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Abstract
Multi-material bulk metal components allow for a resource efficient and functionally structured component design, with a 
load adaptation achieved in certain functional areas by using similar and dissimilar material combinations. One possibility 
for the production of hybrid bulk metal components is Tailored Forming, in which pre-joined semi-finished products are 
hot-formed using novel process chains. By means of Tailored Forming, the properties of the joining zone are geometrically 
and thermomechanically influenced during the forming process. Based on this motivation, forming processes (die forging, 
impact extrusion) coupled with adapted inductive heating strategies were designed using numerical simulations and success-
fully realised in the following work in order to produce demonstrator components with serial or coaxial material arrange-
ments. The quality of the joining zone was investigated through metallographic and SEM imaging, tensile tests and life cycle 
tests. By selecting suitable materials, it was possible to achieve weight savings of 22% for a pinion shaft and up to 40% for 
a bearing bush in the material combination of steel and aluminium with sufficient strength for the respective application. It 
was shown that the intermetallic phases formed after friction welding barely grow during the forming process. By adjust-
ing the heat treatment of the aluminium, the growth of the IMP can also be reduced in this process step. Furthermore, for 
steel-steel components alloy savings of up to 51% with regard to chromium could be achieved when using low-alloy steel as 
a substitute for high-alloy steel parts in less loaded sections. The welded microstructure of a cladded bearing washer could 
be transformed into a homogeneous fine-grained microstructure by forming. The lifetime of tailored formed washers nearly 
reached those of high-alloyed mono-material components.

Keywords  Tailored forming · Bulk-metal forming · Multi-material components · Impact extrusion · Die forging · Joining 
zone

Introduction and state of the art

Tailored Forming is a novel approach to producing hybrid 
bulk-metal components using hybrid semi-finished work-
pieces, which offers great potential for industrial applica-
tions, as the applied materials can be adapted to the local 
requirements. This allows components to be optimised in 
terms of lightweight construction, resource efficiency and 
occurring loads. In addition, the components can be pro-
vided with advanced functionalities like high temperature 
resistance or wear-resistance. Particularly in the automotive 
and aviation industries, more and more lightweight and at 
the same time more resilient components are required in 
order to comply with safety and CO2 emission restrictions 
[1, 2].

Common multi-material components are manufactured by 
joining several separately formed components. The joining 
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process therefore takes place at the end of the process chain 
[3]. Another approach is joining by forming, using processes 
like impact extrusion [4, 5] or compound forging [6, 7]. It 
was found that the analysed performance of compound 
forged bi-metal gears is sufficient for certain applications 
[8, 9]. Chang et al. applied the thixotropic-core compound 
forging method in the precision forging of a bi-metal cylin-
der spur gear. An aluminium alloy was pressed in thixotropic 
state into a steel shell and achieved a uniform microstructure 
and properties in the core of the produced bimetallic parts 
[10]. While hybrid semi-finished products made of differ-
ent materials are well-established in sheet metal forming 
[11–13], there is still a large potential for research regard-
ing bulk-metal forming with hybrid billets. Initial investi-
gations into forming of friction welded components were 
carried out by Domblesky et al. [14]. The joined aluminium-
steel and aluminium-copper preforms formed by upsetting 
showed promising formability for use in bulk metal forming. 
Awiszus et al. investigated the bond strength of magnesium 
and aluminium alloys after co-extrusion by means of trans-
verse extrusion [15, 16]. It was shown that, in general forg-
ing continuously reinforced profiles is possible, but that the 
forming degree may not exceed a specific limit to prevent 
failure of the bond [17].

Bruschi et al. gave an overview of process chains for com-
ponents made from MMCs, laminates and 3D hybrids [18]. 
Part of these were steel aluminium shafts in which the light 
metal core was inserted into a backward extruded cup and 
finally cold forged by forward extrusion. In this case a force 
fit was created by cold forming, and micro form fit was able to 
achieve bond strength similar to that achieved with macro form 
fit [19]. In contrast to the hybrid shafts studied there, the inves-
tigations in this paper deal with hot forming processes. One 
reason for the use of hot forming is the higher bond strength 
of material bonds compared to force fit, as described in [19]. 
For aluminium steel components, the thickness of the resulting 
intermetallic phase has a decisive influence on the resulting 
bond strength and is mainly modeled by the time–temperature 
management [20]. These intermetallic phases are characterised 
by their brittleness and significantly reduced bond strength 
with increasing thickness [20]. The results of the investiga-
tion on friction welding by Ma et al. [21] showed, that by 
generating moderate heat in the joining zone the highest 
tensile strengths could be achieved with the conditions dis-
cussed in [21]. Furthermore, a higher temperature led to an 
increase in size of the intermetallic phases, resulting in lower 
bond strength. Herbst et al. related short contact times and low 
heat input to a favourable bond strength of friction-welded 
steel – aluminium joints [22, 23]. Napierala et al. investigated 
a combined process of cold forging and deep drawing for a 
steel-aluminium pairing, producing components from a cold-
pressed core and deep-drawn, redrawn shell with a force-fit 

and form-fit connection, resulting in a 40% higher shear yield 
stress than that of aluminium [24].

