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Abstract
Lightweight multi-material components are of great importance for the transport industry. Not only the component’s weight 
can be decreased, but also its local properties can be adapted to different loading profiles. Tailored Forming is a novel concept 
for producing multi-material components. By using a joining process, the creation of a bond between different materials takes 
place in the first step of the process chain. In the subsequent steps, multi-material workpieces are processed in their joined 
state while maintaining or improving the joint strength. This study focuses on steel-aluminium joints, which were created by 
friction welding and further processed by induction heating and impact extrusion. A counter pressure superposition mecha-
nism was implemented in the extrusion tooling to control the stress state during plastic deformation. Flow behaviours of steel 
and aluminium are largely different at a given temperature, which necessitates a near step-function temperature distribution 
in the hybrid billet to obtain matching flow stresses. An inductive heating strategy was developed which led to a temperature 
gradient in the billets before extrusion. Extruded billets were analysed by destructive testing methods and metallography. 
The bond could be maintained after extrusion when counter pressure superposition was used; but no improvement could be 
obtained. Without counter force superposition, however, cracks were observed in the joining interface and the joint strength 
decreased. This paper discusses the aforementioned findings in the current process design and makes suggestions on how 
the involved processes should be reconfigured to improve the joint strength.
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1  Introduction

Driven by rising energy and material costs as well as grow-
ing environmental awareness, energy and resource efficiency 
are increasingly becoming the focus of research and indus-
try. Within the automotive industry, efficient lightweight 
construction enables weight and fuel consumption to be 
reduced. New materials are constantly being developed 
to achieve weight savings. Nevertheless, mono-material 

components are reaching their limits. Hybrid concepts can 
be used to further advance lightweight construction. In addi-
tion, hybrid components allow for adapted material proper-
ties that are appropriate for the local application purpose.

Hybrid components are usually joined in a near-net-shape 
condition from two or more different materials. This means 
that the joining process is located at the end of the pro-
cess chain. The Tailored Forming approach, developed in 
Collaborative Research Centre (CRC 1153), consists of a 
preceding joining step to combine the different materials 
to a hybrid blank and a subsequent further processing. The 
joining zone properties can be adapted and improved during 
forming, machining and heat treatment. The simultaneous 
processing of different materials results in process-specific 
challenges that must be solved, in order to achieve good and 
reproducible results.

Figure 1 shows the process chain for the production of a 
hybrid shaft. First of all, the different materials are joined 
by laser beam welding or friction welding. Subsequently 
the materials are heated inductively and formed by impact 
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extrusion. Following the heat treatment, the components are 
machined to their final geometry.

2 � State of the art

2.1 � Production of multi‑material components

Hybrid semi-finished products made of different materials 
or sheet thicknesses have been well established in sheet 
metal forming [1, 2]. In contrast, there are only a lim-
ited number of approaches in this direction in bulk metal 
forming.

Domblesky et al. conducted a fundamental investigation 
of the process combination of friction welding and form-
ing [3]. The joints were made of steel, aluminium and cop-
per. The friction- welded joints were subjected to upsetting 
or flank pressing. They showed that semi-finished products 
made of either similar or dissimilar materials can be pro-
cessed by using this innovative process combination. In 
the Collaborative Research Centre CRC 692 of the Chem-
nitz Technical University, compound extrusion tests were 
carried out to obtain a bond between aluminium and mag-
nesium alloys [4–6]. It could be shown that the result-
ing metallurgical joints do not fail even under high loads. 
Foydl et al. [7] developed a compound extrusion process 
to fabricate steel-reinforced aluminium profiles. Sections 
were cut from the extruded profiles and used as billets 
in a die forging process in order to produce hybrid con-
necting rods. It was shown that the steel-aluminium inter-
face remained intact after the forging process [8]. Wang 
et al. carried out a combined numerical and experimental 
investigation on the forging of steel-steel workpieces [9]. 
Cylinders made of mild steel were deposited with stainless 
steel. The hybrid billets were then hot forged at different 
temperatures.

