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Abstract: Climate targets set by the EU, including the reduction of CO2, are leading to the increased
use of lightweight materials for mass production such as press hardening steels. Besides sheet metal
forming for high-strength components, tubular or profile forming (Hot Metal Gas Forming—HMGF)
allows for designs that are more complex in combination with a lower weight. This paper particularly
examines the application of conductive heating of the component for the combined press hardening
process. The previous Finite-Element-Method (FEM)-supported design of an industry-oriented,
curved component geometry allows the development of forming tools and process peripherals with
a high degree of reliability. This work comprises a description regarding the functionality of the tools
and the heating strategy for the curved component as well as the measurement technology used
to investigate the heat distribution in the component during the conduction process. Subsequently,
forming tests are carried out, material characterization is performed by hardness measurements in
relevant areas of the component, and the FEM simulation is validated by comparing the resulting
sheet thickness distribution to the experimental one.

Keywords: tube hydroforming; lightweight structure; bending; formability; numerical methods;
processing technology

1. Introduction

According to Yang [1], vehicles and road transportation produce more than 20% of greenhouse
gas emissions. Here, the use stage causes approximately 85% of a passenger car’s global warming
potential [2]. In this phase, the vehicle weight is essential with regard to fuel consumption, therefore
implementing lightweight design approaches is a key in order to reduce fuel consumption and CO2

emissions, respectively. Yang [1] shows that the CO2 emissions of new passenger cars have been
steadily decreasing in the EU over the last 25 years. Nevertheless, additional effort is necessary in
order to achieve the climate targets fixed by the EU, which include a 40% reduction of CO2 by 2030
compared to the state of 1990 [3]. Aspects of material and design must be optimized in order to
minimize component weight. Material optimization includes the application of typical lightweight
materials such as aluminum and magnesium alloys or composites. However, economic aspects
also have to be taken into account, especially in mass production. In addition, the application of
high-strength steels, including press hardening steels, is superior to the other lightweight materials [4].
Weight optimized design strategies such as structuring [5] or functional integration usually result in very
complex geometries. Thus, innovative forming technologies are needed that are capable of producing
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demanding geometries from hardly formable materials. In automotive production, especially in the
manufacturing of chassis components, press hardening (which is also referred to as hot stamping)
of sheet metal is a well-established process which allows for the manufacturing of high-strength
components with minimal springback [6]. However, when realizing complex components, the use of
tubular or profile shaped semi-finished parts frequently allows replacing several sheet metal parts in
total, leading to lower material use and consequently resulting in lower weight and high component
stiffness. Hydroforming is a suitable technology here [7]. At the same time, joining operations can be
eliminated from the process chain so that often the result is a shorter and more cost-efficient process
chain, see [8], where complex titanium parts are superplastically formed by HMGF in such a way
that complex manufacturing with several joining operations can be saved. An innovative process
investigated at the Fraunhofer Institute for Machine Tools and Forming Technology (IWU) combines
the advantages of both press hardening and hydroforming. In this process, a tube or hollow profile
made of the typical press hardening steels such as 22MnB5 is heated to austenitizing temperature,
and then an inner gas pressure is applied so that the part expands in the die cavity. This process is the
so-called Hot Metal Gas Forming (HMGF). As soon as it aligns to the cold dies, the part cools down
rapidly resulting in a martensitic microstructure [9]. The dies are water-cooled in order to guarantee
sufficiently high cooling rates in the process. The principal feasibility of HMGF combined with press
hardening is shown in [9].

