating. An additional thermocouple (TC2) positioned via a lateral bore in the specimen holder
measures temperature directly at the specimen surface. Two thermocouples were placed between U-
shaped cavity and the cooling channel in the central plate to record its thermal evolution.

TC1
—TT C-Flange

Punch:

1.2343 =

Specimen holder:

1.2343 % TC2
Specimen: ] _I_J

$235 JR 2! Specimen lock
Punch:
12383 . pFlange
Lower plate - 3 E §_T

2 Specimen holderf§fl Hydraulic cydé N

(a) (b)
Fig. 1. (a) Test set-up for determining the HTC under forging-relevant process parameters
according to Mohnfeld et al. with extended cooling system, (b) Schematic cross-sectional view of
the active components of the experimental setup [12].

Prior to testing, the specimen holder is equipped with the specimen and heated to the test temperature
in a chamber furnace (Nabertherm). The specimen temperature is monitored via the thermocouple in
the specimen holder. The transfer time from furnace to test rig remained below 20 s, following the
requirement defined in [12]. A combined loading profile was used to ensure a rapid punch—specimen
contact and thereby avoid premature cooling of the specimen surface. First, a position-controlled pre-
alignment is carried out; then switches to a load-controlled motion until the target force is reached
upon specimen contact. The target force is maintained for 60 s, and then removed. The investigated
parameter combinations are listed in Table 1. All tests were performed at a specimen temperature of
600 °C in order to test the integrated cooling system of the test rig and to record the heat transfer for
the composite forging of EN AW-6082 and S235JR for the maximum contact zone temperature. The
pressure dependency of the HTC was examined using six contact pressures in the range of 50-550
MPa.
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The flow stress from S235JR at 600 °C, at a quasi-static strain rate of 0.1 s™! and a strain of 0.2, is
around 300 MPa, meaning that three pressures below and three above the material’s flow stress were
investigated [13].

Table 1. Experimental matrix for determining a load-dependent HTC (fully factorial).

Temperature in °C  Load in MPa (kN) Lubrication Atmosphere Repetitions
50 (35.34)
150 (106.03)
none
250 (176.71) Air
600 ConTraer G300 3
350 (247.40) Argon
LUBRODAL F 3670
450 (318.09)
550 (388.77)

To determine the influence of scale formation on the HTC, all parameter combinations were tested
both with and without a protective gas atmosphere. Argon 5.0 was used as the protective gas, and the
furnace was continuously flooded at a flow rate of 6.6 1/min. In hot bulk forming, lubricants are used
not only to influence tribological conditions between die and workpiece but also the thermal
interaction. The lubricants ConTraer G300 and LUBRODAL F 3670 (Fuchs Lubritech) were
evaluated and applied to the punch faces prior to testing. ConTraer G300 was applied with a spray
duration of approx. 4 s, whereas LUBRODAL F 3670 was applied using a soaked sponge following
a pad-printing approach [14]. Before each test, the punches were cleaned and fresh lubricant was
applied. Each parameter combination was repeated three times.

Methods - Numerical Investigation

The determination of HTC was carried out using an iterative inverse optimisation based on the
experimentally recorded temperature histories. The developed MATLAB script consists of a one-
dimensional finite element (1D FE) model and an optimisation module. The basis of the 1D FE model
is the discretisation of the test setup, whereby the specimen and the punch are represented as discrete
node chains. Heat conduction within the materials is modelled using Fourier’s law Eq. 1, while the
heat transfer between the two materials is described according to Newton’s law of cooling, Eq. 2 [12].
Heat loss through heat radiation is described by the Stefan-Boltzmann law in Eq. 3.

_ AMAT

Qneat conduction = = (1)
Qheat transfer = A+ AT ()
Qneat radiation = €0 Ay * AT* 3)
v=-2 4)

m-cp

The nomenclature of the energy balances (Eq. 4) for heat conduction, heat transfer, and thermal
radiation is illustrated in Fig. 2(a). Fig. 2(b) schematically shows the 1D FE model of the punch, the
specimen, and the specimen holder.
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Fig. 2. (a) Nomenclature of the fundamental equations, (b) Schematic representation of the 1D FE
model.

To reduce computational effort, only one half is considered, with the plane of symmetry located at
the centre of the specimen. The model consists of 500 nodes, where nodes 1-150 represent the
specimen and nodes 151-500 correspond to the punch. The energy balance for the punch nodes
including the heat radiation is shown in Eq. 5.

_ A'/lT,punch (Tyx—1-Tx) _ A'/lT,punch'(Tx_Tx+1) _ E'O"AM'(TJ?_T;{)

Uy= (5)

Mpunch Cp,T,punch’S Mpunch Cp,T,punch’S Mpunch Cp,T,punch

The experimental test temperature is initially assigned to the specimen nodes, while the punch nodes
are assigned an initial temperature of 25 °C. As a boundary condition, the experimentally measured
temperature history from the specimen holder is assigned to node 101. Nodes 150 and 151 represent
the contact nodes, at which the HTC is incorporated into the energy balance, Eq. 6 for node 150.