The combination of co-extrusion (with continuous and dis-
continuous reinforcements) and subsequent forging in the pro-
duction of steel-reinforced aluminium profiles was first inves-
tigates by Tekkaya and Behrens, resulting in a good composite 
quality in the produced components [17]. Neither the forming 
speed nor the forming temperature during co-extrusion have 
any influence on the performance. Further, different geom-
etries of the reinforcing elements, their attachment and bond-
ing by closing defects were investigated in [25]. In contrast to 
Tailored Forming, the reinforcing elements used were rela-
tively small compared to the matrix material volume and had 
no functional surfaces or did not undergo any further forming. 
Grötzinger et al. investigated the cold forging of compound hot 
extruded aluminium billets of EN AW-6060 with an internal 
reinforcing element consisting of EN AW-7075. It was found 
that bond detachment occurred in variants, where the normal 
stresses in the interface tended to be in the tensile range with 
forming degrees of φ = 0.8. The available stress analyses do 
not yet allow any clear correlations between the stress states 
and the degree of failure deformation, which is why further 
investigations are necessary [26].

Based on previous research, the pre-joining and subse-
quent forming are intended to advance the development and 
investigation of the novel process chain for the manufacture 
of hybrid high-performance components, as shown in Fig. 1.

In a first step, hybrid semi-finished products are joined 
from raw parts of different materials in serial or coaxial 
arrangement. The semi-finished workpieces are then heated 
and formed, thus thermomechanically influencing the join-
ing-zone. The process chains presented in this paper include 
friction welding [27], Lateral Angular Co-Extrusion (LACE) 
[28] and cladding [22, 23] as joining processes as well as 
die forging [29] and impact extrusion [30] as forming pro-
cesses. This is followed by further processing by means of 
machining and heat treatment, as well as an examination of 
the component properties and service life.

This article focuses on the forming of hybrid semi-fin-
ished products by means of die forging and extrusion using 
similar and dissimilar material combinations. Depending on 
the arrangement and combination of the materials, various 
joining-zone orientations result and challenges regarding the 
forming and heating process have to be faced. These are 
explained below by giving examples of various demonstra-
tor geometries.

Methods / approaches and results

To demonstrate the high potential of hybrid bulk metal com-
ponents and the Tailored Forming technology for a wide 
variety of applications, the components shown in Fig. 2 were 
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developed. With Tailored Forming, it is possible to increase 
either the lightweight construction potential or the resource 
efficiency by means of novel process chains. For this pur-
pose, either similar or dissimilar material combinations can 
be used in coaxial or serial arrangement.

Examples of the use of similar material combinations 
include the bearing washer and the bevel gear. By combining 
a low alloy base material (C22.8) and a high alloy cladding 
material, a resource-efficient production of wear-resistant 
components can be realised. The use of high-alloy steel is 
limited to the highly stressed surface zones so that the usage 
of alloying elements e. g. chromium can be reduced. Only 
13% of chromium is recycled, which is why careful handling 
could contribute to sustainable requirements. According to 
a report of the European Commission from 2014 chromium 
was considered to be resource-critical [31]. Even though 
the supply risk is not very high at present, the political and 
economic situation is dynamic.

Aluminium and steel are used as application examples 
for combinations of dissimilar materials. With regard to the 
demonstrator components shaft and bearing bushing, the 
steel is only used locally where it is required in order to 
increase the lightweight potential of the components.

In order to evaluate the potential of the novel Tai-
lored Forming approach, different material combina-
tions were applied. In the case of the bearing washer, the 
material combinations C22.8 (AISI 1022 M) and 100Cr6 

(AISI 5200) are investigated. For the bevel gear C22.8 
is used as core material in combination with cladding 
41Cr4 (AISI 5140) or X45CrSi9-3 (AISI HNV3). The 
shaft is manufactured either in a steel-steel combination 
using C22.8 and 37CrS4 (AISI 5135) or by combining 
41Cr4 or 20MnCr5 steel with EN AW-6082 aluminium. 
The combination of 20MnCr5 or 100Cr6 steel with 
EN AW-6082 aluminium is used for manufacturing the 
bearing bushing.

The production of a formable material compound is 
particularly challenging with dissimilar material combi-
nations, such as aluminium and steel. In order to prevent 
undesired growth of the intermetallic phases in the joining 
zone, low heat of under 400 °C in the joining zone and 
short process time are preferable. During heating, temper-
atures above 400 °C should be avoided in the joining zone 
to prevent excessive growth of intermetallic phases. In 
Fig. 3 a) and b) flow curves of EN AW-6082 and 20MnCr5 
are shown for different temperatures. It can be seen that 
the yield stresses of the two materials at room temperature 
differ greatly. In order to equalise the yield stresses, the 
steel must be heated to 700 - 900 °C, while the aluminium 
remains at room temperature. Thus, combined forming 
of the different materials is possible and the thermal and 
mechanical stresses on the joining zone are reduced.

