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Abstract. An accurate understanding of the loads on the active parts of highly
loaded forming tools is crucial for the robust design and subsequent optimisation
of the tools. This publication presents a numerical simulation-based methodology
for reliably predicting the load and structural behaviour of hot forming tools,
addressing the challenge of process-related mechanical-thermal loads.

In this approach, the first step is to determine the mechanical and thermal
loads acting on the active tool parts during the forming process by means of
process simulations. Subsequently, the effects of these mechanical and thermal
process loads on the deformations and stress distributions in the forming tool are
investigated by means of a coupled thermomechanical simulation. The simulation
results are validated using real tests. The developed methodology based on the
numerical approach shows good agreement with the results of the real experiments
and can be used for topology optimisation and design of the cooling system.

Keywords: Finite Element Analysis · Hot Sheet Metal Forming Tool · Load
Distribution

1 Introduction

Hot sheet metal forming (SMF) is a process used in industry to produce complex high-
strength parts made of boron-manganese steel. By combining of forming and heat treat-
ment (quenching) in one process step, the formability andmechanical properties of these
parts can be improved [1]. Accurate prediction of the complex mechanical and thermal
stresses is essential for reliable tool design. However, the design of hot forming tools,
such as dies and punches, is currently based on empirical knowledge [2] and standards
[3], resulting in excessive tool weight and potential design limitations [4]. Advanced
numerical analysis techniques are required to predict themechanical and thermal stresses
in hot forming processes, leading to optimised tool designs with improved performance
and reduced weight.
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Finite element (FE) analysis is commonly used to predict tool deformation and
stress distribution in SMF processes [5] and for optimising cooling channels in hot
forming tools [6]. Previous research has used FE methods to investigate the prediction
and influence of contact forces on tool behaviour in SMF.

For example, the authors in [7] introduced a numerical method for determining the
contact pressure during the stamping process, enabling the characterisation of time-
dependent contact conditions between the tool and the workpiece surfaces. Sah and Gao
[8] used a Bayesian framework to combine the results of FE analysis with experimental
measurements from sensors. Their objective was to estimate the pressure distribution
embedded in the die, similar to the approach outlined in [9].

Numerical methods are commonly used to predict contact forces in SMF tool opti-
misation via topology optimisation (TO). Much of the previous research [10] aimed
to integrate structural analysis and forming simulation in a single FE model, but this
was computationally intensive, modelling is complex and limited for large industrial
tool designs [11]. This study proposes a separate approach with independent form-
ing simulation and transfer of contact force results for structural analysis of the tool
component.

Some studies have explored a similar approach. For example, in [12] LS-DYNA®
software was used to simulate SMF and optimise the die structure by obtaining the
loads during the production process. The active parts of the tool were approximated
as rigid and the contact forces were projected onto the 3D die geometry for TO using
the Optistruct software. Similar methods have recently been proposed for the structural
analysis and weight reduction of SMF tools for the production of automotive panels [13]
and advanced high-strength steel parts for automobiles [14].

Temperature stresses have been used in previous studies to facilitate the design and
optimisation of cooling systems in hot SMF dies. For example, in [15] the hot SMF was
simulated to validate the effectiveness of conformal die cooling channels and in [16],
die channels produced using additive manufacturing techniques were analysed to assess
their efficiency.

However, the content of the previously mentioned work focused on cold SMF, con-
sidering the behaviour of a die under mechanical loads, or the efficiency of the design
of a new cooling system for a hot SMF die. In this paper, a numerical simulation-based
method is proposed for the analysis of highly stressed forming tools used in hot SMF
processes. The proposed approach aims to accurately predict themechanical and thermal
loads on the active parts of the tool and to study their impact on the structural behaviour
of the tool.

2 Methodology

Figure 1 illustrates the proposed methodology for the numerical analysis of tools used
in hot SMF applications, considering both mechanical and thermal process loads.
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Fig. 1. Proposed methodology for the FE analysis.

To demonstrate the proposed methodology, a press hardening tool for manufacturing
the base of aB-pillar of a passenger carwas chosen as the object of study.The tool consists
of three active components: the die, the punch, and the blank holder. Although this paper
focuses on the die, it is important to note that the methodology can be applied to evaluate
other active components of the tool.