Similar to the press hardening processes with sheet metal, heating can be realized in a furnace or
by flames [10]. In this case, it is necessary to transfer the hot component to the forming die. The most
important disadvantage is a temperature decrease of up to 200 K. Bach et al. [11] have shown that
components, which were heated up to 950 ◦C (Ac3-point for usual press hardening steels) in the
furnace, had a residual temperature of approx. 850 ◦C after transfer into the tool, and the forming
temperature dropped further to 750 ◦C during the closing of the dies. This drop in temperature led to
a reduction in the formability of the base material and thus to the impossibility of fully forming of
complex component geometries due to previously occurring cracks. Furthermore, scaling occurs due
to the exposure of the hot part to atmospheric conditions. Conductive heating of the component is
an alternative to avoid this transfer and the related disadvantages [12]. The authors of [13] describe
the combination of HMGF with integrated conductive heating and press hardening for straight parts.
Bach et al. [11] apply it to a curved component made of Docol PHS 1800 by SSAB (official current
name and abbreviation of the former name Svenskt Stål AB) [14] for the first time and reveal that
the heating strategy must be adapted in order to achieve homogeneous temperature in the curved
part. The possibility of forming extremely complicated geometries with a high degree of functional
integration, as they are often required in the industrial sector, can, under certain circumstances, justify
the effort of extended process time and more complex tools. Based on these described methods, the aim
of the current paper is to provide deeper insight into the heating process. It describes the tooling,
including the conductive heating equipment, presents the heating strategy and shows its influence
on the temperature distribution in the part and on the resulting component properties, specifically
hardness and distribution of wall thickness.

2. Forming Task

The FEM-Simulation and investigation of the HMGF process are based on a complex demonstrator
part geometry shown in Figure 1. It was designed in order to operate in the maximum forming ranges
of the material in trials. It features 66◦ bending, different representative cross-section geometries of
vehicle components and secondary form elements frequently occurring in typical hydroforming parts.
The input geometry for the hydroforming process is a pre-bent tube made of Docol PHS 1800 [14] from
SSAB with an initial diameter of 57 mm and a wall thickness of 1.5 mm. Detailed information on the
chemical compound of the used tube material is shown in Table 1.
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Figure 1. Demonstrator geometry. 

Table 1. Chemical compound of Docol PHS 1800 by SSAB. 

C (%) Si (%) Mn (%) P (max%) S (max%) Cr (max%) B (%) 
0.27–0.33 0.15–0.35 1.00–1.45 0.025 0.010 0.35 0.0008–0.0050 

According to [14], the HMGF process is expected to bring the material to a tensile strength of 
1800 MPa at a failure strain of 6%. In the delivery condition, the material has a tensile strength of 500 
MPa at an elongation of 27%. A thermomechanical forming simulation was carried out using LS-
Dyna in order to estimate the principal feasibility of the component and to draw conclusions for 
necessary geometry adjustments. Here, models with all relevant boundary conditions and sub-steps 
were taken into consideration as well as earlier investigation results. For example, the test results 
with regard to pressure curves and forming, with which parts have already been successfully 
produced, see Figure 2 [11], were taken as a basis. This figure shows the deformation of the test part 
in relation to the pressure curve. As shown, the decisive shaping of the component is already 
completed at an internal pressure of <25 MPa. 

 
Figure 2. Forming via pressure curve in the Hot Metal Gas Forming (HMGF) process. 

As usual for HMGF processes, also the tests within this study were carried out without axial 
feeding. The ends of the tube were fixed and simultaneously sealed by conical wedge elements. This 
sealing concept allows achieving high internal pressure. Approaches that work with axial feeding 
e.g. via a stepped sealing edge [15] the danger of leakage is high. 

The achievement of the Ac3 point of the tested material is mandatory for the calculation of the 
functionality of the process chain and the achievement of the desired material properties. In order to 
achieve a pragmatic and simplified representation of the HMGF process with sufficient accuracy, the 
simulation of the heating of the component has been omitted. Uniform temperature distribution in 
the component was assumed at the beginning of the thermomechanical-coupled simulation although 
during the experiments to heat the real component, locally different temperatures were expected due 
to its geometry. This circumstance is counteracted with the concept of pulsed power supply, see 
Chapter 4, in order to reach the Ac3 point, in this case, 911 °C, at any point. 

Figure 1. Demonstrator geometry.

Table 1. Chemical compound of Docol PHS 1800 by SSAB.