The inhomogeneous heating of the hybrid semi-fin-
ished workpieces is therefore a major challenge in the 

Fig. 1   Schematic illustration of a process chain using the example of a hybrid bevel gear

Fig. 2   Exemplary demonstrator 
components with the associated 
material combinations
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described forming processes. Adapted heating strategies 
have to be developed for the different material combina-
tions and semi-finished product geometries. Figure 3 c) 
shows the schematic structure of the induction heating and 
the results of the associated experimental and numerical 
heating investigations. The temperatures were recorded 
with three type-K thermocouples, one thermocouple each 
in aluminium and steel and one in the joining zone. The 
time–temperature curves of the adapted heating strategy 
show how significant the local temperature differences 
are in the workpiece. While steel reaches a temperature 
of around 900 °C sufficiently limiting the flow stress, the 
joining zone remains below 400 °C, preventing exces-
sive growth of the intermetallic phases and melting of the 
aluminium.

All of the forming processes described in the follow-
ing were carried out using an automated forging cell. The 
main components are a 40 kJ screw press Lasco type SPR 
500 (Lasco Umformtechnik GmbH, Coburg, Germany), a 
TruHeat MF 3040 middle-frequency generator (TRUMPF 
GmbH & Co. KG, Ditzingen, Germany) with a maximum 
power output of 40 kW for inductive heating of the semi-
finished workpieces and an industrial robot.

Axial Bearing Washer  The hybrid axial bearing washer is 
a flat, ring-shaped disc with a cladding layer on the active 
front surface, as shown in Fig. 4. The aim is to reach a strong 
layer of high-alloy steel on the highly loaded surface of a 
bearing washer, while using a simpler low-alloy steel mate-
rial in the underlying zones, that are stressed less. The con-
cept of functional subdivision can be very effective, espe-
cially with upscaled larger dimensions, e.g. in wind turbines 
[32]. By using C22.8 instead of 100Cr6 in the base material, 
51% chromium per bearing washer can be saved compared 
to mono-material components. The savings in alloying ele-
ments when upscaling the concept to larger components are 

even more significant in terms of quantity and can also be 
applied to other elements besides chromium, if suitable sub-
stitute materials are used.

The joining zone of the serially arranged hybrid disc 
between base material and high-performance cladding is 
parallel to the upsetting tool surface and transverse to the 
upsetting direction. The process chain begins with a plasma-
power-deposition welding process in order to clad the front 
surface. Due to the serial geometry, the joining zone is 
spread-forged in its plane.

Since pores are critical for bearing durability, they must 
be avoided in the final part. In order to achieve a pore-free 
microstructure, the disc was upset to deform the deposit 
layer, closing the welding pores. Therefore, the ring was 
heated to a forging temperature of approx. 1200 °C and then 
upset between two flat dies before finally being machined 
and finished to a bearing washer.

The materials usually used for bearing washers in indus-
trial practice are high-performance steels specifically tai-
lored to the heavily loaded conditions in bearings. In this 
case, the alloys 100Cr6 and 41Cr4 are used as deposit weld-
ing material on the disc, made of the simple carbon steel 
C22.8, primarily used as a construction material [33, 34].

The challenge in the upsetting of the 100Cr6 cladding is 
to achieve the necessary temperature gradient in the exact 
moment of the forging stroke. Initial tests showed, that a 
homogeneous temperature distribution does not sufficiently 
approximate the yield stresses of the two materials to reach 
significant deformation in the cladding layer. To improve the 
forming properties in the cladding material and reduce the 
yield stress of the cladding to the level of the base material, a 
local inductive heating strategy for the cladding surface was 
developed to reach a temperature gradient. The surface was 
induction-heated, while the base material side was cooled 
using a water-cooled plate. The results showed a significant 

Fig. 3   Flow curves of 20MnCr5 
a) and EN AW-6082 b) for dif-
ferent temperatures
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temperature difference of over 500 K between surface and 
base material.

In Fig. 5 a) the microstructures of a cladded and formed 
part are shown. As a result of the forming process a sig-
nificant grain refinement both in the cladding and in the 
base material can be recognised, indicating the superior 
mechanical properties. After the forging tests, lifetime 
analysis was carried out, comparing the lifetime of hybrid 
bearing washers with different cladding materials with that 
of a mono-material industrial reference bearing washer 
made of 100Cr6. The results are displayed in Fig. 5 b) and 
show that the lifetime of the hybrid bearing washer nearly 

reaches the level of the industrial reference, underlining the 
high potential for savings of high performance material in 
the base of the washer. The 100Cr6 cladding was the most 
difficult to upset and showed failure causes in remaining 
microscopic defects in the cladding material due to the sig-
nificantly higher difference in flow stress compared to the 
base material. A further improvement of the forming process 
therefore has the potential of extending the lifetime of the 
washer to the level of the mono-material reference washer or 
even beyond. However, detailed analysis of the parts showed 
that the transfer time between the local inductive-heating 
station and the forming process was crucial to achieve a 

Fig. 4   Tailored Forming bearing washer made of C22.8 and 100Cr6: a) schematic illustration of forming die and semi-finished workpiece before 
(left) and after (right) forging, b) welded preform (left) and formed part (right), c) cross section

Fig. 5   Microstructure and sectional view (a) of 100Cr6 of the bearing washer before and after forming and the comparison of the bearing life-
time performance of the hybrid components (b) [28]
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sufficient temperature gradient to completely close all pores 
from the prior welding process. In the final step of process 
development, the transfer time was cut to under five seconds 
by implementing an inductive heating setup in the forging 
tool system inside the press, replacing the longer robot-based 
transfer from the heating station into the forging press with 
a simple linear drive. The initial results show a significant 
improvement in the deformation of the cladding layer and a 
promising approach for further research.

