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Abstract

This contribution deals with the numerical investigations to develop a novel process chain for hybrid solid components
using Tailored Forming. For manufacturing a hybrid bearing bushing, co-extrusion is the first step to produce hybrid semi-
finished workpieces followed by a die forging process, machining processes and hardening. Combining aluminium with steel,
compounds with wear-resistant functional surfaces and reduced weight are realised. Numerical simulations are a decisive
part of the process chain design, for example to determine suitable process parameters for the co-extrusion process and to
predict the thickness of intermetallic phases in the joining zone using a macroscopic phenomenological model. A numerical
design including a tool analysis of the die forging process was carried out taking the experimentally determined material
properties and the temperature profile after inductive heating into account. Additionally, the damage and fatigue behaviour
of the polycrystalline material of the joining zone are modelled at the microstructure level. Moreover, a new discretization
scheme, namely the virtual element method, which is more efficient at grain level, is developed regarding a crystal plasticity
framework. Numerical simulations are used to develop inductive heating strategies for the forming process and for the design
of the inductive hardening of the functional surface at the end of the process chain. In order to investigate the performance of
this hybrid machine element under application-oriented conditions, a contact simulation is linked with a statistical damage
model to calculate the bearing fatigue. In this study, a general overview of the individual process steps is given and results
of the respective models are presented.

Keywords Tailored forming - Hybrid components - Finite element method - Virtual element method - Bulk metal forming -
Intermetallic phases

1 Introduction

The requirements for technical parts are steadily increas-
ing due to, e.g. safety or environmental issues. This leads
to the development of components with a compact design,
low weight, and an enhanced functionality with respect
to life-time. The use of mono-material components in the
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already established process chains is limited due to their
specific material properties. Consequently, the product qual-
ity as well as its resource efficiency could be increased by
combining different materials and thus, locally meeting the
different mechanical demands of the components. The Col-
laborative Research Centre (CRC) 1153 of the Leibniz Uni-
versitidt Hannover is devoted to this topic. The overarching
goal is the development of novel process chains for the pro-
duction of hybrid solid components via Tailored Forming.
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Conventionally, for the production of hybrid components,
the different materials are joined during forming or at the
end of the manufacturing process. In contrast to this, the dif-
ferent materials are first joined and then formed according to
the Tailored Forming approach. This allows to create novel
joining zone geometries and to influence the microstruc-
ture by the thermomechanical treatment during the forming
process. The design of the Tailored Forming process chain
is accompanied by the numerical simulation of joining,
forming and heat treatment processes as well as a durability
analysis. The use of numerical calculation methods, such as
the FEM, allows for a calculation of process variables in the
conceptual and design phase. Thus, the number of cost and
time-intensive experimental investigations can be reduced.
For this reason, the development of numerical simulation
models of the individual process steps is a main goal of the
investigations of the CRC 1153. By this means, sufficiently
accurate predictions about the production process and the
component quality can be obtained. Therefore, it is particu-
larly important to consider the material combination as well
as the joining zone between the materials. For a realistic
implementation of the numerical simulation of the process
chains for the production of hybrid solid components, an
extensive cooperation along the process chain as well as the
transfer of calculation results and models is necessary.

Within the scope of this study, the numerical modelling
of the different steps for the production of a hybrid bearing
bushing via Tailored Forming as well as the linking between
these steps is presented. In Fig. 1, the process steps which
are investigated using numerical simulations of the manu-
facture of hybrid bearing bushings are shown.

The hybrid semi-finished workpieces are manufactured
by co-extrusion of aluminium and steel and subsequently
formed by die forging to a hybrid bearing bushing. The
process parameters are determined by numerical simula-
tions based on a previous material characterisation. Heat-
ing strategies for the die forging are calculated to define a
process window with inhomogeneous temperature distribu-
tion, in order to achieve material-specific forming tempera-
tures in both materials for sufficient forming behaviour. A

subsequent heat treatment of the bearing bushing allows for
the adjustment of locally adapted properties of aluminium
and steel. Therefore, numerical simulations are also used
for designing the hardening process. A damage and failure
prediction of the joining zone of the produced hybrid solid
components as well as the rolling contact fatigue are also
obtained via numerical modelling.