- _ Aspecimen'Aspecimen'(le_Tlso) a'Aspecimen'(Tlso_T151)
Uiso = - (6)

Mspecimen Cp,specimen’S Mspecimen Cp,specimen
P p.Sp P p.Sp

The position of the thermocouple within the punch is represented by node 160. The temperature
history at node 160 is used for comparison with the experimentally recorded temperature curve. The
calculation of the time—temperature histories at each node is performed for every iteration using the
differential equation solver odel5s. An HTC of 3.000 W/m?K was selected as the starting value for
the HTC iteration. The time step size is adaptively adjusted automatically. As a result, a numerically
determined temperature—time history is obtained for every node for a specific HTC value. By
comparing the calculated and experimentally measured temperature histories at node 160, the
coefficient of determination R? is calculated and passed to the optimisation module. Based on the R?
value, the fminsearch function within the optimisation module determines a new HTC for the
subsequent iteration. Two termination criteria were defined for the optimisation loop: a maximum of
50 iterations or an R? value greater than 0.98. Using the optimised HTC, the 1D FE model is solved
and the calculated temperature histories are visualised. The thermophysical properties, such as
thermal conductivity and specific heat capacity, were defined as temperature-dependent based on data
from the JMat-Pro database. The tabular data was approximated to temperature-dependent models
using polynomial functions and implemented into the 1D model. The polynomial coefficients used
are listed in Table 2. This significantly reduces computational time, as there is no need to interpolate
the material data as a function of the current nodal temperature at each time step for every node, but
instead only evaluates the polynomial function with the respective nodal temperature.
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Table 2. Coefficients of polynomial approximations for describing the thermal material data of
1.2343 and S235JR.

Material  Thermophysical property x3° x2’ X1 X0
10343 thermal conductivity in W/(m-K)  9.23200-1077 -3.60373-10* 4.39727-10"! 437.86345
' specific heat capacity in J/(kg-K)  -3.50000-10°  -1.55845-10°  3.30995-1072 22.36913
S235IR thermal conductivity in W/(m-K)  1.03810-10¢ -4.14827-10* 4.46068-10"! 440.61875
specific heat capacity in J/(kg'K)  5.02716-10®  -6.79118-10°  1.20086-1077 47.49684

Results and Discussion

Prior to the experimental series, the influence of the cooling channels on the measured punch
temperatures and the temperature evolution within the centre plate was analysed and evaluated. For
this purpose, tests were carried out at a specimen temperature of 600 °C both with and without
cooling, with ten repetitions approximately every 15 minutes, which represents the testing interval
used in prior investigations [12]. In Fig. 3(a), the last five repetitions of the series are compared. The
punch temperatures TC1, TC2 and TC3 show no deviations in the maxima. Only a time shift can be
seen, as the test series with and without cooling were carried out one after the other and were not

completely synchronised. The heating of the centre plate was recorded using thermocouples TC4 and
TCS5 positioned in front of the bearings, as shown in Fig. 3(b).
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Fig. 3. (a) Temperature development for the last five repetitions of the test series with and without
cooling at 600 °C for TC1 and TC2; (b) Position of thermocouples TC4 and TC5 in the middle
plate; (c) Temperature development for the last five repetitions of the test series with and without

cooling at 600 °C for TC4 and TCS.
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In the experiment without cooling, the temperature rose by about 40 °C during the test series, while
with cooling, only a partial temperature increase of about 5 °C was measured during the experiment.
At a test temperature of 600 °C, this level of heating is considered non-critical. However, the use of
cooling ensures constant experimental conditions. The plates are no longer subject to uncontrolled
fluctuations in ambient temperature or residual heat in the plates. Instead, reproducible experimental
conditions are guaranteed. Therefore, cooling was applied in all subsequent experiments.

The simulated temperature histories obtained from the 1D FE model are exemplarily shown in Fig.
4(a,b) for one experimental series conducted in an argon atmosphere without lubrication at varying
contact pressures. Node 101 represents the experimentally recorded temperature measurement from
thermocouple TC2 at the lateral surface of the specimen. The temperature decreases continuously
from the starting temperature of 600 °C to approx. 550 °C after 50 s. The contact node 150 of the
steel specimen reduces by approximately 100 °C within the first 3 s, for a contact pressure of 50 MPa,
Fig. 4(a). By increasing the contact pressure to 550 MPa, the temperature at node 150 drops even
more sharply within the first 3 s, by approximately 115 °C, Fig. 4(b). An even greater temperature
change AT occurs at node 151 at the punch contact surface, amounting to approximately 225 °C. The
temperature curves for node 160 and thermocouple TC1 in the experiment shown in Fig. 4(a,b) show
a high degree of agreement and are almost identical, which is confirmed by the high R? values of
97.78% and 96.29%.