C (%) Si (%) Mn (%) P (max%) S (max%) Cr (max%) B (%)

0.27–0.33 0.15–0.35 1.00–1.45 0.025 0.010 0.35 0.0008–0.0050

According to [14], the HMGF process is expected to bring the material to a tensile strength of
1800 MPa at a failure strain of 6%. In the delivery condition, the material has a tensile strength of
500 MPa at an elongation of 27%. A thermomechanical forming simulation was carried out using
LS-Dyna in order to estimate the principal feasibility of the component and to draw conclusions for
necessary geometry adjustments. Here, models with all relevant boundary conditions and sub-steps
were taken into consideration as well as earlier investigation results. For example, the test results with
regard to pressure curves and forming, with which parts have already been successfully produced,
see Figure 2 [11], were taken as a basis. This figure shows the deformation of the test part in relation
to the pressure curve. As shown, the decisive shaping of the component is already completed at
an internal pressure of <25 MPa.
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Figure 2. Forming via pressure curve in the Hot Metal Gas Forming (HMGF) process.

As usual for HMGF processes, also the tests within this study were carried out without axial
feeding. The ends of the tube were fixed and simultaneously sealed by conical wedge elements.
This sealing concept allows achieving high internal pressure. Approaches that work with axial feeding
e.g., via a stepped sealing edge [15] the danger of leakage is high.

The achievement of the Ac3 point of the tested material is mandatory for the calculation of the
functionality of the process chain and the achievement of the desired material properties. In order
to achieve a pragmatic and simplified representation of the HMGF process with sufficient accuracy,
the simulation of the heating of the component has been omitted. Uniform temperature distribution in
the component was assumed at the beginning of the thermomechanical-coupled simulation although
during the experiments to heat the real component, locally different temperatures were expected due to
its geometry. This circumstance is counteracted with the concept of pulsed power supply, see Section 4,
in order to reach the Ac3 point, in this case, 911 ◦C, at any point.



Metals 2020, 10, 1104 4 of 11

For the thermomechanical forming simulation, flow curve data was generated from tensile tests
at seven different temperatures (950, 900, 850, 800, 750, 680, 600 ◦C) and for three different strain
rates (0.5, 5, 50 s−1). The individual derived and extrapolated flow curves were implemented into
a temperature and strain rate-dependent isotropic material model in LS-DYNA.

In the simulation model, the tools were implemented in the form of rigid active surface meshes.
In contrast, the tube was represented as an elastically plastically deformable shell with an initial element
edge length of 0.75 mm and five integration points across the thickness. In the starting situation of the
forming simulation, the tempered tube was positioned in the tool. The following sub-simulations up to
the actual forming stage ensured representation of the process-specific boundary conditions in which
the semi-finished product already cools down after conductive heating. This included the calculation
of the time required to close the upper die, start up the sealing punches and apply the closing force onto
the tool halves. Within these simulations, the heat transfer mechanisms heat conduction, heat transfer
to air by convection and radiation as well as contact heat transfer to the cooled tool surfaces were taken
into account based on [16]. In the subsequent simulation of the pressure generation phase, the forming
of the semi-finished product in the tool cavity was realized by stepwise, linear application of a pressure
load to the inner surface of the tube up to the target pressure level. A constant static coefficient of
friction of µ = 0.35 was assumed in the entire simulation steps, with which good experience has already
been gained in previous work on the subject of tempered tube forming processes [11].