The methodology is based on FE methods using LS-DYNA® to simulate the press
hardening process. The active tool parts were represented in the simulation as 2D rigid
surfaces without deformation. The resulting simulation provided contact forces and
temperatures at each node of the thin shell elements during SMF, which were then used
as boundary conditions for the thermomechanical analysis in ANSYSWorkbench (WB).

To validate the numerical model, real tests were carried out to record the forces and
temperatures during the press hardening process. The simulated results were compared
with the experimental data using colour resultant stress maps projected onto the force
measurement system within ANSYS WB. This visual representation allowed a direct
comparison and assessment of the agreement between the simulated and experimental
results.

3 Numerical Simulation

3.1 Modelling of the Forming Tool

To validate the proposed methodology, a forming tool was used to manufacture a crash-
relevant press-hardened structural component, specifically a B-pillar base of an automo-
bile. The active parts of the hot forming tool (Fig. 2) responsible for forming the B-pillar
base are made of nodular cast iron (EN-GJS-700–2). In particular, the punch and die
have cooling channels with different configurations.

To perform the numerical simulation of press hardening using 2D shells, the first step
in constructing the simulation model was to generate them based on the 3D computer-
aided design (CAD) geometry of the active tool components. This process aimed to
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Fig. 2. B-pillar base tool (left); surface shells of active tool parts for SMF simulation (right).

accurately replicate the surface geometry of the tool, as shown in Fig. 2. The FE model
used in this study consisted of 332,500 elements and 331,000 nodes, with the largest
element size of 10mm locatedmainly behind the sheet deformation zone and the smallest
element size set at 0.5 mm for the small radii of the active tool parts.

3.2 FE Simulation of the Hot Sheet Metal Forming Process

The SMF process was simulated using LS-DYNA®LS-PrePost v4.7 software. To enable
a realistic prediction of thematerial behaviour during forming, the blankwasmodelled in
the simulation as an elastic-plasticmaterial using thematerial card *MAT_UHS_STEEL
[17]. The parameters used in this material card are based on experimental data for the
boron-alloyed quenched and tempered steel 22MnB5 of 1.5 mm thickness. They include
not only the chamfer transformations in the material but also the temperature-dependent
flow curves.

In the simulation setup, the punch was constrained to allow movement and rotation
in all directions based on the global coordinate system. The die and blank holder were
allowed to move freely in the punching direction. The simulated hot SMF was divided
into five distinct and sequential operations that define the kinematics of the calculated
simulation and accurately capture the different operations (OP) of the press hardening
process: OP 10 – heating of the parts up to a temperature of 950 °C; OP 20 – loading
the parts into the die (by gravity); OP 30 – closing the tool; OP 40 – forming; OP
50 – quenching.

During the last two operations, the die movement was controlled by applying a
force of 1,000 kN, corresponding to the actual tests discussed in Chapter 4. The cooling
process was excluded during the OP 50 for simplification purposes. The highest tool
contact loads (forces and temperatures) were recorded during the last two operations and
these data were exported from LS-DYNA® and converted to CSV (comma-separated
values) format for seamless integration into the subsequent thermomechanical analysis.
The distribution of forces at each location is shown visually in Fig. 3, providing a clear
representation of the resulting behaviour.

https://doi.org/10.1007/978-3-031-47394-4_4
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Fig. 3. Contact forces acting on the die from LS-DYNA® forming simulation results in three
directions.

3.3 Thermomechanical Analysis

The next step was to carefully prepare the 3D CAD tool geometry required for reliable
FE analysis. To evaluate the thermal loading, a thermal analysis is first necessary to
provide information on the temperature distribution in the mechanical assembly. This
methodology used a steady-state thermal analysis approach that required the inclusion
of thermal conductivity as a primary material input parameter. Table 1 below shows the
material parameters used in the thermomechanical simulation.

Table 1. Properties of the die material [18].