The performance of the bearing washers has been signifi-
cantly improved through the upsetting process, nearly reach-
ing the running time of conventional mono-material bear-
ings, proving the potential of the Tailored Forming approach 
for this demonstrator [34]. The life ending defects could be 
attributed to remaining microscopic defects, indicating that 
with further improvements in the forming process, the per-
formance of mono-material components can be reached and 
potentially even exceeded [33].

Bevel Gear  The bevel gear demonstrator is used to investi-
gate the Tailored Forming process for multi-material steel 
combinations in which functional layers are formed on 
the surface of a base material. This thin outer functional 
layer, applied to a ductile material, offers the possibility 
of using harder high performance, high-alloyed materials 
in a resource-saving way, while maintaining ductile zones 
in the gear core. By using a C22.8 core instead of a 41Cr4 
mono-material component over 45% of chromium can be 
saved per bevel gear. Based on this, a feasibility study was 
carried out on the use of an aluminium core in the bevel 
gear to additionally improve the lightweight potential of 
the component.

The semi-finished workpieces are produced in two dif-
ferent cladding processes, plasma transferred arc welding 
(PTAW) and laser hotwire processing (LHC) [35]. Based 
on the results of the geometrically simple bearing washers 
described above, it was possible to demonstrate a thermo-
mechanical influence on the structure due to the forming 
process (Fig. 5 a). The bevel gear was developed in order 
to transfer these results to a more demanding demonstrator 
geometry. In the following, the production of hybrid bevel 
gears with the material combinations of 41Cr4 with C22.8 
and X45CrSi9-3 with C22.8 is exemplarily explained as 
well as the preforming step to create a hybrid semi-finished 
product consisting of an aluminium core and a 100Cr6 steel 
shell for die forging of the described bevel gear geometry. 
In Fig. 6 b) coated semi-finished workpieces for the similar 
steel combinations are shown. After welding, the compo-
nents were machined to the final semi-finished dimensions 
(Ø 30 mm, length 78 mm). These hybrid cylinders were 
heated to 1150 °C, following the heating strategy described 
in [35], with an axial temperature gradient of about 200 °C 

by using the end effect at the lower end of the induction 
coil [36]. This temperature gradient is necessary to achieve 
complete die filling, due to the high deformation resistance 
of the less ductile cladding material in the toothed area [35]. 
The transfer of the heated components into the die was car-
ried out automatically to ensure reproducibility. Subse-
quently, the hybrid semi-finished products were formed to 
the final geometry (Fig. 6 b)) using the die shown in Fig. 6 a) 
[29]. The forging process is followed by surface hardening 
through air–water spray cooling from the forging heat, pro-
ducing a self-tempered martensitic surface layer. Using the 
forging heat for heat treatment, undesired grain growth can 
be minimised [29].

The material distribution after forging is illustrated in 
Fig. 6 c). The microstructural development was analysed 
metallographically which is shown in Fig. 7. Representative 
of the comprehensive investigations of the microstructural 
development (detailed information is given in [29, 35]), 
the microstructure after welding a), after forming b) and c) 
and after heat-treatment d) and e) is shown in two different 
cutting positions of the forged gear (Fig. 7). The Vickers 
hardness (HV0.5) was measured in the tooth-tip area [37] 
and tensile specimens were taken from the joining zone and 
mechanically tested on a Zwick Retro Line tensile testing 
machine (ZwickRoell, Ulm, Germany). The mechanical tests 
showed that the thermomechanical treatment has a positive 
effect on the tensile strength compared to the condition 
after welding [29]. It was also shown that a larger substrate 
diameter and thus changed material proportions in the semi-
finished product lead to a greater depth of hardness in C22.8 
[29].

The distribution of the coating layer after forming is not 
sufficient to maintain a continuous functional layer, espe-
cially in the area of the tooth root (see Fig. 6 c)). Further-
more, a complete die filling of the teeth over the entire length 
of the component could not be realised. For this reason, an 
adapted preform geometry was developed, which is closer to 
the final geometry of the bevel gear. The preform is a conical 
cylinder (Fig. 8 a)) which will be formed to a bevel gear.

In order evaluate the feasibility of the Tailored Form-
ing approach of a bevel gear with higher complexity and in 
terms of lightweight potential, a concept with three different 
materials is explored in further investigations. For this, an 
aluminium core of EN AW-6082 will be pressed into hollow 
cylinders made of C22.8 with a cladded X45CrSi9-3 layer 
deposited using LHC and afterwards forged to a bevel gear. 
For this lightweight variant, the feasibility as well as the 
process parameters were investigated in preliminary tests 
without the high-alloy steel cladding. For this purpose, a 
preform with the material combination 100Cr6, a bearing 
steel, and EN AW-6082 (Fig. 8 b), c)) was investigated in 
composite forging tests, where a bevel gear (Fig. 8 c)) is 
formed in the final forming step as described before.
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Fig. 6   Tailored Forming bevel gear made with PTAW of 41Cr4 and C22.8: a) schematic illustration of forming die and semi-finished workpiece 
before (left) and after (right) forging, b) welded preform and formed part, c) cross section