2 State of the art

The semi-finished workpieces for the hybrid bearing bushes
are manufactured by co-extrusion. Actual local values and
their influence on the properties of the final part like tem-
perature or contact pressure in the welding chamber are dif-
ficult to obtain and sometimes experimentally not measur-
able during the process. Hence, the use of FEM can reduce
cost and resource extensive investigations. Due to this fact,
FEM has been widely used to simulate the extrusion process
of aluminium alloy profiles [1]. In recent years, there have
been a number of studies on co-extrusion processes using
FEM to comprehend the observations made during extru-
sion experiments. In most cases, the investigations focus
on thin reinforcing elements like steel wires, which are fed
to the extrusion process from outside into the deformation
zone [2] or hybrid extrusion billets [3]. While there have
been a number of studies regarding the bonding strength
of co-extruded profiles. There are only a few studies on the
formation of intermetallic phases during the co-extrusion
process. For example, Kittner used Fick’s law to predict the
depth of the intermetallic phase seam for the co-extrusion
of aluminium-magnesium compounds [4].

For forming of previously joined workpieces to final
geometry of hybrid bearing bushings, a die forging process
is implemented. Modelling of forming processes by FEM
can predict material flow and material distribution in the
whole part as well as in the interface zone. Misirli et al. car-
ried out an experimental and analytical study on upsetting
of cylindrical parts with copper or brass core and steel on
the outer diameter at ambient temperature and with varying
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Fig. 1 Schematic illustration of the procedure for the numerical modelling of the process chain for the production of a hybrid bearing bushing
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height reduction [5]. It was established that material flow
has an inhomogeneity because of different flow stresses and
increasing height reduction leads to defects in the interface
zone (e.g. cavities) and failure in the outer steel part. In study
of Politis et al., the effect of tooling and interfacial friction
on the material flow behaviour during forming of bi-metal
gears was investigated by numerical simulation and experi-
ments [6]. For this approach, different tooth ring thicknesses
and different material combinations, such as steel-alumin-
ium, steel-lead, steel-copper and copper—lead, were inves-
tigated. It was found that increasing friction between the
forming tooling and the workpiece lead to an axial lock of
the ring material. The initial thickness of the outer ring is
crucial in order to prevent failure. The forgeability of pre-
joined cladded workpieces made of two different steels was
investigated in the research work of Wang et al. [7]. The
experimental upsetting tests showed a specific crack type as
result of global mechanical interaction between materials.
The occurrence and position of the cracks could be predicted
by FEM using a Latham and Cockcroft criterion.

When addressing the occurrence of these cracks within a
numerical framework, investigations at lower length scales
are needed in order to describe physical effects which lead
to macroscopic accumulation of these cracks [8]. By facing
a microstructural framework, one models at level of grains
in metallic materials, respectively. Since growth of cracks
is induced by accumulation of micro-voids, this process
is induced within plastic regime. In this regard, a viscous
crystal plasticity formulation is utilized in this contribution
[9]. Moreover, the virtual element method (VEM) [10] is
employed towards this framework to account for a robust
and efficient computational environment at grain-level. To
obtain effective quantities on macrostructure, a homogeniza-
tion technique is implemented in the constitutive framework.

After the forming process, the functional surface of the
steel component that acts as the outer bearing ring needs to
be hardened. Since the austenitisation temperatures are well
above the solidus temperature of the aluminium alloy, only
a local hardening can be applied that additionally features a
sufficiently high power transmission density. Hence, induc-
tion hardening was chosen. While the numerical simulation
of the induction heating and the phase transformations are
state of the art (e.g. [11]), analyses of the process design
with regard to an adjacent aluminium component are not
known from literature. However, the authors investigated
the influence of aluminium parts adjacent to steel surfaces
that are to be induction hardened for simple geometries. A
high correlation between calculated and measured induction
hardening results could be achieved in [12].