Material
name

Young
modulus
(GPa)

Poisson’s
ratio

Yield
strength
(MPa)

Ultimate
strength
(MPa)

Thermal
conductivity
W/(m·K)

Specific
heat
J/(kg·K)

EN-GJS-700-2 176 0.275 440 700 31.1 515

In this paper, a tetrahedral mesh was used due to the complex geometry of the tool.
The mesh generated was of high quality, as confirmed by an internal mesh quality check,
with a minimum element quality of 0.21 and aminimum Jacobian ratio (corner nodes) of
0.5. Themesh had aminimum element size of 1mm and amaximum of 10mm. The total
number of elements was 2,091,820, with 1,403,879 nodes. The subsequent step involves
importing the node data obtained from the three X, Y, and Z coordinates, containing
the interface node force and node temperature data, into the deformable solid elements
created explicitly for linear thermal-structural analysis. The data, formatted as CSVfiles,
are directly imported and used as a boundary condition within the thermo-mechanical
analysis. Nodal temperatures obtained from the SMF simulation using quadratic shell
mesh elements were effectively projected onto a tetrahedral solid element type. Despite
the different mesh types, themesh density at locations with radii was carefully controlled
to achieve mesh identity between the two models. This meticulous approach ensured a
seamless mapping of the data onto the surface of the tool, taking into account its precise
position along the coordinate axis.
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Once the thermal analysis is complete, the structural analysis integrates the material
data, geometry and/or model level branches from the thermal and structural models.
This integration eliminates the need for mesh reconstruction and other user intervention
in the thermal analysis, resulting in potential time savings and reduced errors [19]. For
the mechanical analysis, the boundary conditions are derived from the thermal analysis
results and the nodal forces from the forming simulation are applied to the die surface.
Constraints were applied in all directions on the opposite side of the die to prevent any
movement, representing the actual contact with the top of the press.

The evaluation of the effect of the forces acting on the die was based on the com-
parative stresses using the Mises criterion and displacement. Figure 4 shows the stress
distribution in the die under both thermal and mechanical loads during OP 50.

Fig. 4. Equivalent von Mises stress values isometric (left), top (centre) and (right) back view of
the die during OP 50.

The results show that the stresses are mainly concentrated under the formed sheet
with limited propagation along the tool. Stress levels remain within the elastic limit of
the material and range from (50 – 100) MPa with intermittent peaks up to 150 MPa.
The simulation results also showed maximum stresses of up to 150 MPa associated with
singularities.

By including both thermal and mechanical influences in the FE analysis, a compre-
hensive assessment of their effects on the tool structure has been achieved. This provides
a more accurate understanding of the tool’s response to loading conditions during hot
SMF.

4 Experiments

To verify the accuracy of the FE simulation results, experiments were carried out using a
hydraulic double-column press with a nominal press force of 250 t. A forcemeasurement
system, eight type K thermocouples (four in the die and four in the punch) and a string
potentiometer sensor to monitor the time-motion curve were used to collect data during
the forming process. The purpose of placing thermocouples at selected locations on the
die (Fig. 5) was to gain a better understanding and control of the temperature profile
during the hot SMF process at various points of contact between the die and the sheet
(edges, radii, deepest point) and to evaluate the efficiency of the cooling system. The
forcemeasurement systemconsisted of 14measurementmoduleswith fourmeasurement
points embedded between two plates at pre-determined positions. To ensure optimum
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performance, it was determined through experimentation that each module worked best
with amaximum load of approximately 100 kN, giving a total of 1,400 kN. The testswere
carried out using a press force of 1,000 kN. The measurement system was positioned
between the ram and the die as shown in Fig. 5.

Fig. 5. Experimental set-up: B-pillar base tool installed in press (left) with force measurement
system (top right) and thermocouples in the die (bottom right).

The data obtained during the forming process is presented as force and temperature
values plotted against time at eachmeasurement point. For additional validation, this data
is superimposed on the time-displacement curve obtained from the string potentiometer
sensor. This allows the identification of specific times or positions within the press
hardening process for later verification of the simulation model.

5 Results and Discussion

Prior to the comparative evaluation of the accuracy of load prediction using the devel-
oped methodology, the temperature prediction at the die and its transfer from the hot
SMF simulation was thoroughly evaluated. This involved comparing the predicted tem-
peratures with thermocouple measurements in the die. Steady-state thermal analysis
was used to determine the maximum temperature corresponding to the highest thermal
stresses in the die. Figure 6 shows the maximum temperature recorded at the thermocou-
ple locations corresponding to the end of quenching, which is of considerable interest
for thermal stress analysis.