Fig. 7   Microstructural evolution in the material combinations 41Cr4/C22.8 after cladding (a), forming (b-c) and heat-treatment (d-e) in two dif-
ferent positions A, B of the bevel gear

Fig. 8   New preform geometry cladded by LHC a), feasibility tests: Blank b), semi-finished product c) and bevel gear with aluminium core d)
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To analyse the influence of temperature on the material 
bond in the preform, the temperatures of steel were varied 
between 25 °C and 650 °C and of aluminium between 25 °C 
and 350 °C. Subsequently, specimens were prepared from 
the produced preforms of each temperature combination. 
The joining zone was examined metallographically. The 
combination steel (650 °C) / aluminium (350 °C) (Fig. 9 
a)) shows a bond, but it can be seen that its quality varies 
locally. A bond was formed in the upper area (position 1, 2), 
but it is cracked open in the section below position 3 (Fig. 9 
a)) with material adhesions and a gap extending over the 
further joining zone.

In the next step, the heating strategy for these semi-fin-
ished products for the die forming operation was designed, 
implemented and parameterised by means of a conical exter-
nal inductor, thermographic images and thermocouples. A 
heating time of 8 s at 60% power with a transfer time of 5 s 
to forming was determined as suitable.

The final forging result (Fig. 8 d)) show that complete 
die filling is not achieved and, depending on the tempera-
ture combination during pre-forming, areas with higher and 
lower degrees of die filling were identified. The joining zone 
cross section shows a partial bonding of the formed bevel 
gear (Fig. 9 b)) between 1 and 2.

To improve the mold filling, a shortening of the trans-
fer time is necessary so that the temperature equalisation 
between steel and aluminium is reduced, enabling a higher 
temperature gradient. This will be realised in further test 
series by heating the semi-finished products in the press 
chamber, so that subsequently the cladded sleeves with alu-
minium core can be provided and formed.

All of the gears produced will be machined as a final 
step in order to subsequently investigate the behaviour of 

these hybrid components in a test rig and to be able to draw 
conclusions about the service life of the different materials, 
coating thicknesses and heat treatment variants.

By using an aluminium core, a weight reduction in gears 
of approx. 30% can be achieved, as shown in preliminary 
investigations. By partially adapting the materials to the load 
conditions through the forging process, high-performance 
components can be produced in which, depending on the 
requirements, weight and high-alloy materials can be saved 
compared to a bevel gear made of high-alloy mono-material.

Shaft  The shaft is designed as a hybrid component consist-
ing of serially arranged materials, produced by rotary fric-
tion welding with a subsequent impact extrusion process. 
For the stepped shaft, two material combinations were used. 
On the one hand, shafts consisting of two different steels 
were produced. The steel alloy 41Cr4 is heat-treatable and 
exhibits good strength and shock resistance after heat treat-
ment. C22.8 is a low-alloyed carbon steel used for structural 
components. On the other hand, a hybrid component using 
the dissimilar materials steel and aluminium is produced to 
investigate the formability of aluminium-steel billets and to 
increase the lightweight potential of the component. The 
case-hardened steel 20MnCr5 is used for highly mechani-
cally stressed areas. The aluminium EN AW-6082 has a bet-
ter strength-to-weight ratio than steel and is therefore well 
suited for lightweight applications. By using aluminium, 
weight savings of 22% were achieved for the demonstrator. 
Furthermore, alloy savings of 33% in chromium could be 
realised by using low-alloy steel C22.8.

In Fig. 10 the forming tool a), the correlated parts b) 
and the cross section c) are shown. The aim of the serial 

Fig. 9   Preliminary tests: half cut of a semi-finished product (forge temperature 650 °C steel / 350 °C aluminium) a) and a forged hybrid bevel 
gear b)
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material arrangement is to influence the joining zone 
geometry. In the case of the steel-steel joint, this can be 
achieved, as can be seen in Fig. 10 c). Adjusting the join-
ing zone of steel-aluminium components is more challeng-
ing. In the following, an overview of the results regarding 
the impact extrusion of a steel-aluminium component is 
given.

The hybrid semi-finished workpieces are produced though 
rotary friction welding on a KUKA Genius Plus (KUKA 
AG, Augsburg, Germany). To obtain a smooth, flat surface, 
their end faces are finely machined. Before friction welding, 
the surface is cleaned of residue using isopropanol. During 
welding, the friction speed was set to 1500 rpm with a fric-
tion force of 120 kN. After a relative friction path of 4 mm, 
the press force of 251 kN was applied over four seconds. 
Due to the high difference in yield stress, the plasticization 
during friction welding takes place on the aluminium side, 
while the steel behaves rigid for the most part.

After welding, the flash around the joining zone is 
removed and the hybrid semi-finished workpieces are short-
ened to 100 mm in length, with 40 mm on the aluminium 
side and 60 mm on the steel side (Fig. 10 b)). Prior to the 
forming operation, the semi-finished products are induc-
tively heated to adjust the yield stresses of the materials. 
For this purpose, the steel side of the semi-finished product 
is inserted into a induction coil and heated with 26 kW for 
20 s as schematically shown in Fig. 3. This results in a maxi-
mum temperature of 900 °C in the steel side and 350 °C in 
the aluminium side.