Results of the numerical simulation show that the circumferential expansion reaches values
similar to a straight demonstrator regarded in earlier investigations [1], which could be successfully
formed. Furthermore, the simulation predicts a minimum thickness of the tube material of approx.
0.85 mm after forming (Figure 3) which corresponds to a maximum thinning of 43.3%. This is also
comparable with the successfully formed straight demonstrator mentioned above so that the currently
regarded curved part can be expected to be feasible, too. However, it must be considered that the
simulation disregards the strain results of the cold bending step, which is necessary before the HMGF
process in order to allow positioning of the part in the hydroforming tool. This bending results in
additional strain on the weld seam, but the corresponding impact on the resulting wall thickness
distribution is expected to be small. This means that it was avoided to make the additional effort
for implementing this preforming step in the numerical modeling for pragmatic reasons. Results of
previous projects have shown that feasibility of hydroforming processes with pre-bent semi-finished
parts will be the least affected if the weld seam is placed in the area of the neutral fiber and in zones
featuring minor deformation during hydroforming. In the present case, this implies that the bottom
of the component opposite of the dome is the most appropriate area for positioning the weld seam.
Nevertheless, practical tests are indispensable in order to verify the simulation and to finally evaluate
the feasibility.
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3. Tool Concept and Measurement Technique

For the experimental verification of the numerical simulation and the final proof of feasibility of
the part, a tool was designed, which can be applied under conditions that are close to series production.
As shown in Figure 4, this tool consists of
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• The form elements providing the desired shape of the component with integrated cooling channels
that are necessary to prevent accumulated heating of the dies over a number of tests; these elements
are highlighted in Figure 4b,

• The electrodes for conduction heating, which are highlighted in Figure 4c,
• Guiding elements and force absorption elements, required for the functionality of the forming

process, which are highlighted in Figure 4d,
• Axial punches, sealing the tube and applying the inner gas pressure, see overview in Figure 4a,
• An ejector that prevents the bending area from tilting into the tool engraving, see the green dot in

the middle of the tool engraving in Figure 4c.
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Figure 4. Bottom half of HMGF forming tool, CAD with details: (a) overview, (b) form elements,
(c) ejector, (d) guiding and force absorption elements.

The electrodes are electrically insulated from the surrounding form inserts and spring-loaded
so that they rise from the top and bottom when the tool is not completely closed. At the beginning
of the process, the curved semi-finished part is clamped in these electrodes and lifted from the form
inserts by the springs. Therefore, the part is electrically insulated from the metallic die elements so
that the electrical current enters the tube at the electrode at one end and flows through the tube to the
second electrode at the other end. The temperature of the tube rises due to resistive heating. As soon
as the target temperature of the tube is reached and the tool halves start to get closed, the current is
interrupted by an initiator. When the tool halves are closed, the axial punches seal the tube ends and
the gas pressure is applied, leading to an expansion of the tube. All forming dies and electrodes are
steadily water-cooled. In order to provide optimum cooling conditions, cooling channels must be
located in direct proximity to the mold.

In general, the main application problem is gross cracking of the inserts due to insufficient
toughness of the material if thermal shock occurs during the process. However, the mechanical strength
of the tools and the leak tightness of the system must be guaranteed at the same time. A minimal
distance between cooling channels and mold is required due to this fact. Extensive measurement
technology was necessary for the thermal characterization of the component and process control.
This measuring technology included a thermal camera, two pyrometers and type K thermocouples with
direct measuring functions. The thermal camera (black in the lower part of Figure 5), whose orientation
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towards the component, provided detailed information about the local temperature distribution in the
part at specific moments during the process. This information was used in the process analysis in order
to characterize the overall heating behavior of the part and to identify relevant points of the workpiece,
where more detailed information was needed and which were most suitable for process control.
This measurement was complemented by the thermocouples and the pyrometers, which provided
detailed information about the temperature as a function of the time for distinct points of the workpiece.
The thermocouples served for analyzing the component heating behavior at six points in different
regions of the part. However, due to the mechanical impact, this measurement technique turned
out to be not suitable for reliable process control with the complete closing of the tool and the entire
forming process. Therefore, contact-free optical measurement via pyrometers was used to control the
conduction heating of the component at the two most relevant points.
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4. Heating Procedure

The thermal camera is directed towards the outer area of the pre-bent workpiece. Figure 6 shows
the temperature of the part at different moments during the heating process (specifically after 30 s, left,
after 50 s, middle) and the real component on the right.
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Figure 6. View of thermal camera after 30 s (l) and 50 s heating time (m), real heated component (r).