Another process concept for the production of hybrid 
components is the compound forging. In this concept, a 
joining process is not utilised to create a joint between 

the materials. Instead, the joint is achieved during the 
forging process. In compound forging, a dimensionally 
accurate heating strategy is crucial, especially in the case 
of dissimilar material pairs. During the forming process, 
brittle intermetallic phases can occur in the interface for 
certain material combinations, e.g. steel-aluminium [10]. 
Diverse hybrid components in the automotive industry, 
such as connecting rods, wheel hubs and wishbones, are 
manufactured by Leiber Group GmbH & Co. KG, where 
the material joint is produced in particular by frictional 
and positive locking [11]. In most cases, however, such 
joining processes are very demanding with regards to the 
process control and safety requirements. The generation of 
a uniform and continuous joining zone with reproducible 
properties is challenging. An important aspect to address 
this is to match material-specific properties of the materi-
als for a successful implementation of the deformation 
processing step.

2.2 � Friction welding

Friction welding is a type of press welding process. The 
materials are joined by means of plastic deformation. The 
heat required for the formation of welded joint is generated 
by the friction arising as a result of the relative movement 
of one workpiece against the firmly fixed joining partner as 
well as due to the pressing force acting on the workpieces. 
Thus, this process is of particular advantage not only for 
the application of similar materials but also for the weld-
ing of material combinations, which cannot be joined by 
the application of other welding processes. Due to the tem-
peratures just below the liquidus temperature, the resulting 
recrystallization, the high compressive stresses as well as the 
resulting intensive material deformation, a very fine-grained 
microstructure with particularly good static and dynamic 
mechanical properties can be achieved. The relatively 
shorter heating time, as compared to the fusion welding, 
leads to a very small expansion of the heat affected zone and 
limits the thermally induced, undesirable structural changes 

Fig. 1   Process chain of the CRC 1153 for the manufacturing of a hybrid shaft
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of the base material only to a narrow area around the join-
ing zone. In addition, the simple type of process control 
due to the few welding parameters, which are also precisely 
adjustable, leads to a higher and reliably reproducible prod-
uct quality [12, 13]. Due to the possibility of combining 
different materials, this process is of particular interest for 
a resource efficient use of the materials. The use of friction 
welding not only saves material, time and energy, but also 
makes it possible to use expensive materials specifically at 
the component locations experiencing higher stresses.

3 � Materials and methods

3.1 � Friction welding

The first step is the manufacturing of hybrid forging bil-
lets by friction welding 20MnCr5 (DIN 1.7147) steel with 
EN AW-6082 (DIN 3.2315) aluminium alloy. For prepara-
tion of the initial billets for the friction welding, their end 
faces were face-turned and then an alcohol based cleansing 
material is applied to the welding surfaces. Central weld-
ing parameters are given in the Table 1. Aluminium’s flow 
stress is generally much lower than steel’s flow stress. There-
fore, steel is not subjected to plastic deformation during the 
welding process, whilst aluminium is displaced to the weld-
ing flash from the rubbing zone. Keeping the rubbing time 

excessively long can lead to an unnecessary shortening. 
For that reason, a short rubbing time is employed. Another 
advantage of short rubbing phase is that the average joining 
zone temperature can be kept relatively low and the growth 
of brittle intermetallics can be prevented. The billet manu-
facturing is concluded by trimming the welding flash around 
the joining zone and then cutting off to the required billet 
size.

3.2 � Impact extrusion

Although the forward rod extrusion is essentially a com-
pressive stress dominated forming process, tensile stresses 
also develop in the plastic deformation zone. During defor-
mation, the parts centre is dragged in the reverse direction 
of material movement as a result of large displacements at 
the outer zone. Thus, the stress state can change from com-
pression to tension. This is a critical situation in terms of 
bonding of the two materials constituting the forging billet. 
Tensile stresses in the joining zone can lead to a partial sepa-
ration of steel and aluminium and eventually have a negative 
influence on the resulting bond properties. In order to control 
the stress state in the joining zone during the deformation 
process, a forming tool with a counter pressure superposition 
system was used in the extrusion experiments.