The results of the thermal analysis showed good agreement with the actual data
obtained from the experiment. The largest deviation of 6Kwas observed at thermocouple
No. 2. This deviation may be due to a slight displacement of the formed blank, as
thermocouple No. 2 is located under the edge of the blank. The results indicate a reliable
temperature transfer from hot SMF simulation using the proposed method and can be
further used to predict thermal stresses in combined thermomechanical simulation.
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Fig. 6. Comparison of experimental data from thermocouples in the die with simulation data.

To compare the results of the tool load mapping in the numerical analysis with the
real experiment, the collected data were projected onto a 3Dmodel of the force measure-
ment system. The force measurement system was integrated into the thermomechanical
analysis of the numerical model. In addition, a separate numerical model was created for
the experimental data, which included the measurement modules mounted on the base
plate of the force measurement system. The experimental data collected was applied to
the surfaces of the measurement modules in contact with the top plate where forces were
experienced. The base plate of the force measurement system was fixed in all coordi-
nates. The stress distribution on the base plate of the measurement system is visualised
by colour stress maps. Figure 7 illustrates the implementation of this approach.

Fig. 7. Integration of a force measurement system to record the stresses resulting from press
hardening.
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Figure 8 shows the colour stress result maps for the OP 40 operation. The evaluation
of the results was based on the equivalent von Mises stress. In the case of OP 40, the
highest stresses were observed in the central lower parts of the tool, characterised by
areas of high curvature (small radii). These areas correspond to the areas of theworkpiece
that experience the greatest deformation, resulting in higher stresses on the tool. In both
cases, the stresses in the central part were in the range of (40 – 60) MPa, with several
peaks varying by about 15 MPa. The simulation results also showed higher maximum
stresses associated with singularities.

Fig. 8. Colour stress maps of OP 40: numerical model (left); experiment (right).

Similar observations can be made for OP 50, where the stress concentration in
the numerical model is more pronounced in the center and at the bottom of the force
measurement system and less pronounced at the edges (Fig. 9).

Fig. 9. Colour stress maps of OP 50: numerical model (left); experiment (right).

The differences between the simulated and experimental results can be attributed to
several factors:

– Simplifications and assumptions are made in numerical simulations to ensure
computational feasibility, but these can lead to deviations from real observations.

– Thepositioningof the forcemeasurement system in relation to the die can significantly
affect the recorded force values during the forming process.
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– Misalignment of the die can have a significant effect on both the stress distribution
in the die and the recorded forces on the measurement system.

– The recorded force results can be significantly affected by even a slight tilt of the
press ram.

However, it should be emphasised that the numerical model shows good agreement
with the experimental data. This is evidenced by the consistent trend of the resulting
stress distribution on the base plate of the measurement system and the small deviation
between the simulated and experimental data.

6 Conclusions

This paper presents a method, based on numerical simulations, for accurately predict-
ing the thermal and mechanical loads as well as the structural behaviour of the highly
loaded hot forming tool. The numerical model developed in this study includes thermo-
mechanical loads, which distinguishes it from previous research. The effectiveness of
the model has been validated by comparison with experimental data.

– The method of registering contact forces and temperatures at the surface nodes of
the active tool parts, considering them as rigid shells, allows data to be extracted
from the forming simulation. These data can then be used as boundary conditions
for the thermomechanical analysis of the tool structure. This approach offers several
advantages, including good agreement with real practice, reduced model complexity,
simplified adjustment of contact conditions and time savings.

– The developed methodology can be applied to the topology optimisation and cooling
system design of the hot forming tool. Furthermore, this approach can be extended
to predict thermal stress distribution and assess structural strength in other industrial
scenarios such as plastic moulding, aluminium casting and forging.

– Several potential fields for further improvement of the approach have been identified
but were not explored in this study. These areas include conducting mesh studies
to assess the effect of element size, number and shape on model accuracy; refining
the model by eliminating irrelevant contact force and temperature data to increase its
simplicity; investigating the effect of maximum press loads to identify critical regions
and validate numerical accuracy; and integrating a press model into the numerical
analysis to account for all factors influencing stress distribution in the die. These
avenues offer promising opportunities for future research and development in this
area.
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