Obviously, only the middle section of the tube is visible since the component is partially covered
by the tool halves that are not completely closed. In order to indicate the extent of the hidden sections,
a dashed line represents the true contour of the part. After 50 s, large areas of the part reached the
target temperature of 911 ◦C as assumed in the previous simulation. This especially concerns the
straight end regions, while the temperature of the outer curved area is approx. 100 ◦C lower.



Metals 2020, 10, 1104 7 of 11

The explanation for this inhomogeneous temperature distribution is the current flow, which
follows the shortest possible route through the component due to the smallest electrical resistance.
Therefore, the current flow concentrates on the inner radius of the curved part. In order to counteract
inhomogeneous temperature distribution and to achieve the required minimum temperature at any
point, a suitable pulsed current was applied to the component. In the short time window without
power supply in-between two subsequent pulses, areas that are relatively hot compared to their
surroundings can dissipate warmth by heat flow into neighboring component areas, whereas regions
that are relatively cool compared to their surroundings are heated by nearby hot areas. This results in
the balancing of the temperature and in almost homogenous heating of the component to a targeted
austenitization temperature of 911 ◦C. Measurement of the temperature distribution with attached
thermocouples proved the suitability of this heating strategy as shown in Figure 7 without the
HMGF-step. The thermal sensors 3, 4, 5 and 6 at the beginning and at the end of the pipe (top, bottom,
inside and outside) are heated to similar temperature levels. The highest temperature is detected by
sensor 1, which is positioned on the inner curve, i.e., directly in the area where the current flows and the
resistive heat is generated. Due to the pulsing of the current, the lower temperature at the outer bend of
the component (i.e., at thermal sensor 2) raises to austenitization temperature without overheating the
other areas. When the thermal sensor at the inner bend (1) reaches the pre-set maximum temperature,
the power supply from the conductor is automatically switched off, followed by an interruption of
a few seconds. A straight orange line highlights the theoretical start of the HMGF-process after reaching
Ac3-point in all part areas. The conducting system has the following four adjustable parameters for
controlling the pulsing current: maximum temperature, heating or pulse time, maximum current
and pause time. The temperature is measured by the two mentioned pyrometers during the heating
process, see Figure 5. Due to the inhomogeneous heating of the component, it was decided to focus
one pyrometer onto the inner bend and the other onto the outer bend of the component in order to
control the conductor. This was to ensure that the temperature in the faster-heating inner region of
the part does not exceed a pre-set maximum temperature and that the outer region reaches the set
minimum temperature. Figure 6, right, shows the glowing component in the almost closed tool during
the heating process. As mentioned above, the top and the bottom sections of the part are hidden
by the tool. First trials at Fraunhofer IWU were carried out to determine the optimized conduction
heating process with the focus on reaching the AC3 temperature at any point of the component. Several
tests have additionally been done with different currents. With lower current levels compared to the
maximum of 2.500 A on the equipment side, only the heating time has been extended too much or
the desired temperature has not been reached. Table 2 shows the final corresponding parameters
characterizing the ideal heating process.
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Table 2. Times and temperatures for optimized component heating.

Target
Temperature

Pulsed Current
Amplitude Heating Time Maximum

Temperature Pause Time No. of Cycles Total Heating Time

980 ◦C 2.500 A 5 s 1070 ◦C 3 s 5 35 s

5. Forming Tests

The first tests aimed at demonstrating the feasibility of manufacturing curved, press-hardened
components with conductively heated preforms. Figure 8 exemplarily shows the finished part.
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Figure 8. Component formed by HMGF and position of cuts.