A sectional view of the tool for forward rod extrusion is 
shown in Fig. 2. A double reinforced extrusion die is used 
in the forming experiments. It is consisted of a high-speed 
steel core (DIN 1.3343, 60–62 HRC) and two shrink rings 
(DIN 1.2344, 46–48 HRC). Below the extrusion die, the 
system for counter pressure superposition is located. Its ele-
ments are a transverse beam, two identical gas springs and a 
counter punch. The gas springs hold the transverse beam at 
both ends. The downward movement of the counter punch is 
restrained by a conical surface in the centre. During forming, 

Table 1   Process parameters for friction welding of steel-aluminium 
billets

Billet diam-
eter

Axial short-
ening

Rubbing 
pressure

Forging 
time

Forging 
pressure

40 mm 3.5 mm 130 MPa 4 s 150 MPa

Fig. 2   Sectional view of the 
impact extrusion tooling [14]



172	 Production Engineering (2021) 15:169–176

1 3

the tip of the extrudate makes contact with the counter 
punch and forces it to move downwards. The displacements 
are transmitted on the gas springs whose resistance to the 
movement superimposes a counter pressure on the work-
piece. Once the initial spring force is overcome, the system 
moves in the direction of press movement. With increas-
ing stroke, the magnitude of the counter pressure increases 
according to the spring stiffness. The initial spring force 
and spring stiffness can be adjusted by the filling pressure. 
In the experiments, the initial force of the system (the total 
of two gas springs) was 85 kN and the maximum force that 
was achieved at the end of the stroke was 135 kN. This cor-
responds to an average superimposed pressure of 200 MPa 
in the workpiece. Before deformation, hybrid workpieces 
are coated with graphite and a graphite containing oil was 
applied on the die’s active surface. After deformation, the 
formed workpiece is released immediately through the force 
of gas springs and kicked out of the die by using the ejector 
of the press.

3.3 � Induction heating

Induction heating was preferred as the heating method 
for hybrid forging billets. A generator with 40 kW maxi-
mum power output was used which can be operated in a 
frequency range between 5 and 30 kHz. Forming of steel-
aluminium billets is challenging, because they exhibit dif-
ferent flow stresses at a given temperature. An analysis of 
the flow curves revealed that 900 °C in steel matches 20 °C 
in aluminium. Therefore, a near step-function temperature 
distribution should be generated in the hybrid billet in order 
to obtain a favourable forming behaviour. The hybrid billet 
is translated in the inductor with the joining zone positioned 
at the top turn of the coil (aluminium outside the inductor). 
A copper cylinder is placed below the steel to prevent over-
heating of steel ends due to electromagnetic end-effect. 20 s 

of heating at a power output of 65% led to significant axial 
temperature gradients in the hybrid billet. Radial gradients 
even out during the transport of the billet into the forming 
die. The development of this heating strategy is based on 
detailed numerical modelling and experimental validation 
whose details can be seen in [14].

4 � Analysis of the resulting joint properties

In order to analyse the joining zone, the extruded work-
pieces were cut longitudinally by using an abrasive cutting 
machine. A relatively flat joining zone was observed, see 
Fig. 3a. The axial temperature gradient in the joining zone 
was not steep enough to yield a match between the flow 
stresses of steel and aluminium. Therefore, plastic deforma-
tion of the steel is not significant in the joining zone and a 
penetration of the materials into each other through plastic 
deformation is only marginal. The counter pressure superpo-
sition did not affect the geometry of the joining zone.