The heated billets are transferred from the induction heat-
ing system into the forming die by means of an industrial 
robot to ensure reproducibility. The main challenge in the 
impact extrusion of hybrid parts are the delamination of the 
joining zone and the generation of defects due to the sudden 
change in yield stresses in the joining zone. The difference 

in yield stress leads to a concentration of the plastic strain 
and high strain rates in the aluminium and subsequently to 
tensile stress in the joining zone. A reduction of this stress 
is possible with an adapted heating strategy and tool geom-
etry [38]. However, to successfully eliminate critical tensile 
stresses and guarantee the suppression of defect formation, 
pressure superposition is necessary. The mechanism for 
pressure superposition was designed and installed in the 
lower part of the forming tool. The magnitude of the coun-
terforce can easily be changed by adjusting the filling pres-
sure of four gas springs type DSND.03000.050 (Kreitzberg 
Normalien GmbH, Siegen, Germany) and is transferred to a 
counter punch by a connecting cross beam as part of the tool 
assembly in these experimental investigations. The system is 
adjusted in such a way that the counter pressure is triggered 
as soon as the joining zone passes the extrusion shoulder. 
The gas springs used are pressurised with 80 bar which leads 
to a mean counter pressure of 100 kN. For the die, an open-
ing angle of 2α = 60° was selected for the extrusion shoul-
der. During forming, the upper punch presses the hybrid 
preform into the die and at a defined timing the aluminium 
contacts the counter punch. The punch, in turn, is pressed 
downwards by the formed material and provides resistance 
proportional to the gas springs’ initial pressure and the total 
spring displacement. After forming, the components (Fig. 11 
b) were subjected to different cooling strategies to determine 
the influence on the material properties. The process was 
adjusted to the effect that the joining zone is located in the 
reduced part of the component after impact extrusion.

Another application potential of hybrid aluminium-steel 
shafts is demonstrated with hybrid pinion shafts, which 
are also produced through a Tailored Forming process 
chain. The design of the pinion shaft is similar to that of 
the stepped shaft and differs in diameter, steel alloy and the 
position of the joining zone. The load conditions are similar, 

Fig. 10   Tailored Forming stepped shaft made of 20MnCr5 and 
EN  AW-6082: a) schematic illustration of forming die and semi-
finished workpiece before (left) and after (right) forging, b) welded 

preform and formed part, c) cross section of hybrid shafts made of 
20MnCr5 and EN AW-6082 (left) and 41Cr4 and C22.8 (right)
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but on a higher level due to the complete extrusion of the 
joining zone through the extrusion shoulder.

To achieve better bond strength different welding sur-
face geometries were investigated in this context and are 
discussed in [39]. The most promising geometries are a coni-
cal shape with a steel tip angle of 2α = 90° and a doubleplane 
geometry. The surfaces are prepared by turning, cleaned 
and finally welded with 1600 rpm, a friction pressure of 
120 MPa and a press force of 225 MPa.

Due to the later gearing of the steel part, a hardenability 
to about 58 HRC is required while formability must still be 
sufficient for impact extrusion at moderate temperatures of 
about 400 °C at the joining zone. For these reasons, 37CrS4 
was chosen as steel material. The aluminium was chosen to 
be EN AW-6082, as it has sufficient strength.

For impact extrusion of the pinion shaft pressure super-
position is applied as well. In Fig. 11 a), the numerical 
results of impact extrusion without counter pressure 
and with a counter pressure of 160 MPa are presented. 
With a counter pressure of 160 MPa, a failure of the joint 
zone during extrusion can be prevented. This finding was 
also confirmed by the experimental results, see Fig. 11 
b). A positive influence of the counter pressure on the 
resulting tensile strength was also found, see Fig. 11 c). 
After impact extrusion with 160 MPa counter pressure 
and an adapted heat treatment, the tensile strengths were 
even slightly improved compared to the friction-welded 
component.

In order to achieve optimised component properties with 
regard to the aluminium, it is usually necessary to perform a 

T6 heat treatment, comprimising the steps solution anneal-
ing, quenching and subsequent artificial aging. During 
solution annealing, high thermal loads are applied to the 
intermetallic compounds and thus negatively influence the 
joining zone properties. Due to this, the solution-annealing 
temperature was lowered to 500 °C instead of the usual 
525 – 540 °C for T6 heat treatment. At this temperature the 
best hardness values could be achieved in the aluminium 
without negatively influencing the joining zone properties. 
Quenching (in water at 20 °C) and artificial aging (150 °C, 
24 h) were kept constant as it is assumed that these are not 
decisive for the steel-aluminium interface. Along the pro-
cess chain, the width of the intermetallic phase seam was 
limited to approx. 0.4 μm resulting from friction welding 
due to the low forming temperature and subsequent solu-
tion annealing at a temperature of 500 °C with a duration 
of 20 min (Fig. 12). With longer solution annealing times 
such as 40 min, a much thicker intermetallic phase fringe is 
formed, which has an average width of 2.7 μm. Therefore, 
higher holding periods during solution annealing should be 
avoided. As shown in Fig. 11 c), the combination of high 
counter pressure with the adapted heat treatment strategy 
enables the production of pinion shafts with an overall 
tensile strength nearly reaching the level of the aluminium 
mono-material and with even higher strength in the steel 
section through a Tailored Forming process chain.