This result serves as a first verification of the simulation and proves the importance of combined
numerical and experimental feasibility evaluation described in Section 2 of this paper. The darkened area
between the positions of contacted electrodes (blue squares), through which the current flew, was heated
up to austenitization temperature Ac3. A significantly reduced scaling on the surface is immediately
noticeable due to the elimination of component transfer and the correspondingly reduced exposure
of the part to atmospheric conditions. This is particularly remarkable as this part was manufactured
without surface coating or protective gas. In hot forming processes, the sheet is usually protected
against surface scaling by AlSi® or X-tec® coating. These are aluminium-based corrosion-protective
and passivating coatings, which consist in the case of AlSi 85–95% of Aluminum and 5–11% Silicon [17],
in the case of X-tec of Aluminum in a special binding matrix [18]. In the investigated case, the excellent
surface quality achieved by the use of conductive component heating offers the potential of shortening
the process chain and of reducing the environmental impact by avoiding aggressive chemicals. Full
forming is reached with an internal pressure of 60 MPa. By using the technology of conductive heating,
a constant starting temperature was guaranteed for all components manufactured.

6. Characterizing Hardness and Wall Thickness of the Component

In order to evaluate the quality of the manufactured component and to provide a more detailed
verification of the numerical simulation, the parts were characterized considering the distribution of
hardness and wall thickness. For this purpose, exemplary components were cut at the three positions
marked in Figure 8. The hardness was measured according to DIN EN ISO 6507-1:2006-03 on the outer
and inner bend and on the neutral fiber on the cross-sectional area, illustrated by blue dotted lines.
Figure 9 shows the results.
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For comparison, the average hardness of a furnace-heated straight demonstrator of the same
material is supplemented (striped bar in the diagram, Figure 8), compare DP3 in [11]. A minimum
hardness of 540 HV was verified for all component areas. When converted according to DIN EN
ISO 18,265, this value approximately corresponds to a tensile strength of 1775 MPa. This shows that
the newly developed process allows for the design and heating procedure HMGF with integrated
conductive component heating to be adapted to bent component geometries. Furthermore, the wall
thickness of the manufactured component was measured along a circumferential path at the sections 1-1,
2-2 and 3-3 as shown in Figure 8. Figure 10 compares the result of the measurement with the simulation
results. Each section is shown on the right with an initial arrow for the start of the measuring path.
The curves at the different measurement positions feature different lengths since the cross-sections, and
consequently, the circumferences, differ from each other. A good qualitative agreement exists between
the respective simulation and real curves. In large parts, the quantitative agreement is also acceptable.
Locally there are significant deviations in a range of about 30%, see for example curve 1-1, which may
be caused by the inaccurate representation of the friction conditions at the high forming temperatures,
which may be assumed as too low, and by the assumption regarding heat transfer. Furthermore,
the results of the real tests are strongly influenced by the quality of the semi-finished product with
strongly varying wall thickness in some places due to the manufacturing process.

The local thinning is suspected to be caused by the manufacturing process of the test tubes. These
were produced, not as usual by roll forming, but because of their shorter dimensions by U-O-bending
with prototype tools. Manufacturing deviations led to the formation of heels at radius transitions at
the tool parts and thus to thinning of the raw sheet material while bent into tubes. If the material
used for the pipes is established, it can be assumed that the quality will be improved in terms of wall
thickness distribution.
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7. Summary

Based on earlier results of tests with tool-integrated component heating, a more complex production
tool was designed with integrated conduction components. A pulsed current flow was successfully
tested for heating and was used for the HMGF of complex bent parts in order to guarantee the complete
heating of the part to the austenitization temperature without local overheating due to the curvature of
the component and due to the correspondingly inhomogeneous current distribution in the part during
conductive heating. The eliminated step of transferring heated preforms into the forming tool allows
for a significant reduction in component scaling and ensures the same robust condition for cooling,
thus influencing the material properties such as the desired minimum hardness and overall strength of
the component areas. Furthermore, the additional technological expense of the integrated conduction
device for medium component quantities can be justified since additional process steps for coating are
avoided and no environmentally harmful chemicals are used. Finally, the experimental verification
of the simulation results was realized by examining the sheet thickness curves in three-component
sections. As a result, the FEM simulation for HMGF processes on curved components can be confirmed
as a reliable design tool.
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