Metallographic specimens were prepared from sectioned 
workpieces. Steel and aluminium were etched by two differ-
ent etching solutions based on nital and hydrofluoric acid, 
respectively. Micrographs were taken over the joining zone 
by using a light microscope. Intermetallics could not be 
observed under the light microscope, neither in the friction 
welded specimen nor in the extruded specimens. In general, 
a good material bond was observed throughout the joining 
zone of the specimen extruded with counter pressure super-
position (Fig. 3c). On the other hand, central cracks were 
noticed in the specimen extruded without counter pressure 
superposition (Fig. 3b). These are only apparent in the alu-
minium and propagate nearly 30 μm. Tensile stresses occur-
ring in the joining zone during the extrusion process should 
account for the cracks observed. By superimposing counter 

Fig. 3   Steel-aluminium joining zone after extrusion (a) and the central micrographs: (b) without counter pressure superposition; (c) with counter 
pressure superposition [15]
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pressure, however, the stress state could be controlled which 
led to the elimination of cracks.

The resulting bond strength was investigated by tension 
tests. For each case, three test specimens were extracted 
from extruded steel-aluminium workpieces. Because of 
the forging heat, aluminium’s precipitation-hardened 
microstructure is deteriorated after forming. In order for 
aluminium to regain its favourable microstructural prop-
erties, the test specimens were subjected to precipitation 
hardening. Steel was left untreated. After heat treatment, 
tension tests were carried out whose results are shown in 
Fig. 4. In all specimens, fracture occurred in the joining 
zone. A high deviation in the tensile strength was found, 
especially in the conventionally extruded specimens. 
The propagation of damage appears to be different in the 
investigated specimens. More tests should be carried out to 
better understand this phenomenon. By using the counter 
pressure superposition, tensile strength could be improved 
by 30%. The test results were also found to be consist-
ent with the metallography findings. The average strength 

values remained below 310 MPa—the minimum ultimate 
tensile strength of EN AW-6082 in the precipitation-hard-
ened state.

5 � Improvement suggestions

Despite the further development of the forward rod extrusion 
process, it was not possible to achieve the desired strength 
of the joining zone. For this purpose, different possibili-
ties to readjust the process are being evaluated. One pos-
sibility is to increase the joining area between the materials. 

This can be regulated by an adapted process control during 
the forming process. Further extrusion processes are pos-
sible, which introduce different load profiles into the join-
ing zone. In addition, improved thermal process control 
can have a positive effect on the joining zone. The focus 
of this is to increase temperature gradients. Another pos-
sibility to improve the joining zone geometry is to adjust 
it already before forming. Furthermore, the material con-
nection, which is created between the materials as a result 
of the friction welding process, can also be supplemented 
by an additional force and form closure on the basis of the 
joining zone design. The detailed improvement suggestions 
are discussed below.

5.1 � Friction welding

In order to adjust the formation of the joining zone in hybrid 
semi-finished products before forming, the blanks must be 
machined before the friction welding process. The steel 
geometry does not undergo any macroscopic changes during 

friction welding and primarily the aluminium flows. Thus, 
the steel geometry determines the maximum joining surface. 
In consideration of these facts, different geometries can be 
taken into account to improve the strength of the joining 
zone. Three possibilities are presented below.

Geometry A shows a cone on the steel side, which sig-
nificantly increases the surface. Comparable geometries are 
already part of various research projects and even show good 
joining zone properties after friction welding.

Steel-sided several holes were inserted in geometry B, 
which are filled with aluminium during the friction welding 
process. In addition to the significant potential increase in 

Fig. 4   Determination of the 
tensile strengths of steel-alu-
minium joints
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the joining surface, this geometry is particularly useful for 
absorbing rotational forces (Fig. 5).

Geometry C is designed to create a form fitting undercut. 
The aim is to adjust the steel geometry in a way that the 
aluminium is pressed into a steel die and expands. On the 
one hand, a stronger material connection can be generated 
due to the significantly larger contact surface; on the other 
hand, the undercut creates a form fit. This geometry can be 
further adjusted so that the aluminium encloses a steel-side 
pin during the friction welding process. This also generates 
a force fit connection (Fig. 6).