Using the hollow shaft, the results for the impact extru-
sion of hybrid semi-finished workpieces are transferred 
to a more complex and lightweight geometry. Figure 13 
illustrates the forming tool for combined full-forward 

Fig. 11   Influence of the counter pressure during impact extrusion on 
the bond quality: numerical calculated geometry a), cross-section of 
the joining zine after impact extrusion b), tensile strength after fric-

tion welding and after impact extrusion withcounter-pressure before 
and after T6-heat treatment (HT) c)
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cup-backward extrusion a), the preform and the formed part 
of aluminium and steel b) as well as the cross section, reveal-
ing the joining zone c). The extrusion process in this case 
causes a material flow in two directions: The joining zone is 
pressed downward into the centre by the punch penetrating 
the specimen and compressive load is pushing the joining 
zone upward into the surrounding sections. While drawing 
the steel core downward, the joining zone is additionally 
subjected to minor shear stress.

For the hollow shaft, the same friction welding param-
eters were used as for the shaft. By means of FE-simulation 
and experimentation, a heating strategy of 25 s at 22 kW 
power was determined to be ideal for this purpose. Impact 
extrusion was carried out with two different processes, cup-
backward extrusion and combined full-forward cup-back-
ward extrusion (Fig. 13 a). This was used to determine the 
influence of different processes on the strain in the joining 
zone. In both processes a strong deformation of the join-
ing zone was achieved, which is located just below the cup 
and has a cone-like shape (Fig. 13 c)). The joining zone 
was examined metallographically and it was found that it 
is largely bonded. Small defects in the form of cracks and 
detachments occur in strongly deformed areas. These errors 

occur in areas of the joining zone where tensile stresses were 
predicted by numerical simulation. No counter-pressure was 
used in the impact extrusion process deployed. By using a 
counter-pressure, the occurring tensile stresses and resulting 
errors can be prevented in future investigations. In addition, 
forward tube extrusion will be used as a further process for 
the production of the hollow shaft.

Bearing Bushing  This hybrid component is a flared and 
upset, locally reinforced hollow cylinder (see Fig. 14) con-
sisting of two coaxially bonded materials with a joining zone 
oriented in forming direction. The outer area of the compo-
nent is made of the wrought aluminium alloy EN AW-6082 
to reduce weight, while the steel inlay preserves the wear 
resistance. During die forging, the joining zone is subjected 
to a load superposition of shear stress and compressive 
stress. To establish the process, the case-hardenable steel 
20MnCr5 was used as reinforcing element in a first step, 
due to its lower yield stress and good formability compared 
to most roll bearing steels. After successful forming of 
20MnCr5/EN AW-6082 bearing bushings, this knowledge 
was transferred and extended to the bearing steel 100Cr6. 
In Fig. 14 the forming tool a), the preform and the formed 

Fig. 12   SEM investigations along the process chain of a hybrid shaft: after friction welding, after impact extrusion and after solution heat treat-
ment with a duration of 20 min respectively 40 min

Fig. 13   Tailored Forming hollow shaft made of 20MnCr5 and EN AW-6082: a) schematic illustration of forming die and semi-finished work-
piece before (left) and after (right) forging, b) welded preform and formed part, c) cross section
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part b) and the cross section, revealing the joining zone c) 
are shown.

The coaxially reinforced hollow semi-finished products 
are produced through LACE [28]. Co-extrusion enables the 
continuous production of semi-finished parts consisting of 
at least two different materials [40].

In the subsequent forging process, forming the larger 
diameter through flaring of the final geometry (Fig. 14 b)) 
presents the greatest challenge. For die forging of the co-
extruded aluminium-steel profile an adapted heating strat-
egy is required in order to adjust the yield stresses of the 
steel core to the aluminium. In order to achieve the required 
degree of forming, a radial temperature gradient of the inner 
layer is necessary, especially since the forming process 
results in an additional heat input into the aluminium. Here, 
short heating and transfer times are essential to maintain the 
required temperature gradient and reduce the growth of the 
intermetallic phases until forming. Due to the skin effect, 
the heat input by an internal inductor occurs almost exclu-
sively near the inner steel surfaces, while the aluminium is 
heated indirectly by heat conduction [41]. The maximum 
temperature of the aluminium during heating and forming 
is limited by its solidus temperature of approx. 580 °C. The 
minimum forming temperature of the steel part is approx. 
550 °C [42].

Before forming, the semi-finished parts were coated 
with a graphite lubricant. In order to parametrise the induc-
tion heating step, heating tests were carried out detecting 
the temperature profiles using the internal induction coil 
and type-K thermocouples. During induction heating, a 
higher temperature gradient could be achieved by cooling 
the aluminium from the outside, which extends the process 
window. To prevent the forged steel from cracking due to 
temperature loss, the punch was additionally heated to a 

temperature of approx. 200 °C. The subsequent single-
stage closed-die forging tests (Fig. 14 a)) were carried out 
on the screw press.