Nodes 101 Nodes 151 Experiment TC1
Nodes 150 Nodes 160 Experiment TC2 100
600 600 it L
g) 500 l:??:?“ g) 500 ——— g § S g : »
g T = EE Sgg 81 og 2
o 400 o 400 o S =i
— - i —~ ,/’/ 1 o g s | ™
2 300 //”/ £ 300 7 : oy [T E
S S
2.200 2,200 4 L 96
g 100 g 100
= R2=9778 % | &= R2=96.29 % — 95
0 0 R 22288
0 10 20 30 40 50 0 10 20 30 40 50 R
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Fig. 4. Calculated temperature profiles from the 1D FE model with comparison to experimental
measurements and coefficient of determination for the test series at 600 °C, argon and without
lubrication under contact pressures of (a) 50 MPa; (b) 550 MPa; (c) Coefficient of determination R?
between experimental and simulated temperature curve for experiment TC1 and node 160 via
contact pressure for all tests.

Across all experiments, an R? value of > 95 % was achieved, indicating that the experimental
temperature curves are described very accurately, see Fig. 4(c). Furthermore, a general trend of
decreasing R? values with increasing contact pressure can be observed. A possible explanation for
this behaviour is the increasing plastification of the specimen, which is not taken into account in the
1D model.

The inversely and iteratively determined HTCs for the investigated parameter configurations are
plotted as a function of the contact pressure in Fig. 5. In addition to the three repetitions of each
parameter combination, the average HTC value of the three data points was calculated and is shown
as a line. For the test series conducted under argon, shown in Fig. 5(a—c), all results exhibit a linear
trend, independent of the lubrication condition, describing a continuous increase in the HTC with
rising contact pressure. An increasing HTC with increasing contact pressure was also observed in the
work of Wen et al. for 22MnBS5 sheet metal up to a maximum contact pressure of 50 MPa [6].
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One possible explanation is that, with rising contact pressure, the surface asperities of the softer
contact partner are progressively flattened, thereby increasing the real contact area available for heat
transfer. The individual data points are located very close to the mean curve, indicating a high
reproducibility of the experiments.

—a— Air —A- Argon Air Argon Air Argon

Without lubrication ConTraer G300 LUBRODALF 3670
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Fig. 5. Development and comparison of pressure-dependent HTC between air and argon (a) without
lubrication; (b) ConTraer G300; (c) LUBRODAL F 3670.

The test series carried out in air initially also show a linear increase in HTC with rising contact
pressure. At a contact pressure of 250 MPa, the HTC stagnates for the tests without lubrication, Fig.
5(a) and with ConTraer G300, Fig. 5(b). A possible explanation is that, with the onset of plastification,
the oxide- and lubricant-covered surface locally ruptures. This reduces the real contact area, so that
the HTC no longer increases despite rising contact pressure. Only with a further increase in contact
pressure are the ruptured surfaces closed again, causing the HTC to increase once more. In the case
of LUBRODAL F 3670, no stagnation is observed in the range between 250 and 350 MPa, see Fig.
5(c). Instead, the slope of the linear increase merely flattens at a contact pressure of 350 MPa.
Although the oil-based lubricant evaporates at the applied temperature of 600 °C, it cannot be ruled
out that the remaining lubricant layer exhibits higher elasticity compared to ConTraer G300. As a
result, the lubricant film may remain intact despite local surface rupture, thus continuing to impede
heat transfer. The fact that, regardless of the selected atmosphere, a lower HTC is determined for
LUBRODAL F 3670 compared to ConTraer G300 indicates that LUBRODAL F 3670 reduces heat
transport even after evaporation of the carrier medium. That LUBRODAL F 3670 exhibits a reduced
HTC when the carrier medium is no longer present in the contact zone was also clearly demonstrated
in a previous work of the authors during the determination of the HTC for an EN AW-6082 / 1.2343
contact. At 300 °C and contact pressures of up to 200 MPa, a higher HTC was achieved with
LUBRODAL F 3670 than with ConTraer G300, which was attributed to the improved wetting of the
contact surface by the oil-based carrier medium. At higher contact pressures, however, the HTC
decreased rapidly to values below those obtained with ConTraer G300. Due to the increasing
pressure, the carrier medium was expelled from the contact zone, leaving only the solid lubricant
particles in contact, which reduced heat transport [12]. At 600 °C, the carrier medium evaporates
immediately after contact, so that only solid lubricant particles remain in the contact zone.