5.2 � Thermal process control

Within the scope of the study, the focus is primarily on the 
joining zone development during the forming process. To 
improve this, two approaches were chosen. One of them is 
the blank temperature, which is adjusted by semi submerged 
inductive heating. Due to the hybrid design, the blank heat-
ing must be inhomogeneous. As mentioned in chapter 3, the 
current heating strategy is to heat the hybrid blank exclu-
sively on the steel side. This creates a temperature difference 
in the blank, which is compensated over time, as a result of 
heat transfer between the materials. In consequence, the steel 
cannot be heated to its hot forming temperature, because 
the aluminium would melt. Currently, the steel is formed in 
the range of 380–850 °C, whereas the aluminium is about 
380 °C, in the joining zone. However, this temperature 

gradient is constant and ranges between 850 and 220 °C. A 
larger temperature difference between the materials could 
lead to a better formation of the joining zone, as the yield 
stress difference between steel and aluminium is reduced. 
For this purpose, immersion cooling on the aluminium side 
is to be integrated into the heating process. This way it is 
possible to dissipate unwanted heat from the aluminium into 
the water, to keep it from melting, and thus enables the steel 
to be heated to a higher temperature. The semi submerged 
heating process is shown in Fig. 7.

Fig. 6   Undercut geometry C

Fig. 7   Semi submerged heating

Fig. 5   Cone geometry A and 
the hole geometry B
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5.3 � Further extrusion processes

The stress state within the joining zone was identified 
as the main influence during the forming of the hybrid 
blanks. This results from the differences in yield stress, 
but can also be adjusted by counter pressure superposi-
tion, as described in Sect. 3.2. The system developed here 
reaches its limits in terms of process technology, since 
the counter pressure mechanism counteracts the punch 
force and high tool loads are occurring. In order to expose 
the joining zone to different load profiles, other extrusion 
processes are used for tailored forming. For this purpose, 
a hollow shaft was selected as a new demonstrator com-
ponent, which is to be produced by three different impact 
extrusion processes.

The investigation of different impact extrusion pro-
cesses serves to control the load profile of the joining 
zone during the forming process in different ways. Cup 
extrusion, for example, is characterised by high degree 
of deformation at high surface enlargements and contact 
pressures. Figure 8 shows the comparison of the simula-
tive results.

The enlargement of the surfaces at the joining zone can 
lead to the intermetallic phases formed during friction weld-
ing being torn open, so that newly formed surfaces come into 
contact. If this is done at sufficiently high contact pressures, 
new positive fit connections can be created or the properties 
of existing connections can be improved by thermomechani-
cal treatment. The hollow shaft geometry and the impact 
extrusion processes are shown in Fig. 9.

6 � Summary

Within the CRC 1153, processes are developed to optimise 
the joining zones of hybrid steel-aluminium semi-finished 
parts and to produce locally load-adapted components. The 
Tailored Forming approach allows the production of these 
components without defects. The strength of the component 
is presumably limited by the joining zone, which fails due to 
brittle material properties before the base material brakes. 
In order to obtain better component properties, different 
approaches are examined theoretically to improve the join-
ing zone properties. Three approaches are being focused on.

Fig. 8   Comparison of backwards cup extrusion and forward rod extrusion

Fig. 9   Hollow shaft demonstrator and the impact extrusion processes
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On the one hand, the surface geometries of the blanks 
are adapted prior to friction welding in order to increase the 
area of the joining zone and to create a positive- and force fit 
between the materials in addition to the material connection.

On the other hand, there is a clear difference in yield 
stress between steel and aluminium at the same tempera-
ture, during the forming of the hybrid semi-finished product. 
Optimised heating strategies can significantly increase the 
temperature gradient between the materials. In this case, the 
aluminium side is to be cooled while the raw part is heated 
on the steel side.

Since the load condition within the component during 
forward rod extrusion damages the joining zone, new impact 
extrusion processes are investigated. For this purpose, a 
new demonstrator was developed, which can be produced 
by three different impact extrusion processes, backward cup 
extrusion, combined forward rod and backward cup extru-
sion and forward tube extrusion.
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