The hybrid semi-finished workpieces were formed to the 
extent that the maximum diameter could be generated with-
out macroscopic defects, producing functional bearing bush-
ings (Fig. 14). The forming tests show that the developed 
process parameters were suitable for heating and forming. 
To achieve complete die filling and increase process sta-
bility, further modifications to the process are necessary. 
To enable complete forming, a higher temperature gradient 
ΔT between aluminium and steel is necessary. This can be 
achieved by a higher cooling rate on the outside surface as 
shown in Fig. 15 a). The positions of the thermocouples for 
the displayed test results are depicted in Fig. 14 a).

In Fig.  15 b) the material distribution in the forged 
bearing bushing is exemplarily shown for 20MnCr5/
EN AW-6082. A successful material bond was detected in 
section B, as shown in Fig. 15 c). The angular top and bot-
tom edges show, that the die was not completely filled for 
this specimen. With complete die filling, as can be seen in 
the schematic image on the right half of Fig. 14 a), the area 
with complete material bonding can be expanded [29]. In 
addition, a tool adjustment for further tests can allow the 
aluminium to be pressed into the die completely, closing the 
gap in positions A and C (Fig. 15). Further investigations 
will be carried out on this demonstrator with co-extruded 
aluminium-titanium profiles in order to test the feasibility 
of the Tailored Forming concept for a material with more 
difficult process requirements. By means of titanium, the 
component mass can be reduced further and the chemical 
resistance can be improved.

In order to broaden the field of application for the 
process combination of co-extrusion and die-forging to 
more complex geometries, which are not rotationally 

Fig. 14   Tailored Forming bearing bushing made of EN  AW-6082 and 20MnCr5: a) schematic illustration of forming die and semi-finished 
workpiece before (left) and after (right) forging, b) welded preform and formed part, c) cross section
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symmetrical will be investigated in further research. The 
demonstrator geometry is loosely based on a miniaturised 
automotive control arm. The joining zone between the 
L-shaped reinforcement and the surrounding material in 
this component is parallel to the stroke movement of the 
forging die and subjected to tensile stress caused by the 
compressive loads in the spreading stage of the rather flat 
forging process.

The triangular semi-finished geometry is created in a 
LACE process (see Fig. 16 a) and then cut into the bil-
lets shown in Fig. 16 b). The crucial effect in this dem-
onstrator forging process results from the orientation of 
the joining zone to the forging direction. If the tensile 
stress in the direction normal to the forging zone exceeds a 
critical level, the joining zone can be damaged. The stress 
state in the entire part must be limited to the compres-
sive spectrum throughout the forging process. The stress 
state highly depends on the material flow and therefore 
the tooling concept. Numerical analyses have shown that a 
compressive stress state is achievable with both closed-die 
and open-die tooling concepts [38].

By using the steel-aluminum material combination, it was 
possible to save 40% in weight compared to a mono-material 
component.

Conclusions and outlook

In this paper, different forming processes and associated 
challenges for the production of hybrid components were 
presented. Die forging and impact extrusion processes were 
developed for the forming of steel-steel as well as alumin-
ium-steel pre-joined workpieces. By means of the developed 
demonstrator geometries different material combinations, 
material arrangements and joining zone arrangements were 
realised using geometrically simple hybrid semi-finished 
products. The key findings are:

•	 Weight reduction up to 40% or alloy savings up to 51% 
were achieved through the use of substitute materials, 
e.g. aluminium or low-alloy steel such as C22.8.

•	 In steel-steel combinations the thermomechanical effects 
during the forming process led to a grain refinement and 
homogenisation and thus to improved mechanical proper-
ties.

•	 For aluminium-steel workpieces, inhomogeneous heating is 
required and the temperature gradient has to be maintained 
until the forming process to equalize the yield stress of 
the different materials, ensuring optimal forming of the 
joining zone. The results showed that the transfer time 

Fig. 15   Temperature curves with and without cooling a), cross-section of a bearing bushing b) with a characteristic micrograph of the material 
bond c)

Fig. 16   CAD design for the asymmetrically co-extruded profile a) and the semi-finished b) and finished c) control arm geometry
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between heating and forming is the most crucial param-
eter to maintain sufficient temperature gradients. With the 
help of adapted strategies, e.g. cooling of the aluminium 
part of the component, it is possible to generate a higher 
temperature gradient while simultaneously preserving the 
joining zone.

•	 It was found that the differences in yield stress lead to ten-
sile stresses in the joining zone during impact extrusion. A 
successful forming without failure of the joining zone was 
achieved by means of a pressure superposition.

•	 In certain cases, heat treatment of one or both materi-
als may be necessary to reach the required properties. 
Re-introduction of heat also affects the thickness of the 
intermetallic phase and the strength of the joint. Thus, 
the development of adapted heat treatment strategies with 
reduced temperatures or times is necessary to manage the 
trade-off between improving material properties and main-
taining beneficial joint strength.

The potential of the Tailored Forming technology was 
demonstrated by the applicability of different form-
ing processes, material combinations and joining zone 
geometries. Further studies will focus e.g. on adapted 
cooling strategies for aluminium during heating and 
transfer, expanding the narrow process window. This 
allows for a stronger temperature gradient to be set 
between the materials, while preserving the joining 
zone by preventing excessive heating. As a result, the 
yield stress can be homogenised across the hybrid semi-
finished workpiece, which leads to reduced stresses on 
the joining zone.
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