The influence of oxides in the contact zone is evident from the direct comparison of the HTC
curves obtained in air and under argon for all lubrication conditions in Fig. 5(a-c). The HTCs
determined under argon are generally higher than the HTC of oxide covered, particularly at contact
pressures above 350 MPa. This difference may be attributed to the onset of plastification, since the
increase in surface area causes the oxide layers to fracture, thereby reducing the real contact area. At
contact pressures below 250 MPa, the specimens are loaded only elastically, so that no increase in
surface area occurs and the contact area remains comparable. With the exception of the tests at contact
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pressures below 350 MPa without lubrication, the oxide layer in the contact zone generally slows
down heat transport, resulting in a reduced HTC.

The formed oxide scale was measured using a confocal microscope, yielding an oxide layer
thickness of approximately 80 um. The scaled specimen is shown in Fig. 6(a). With an increase in
application temperature to 900 °C, enhanced oxide formation is to be expected. Bergelt et al. showed
in their studies that after only 2 min at 900 °C, an oxide scale thickness of approximately 40 pm had
already formed [15]. Due to the slow heating in the chamber furnace of approximately 30—40 min,
substantial scale formation must be expected, making investigations with and without argon
atmosphere indispensable for studies at higher temperatures.

— -

10 mm

(a) (b) (c)
Fig. 6. (a) Cooled and extracted specimens after testing at 600 °C under air without lubrication and
50 MPa with scale formation; end face of the specimen directly after testing at 600 °C, without
lubrication, 50 MPa (b) under air and (c) under argon atmosphere.

In Fig. 6(b,c), the underside of the specimen holder after a test at 50 MPa without lubrication is shown,
revealing the end face of the specimen. The specimen in Fig. 6(b) was heated in air, whereas the
specimen in Fig. 6(c) was heated under protective gas. It can be observed that even the specimen
heated under protective gas exhibits slight oxide formation. This indicates that continuous scale
formation already occurs during the transfer from the furnace to the test rig and during the time until
the punches come into contact with the specimen surface. This scale formation represents a limitation
of the experimental setup and must be taken into account in the interpretation of the results and in
further investigations.

Summary and Conclusion

Compound forging offers considerable potential for lightweight design through the integration of
dissimilar materials within a single forming operation. However, the numerical design of such
processes is strongly dependent on an accurate description of thermal boundary conditions, in
particular the HTC at the workpiece—die interface. Due to the lack of experimentally validated data
under forging-relevant conditions, the HTC is frequently assumed to be constant in numerical
simulations, which limits their predictive capability.

In this study, a dedicated experimental-numerical methodology was developed to determine load-
dependent HTCs representative of hot bulk and compound forging processes. A specialised test rig
enabled the reproduction of high contact pressures, including pressure levels exceeding the flow stress
of the workpiece, while maintaining controlled thermal conditions. Temperature histories were
measured close to the contact interface using embedded thermocouples and evaluated by means of an
inverse optimisation approach based on a one-dimensional finite element model. This approach
allowed the HTC to be iteratively identified by matching simulated and experimental temperature
evolutions with high coefficients of determination.

The results demonstrate a clear dependence of the HTC on contact pressure across all investigated
conditions. Under a protective argon atmosphere, the HTC increased almost linearly with rising
pressure, largely independent of lubrication, indicating an increasing real contact area as surface
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asperities were progressively flattened. In contrast, experiments conducted in air revealed deviations
from this linear trend at intermediate pressure levels, which were attributed to oxide scale formation
and local surface rupture during the onset of plastic deformation. Lubrication was shown to reduce
heat transfer in all cases, with oil-based lubricants exhibiting a pronounced insulating effect due to
residual solid lubricant particles remaining in the contact zone at elevated temperatures.

Overall, the findings confirm that the HTC in compound forging cannot be represented by a constant
value but must instead be described as a function of contact pressure, atmosphere, and lubrication
condition. The HTC data generated in this work provides a robust basis for improving the accuracy
of finite element simulations of compound forging processes. Their implementation enables more
reliable prediction of temperature fields, material flow behaviour, and interfacial phenomena, thereby
supporting robust process design and facilitating the industrial application of hybrid forged
components.

In future work, experiments will be conducted at temperatures of up to 900 °C in order to determine
the HTC for steel under forging-relevant thermal conditions. In addition, controlled heating of the
punches by means of heating sleeves will be integrated to further adapt the experimental setup to the
boundary conditions of hot bulk forming. To enable the application of the determined heat transfer
coefficients in finite element simulations, the obtained findings will be transferred into a model for
the mathematical description of the variable-dependent heat transfer coefficient. This will allow heat
transfer to be considered as a spatially and temporally dependent quantity in process simulations,
thereby not only improving the prediction of the thermal workpiece history but also enabling targeted
measures for process control and optimisation.
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