The fatigue life of components subjected to rolling con-
tact stress depends on their surface and boundary zone
properties [13]. Changes here, in particular the presence of
different materials, can therefore be potentially sensitive to

the service life. Few studies are known from the literature
that have investigated the fatigue behaviour of multi-material
rolling bearing components. Hetzner described as an outlook
that bearings with a core made of one alloy and a raceway
made of a different alloy applied by laser cladding could
increase the bearing life [14]. However, the process is not
state of the art. So far publications have mostly been found
in the field of process development, for example [15]. Parts
of the authors have investigated steel—steel components pro-
duced by tailored forming. Aluminium-steel components
have not been investigated so far, besides [16, 17].

3 Numerical modelling of the lateral
angular co-extrusion of aluminium
and steel

As the initial step of the Tailored Forming process chain,
the different materials are joined by co-extrusion. For the
numerical investigations of the co-extrusion process, the
commercial FE analysis system Forge NxT 2.1 with an
implicite solver was used. The FE model for the co-extru-
sion via Lateral Angular Co-Extrusion (LACE) is shown in
Fig. 2a. The tool enables the co-extrusion of the aluminium
alloy EN AW-6082 at an angle of 90° between the punch
direction and the exit port of the profile. This allows for a
continuous feed of the steel rods consisting of 20MnCr5
(AISI 5120) into the welding chamber. The process results
in coaxial profiles of a steel rod, embedded in an aluminium
matrix. Due to the separation of the aluminium flow in the
tool body, two longitudinal weld seams are formed during
the LACE process. With a diameter of 55 mm for the alu-
minium billet, 15.2 mm for the steel rod and an opening
diameter of 28 mm for the die, the extrusion ratio equals to
of 6:1. The compound profiles were extruded at a ram speed
of 0.5 mm/s, 2 mm/s as well as 4 mm/s on a 2.5 MN labora-
tory extrusion press (Miiller Engineering). The tool design
and the detailed experimental procedure for a ram speed of
0.5 mm/s are described in [18]. The tools and the extrusion
billet were preheated to 500 °C and the temperature of the
steel rod equalled the room temperature at the beginning of
the experiment.

The tools were modelled as rigid bodies in the FE simu-
lations to reduce the computing time. The flow behaviour
of the billet material was defined using flow curves, which
were determined by upsetting experiments under process
relevant temperature conditions. The time step value was
set to 0.03 s, resulting in 3300 time steps in total. Tetra-
hedronal volume elements of a linear interpolation type,
which are typical for metal forming simulations were used
with a minimum element edge length of 0.28 mm. The
influence of the minimal element edge length on the accu-
racy of the predicted extrusion force and computation time
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Fig.2 a Comparison between the predicted and measured force—time curves and FE-model set-up [18], b Implementation of the phenomeno-

logical model in the FE simulation

were investigated and described in a previous work by the
authors [18]. A periodic initiated remeshing criterion and
an automatic size criterion were used for remeshing due to
the intensive plastic deformation during the redirection and
extrusion within the LACE process. Due to this, remeshing
followed a fixed incremental step of 20 steps. Automatic
size criterion is used to refine the mesh of the workpiece
according to the curvature of the die in the contact area. In
order to ensure that at least five elements were present along
the thickness of the aluminium part in the area of profile
exit, a refinement box was employed. For the description
of the frictional behaviour between the billet and the tool,
Tresca’s friction model was used according to literature [19].
For a parametric study, friction factors of 0.7, 0.8 and 0.95
between the billet and the tool were chosen. As shown in
Fig. 2a a good correlation between the predicted extrusion
force for a friction factor of 0.95 and the measured extru-
sion forces was achieved. The differences between the pre-
dicted and measured force—time curves in the beginning are
caused by the neglected elastic deformation of the tooling
in the numerical simulation as well as the variation of the
ram speed in the experimental investigations due to a higher
ram speed during the filling of the tool. In addition, a good
agreement between the measured and calculated temperature
curves of the steel rod is presented in [18].

As intermetallic phases have a strong impact on the
mechanical properties and the quality of the aluminium—steel
joint, experimental investigations are carried out on a
quenching dilatometer DIL 805A/D + T (TA Instruments)
in order to determine the influence of the process parameters
like temperature and pressure on the development of inter-
metallic phases in the joining zone. To determine the param-
eters for these experiments, numerical simulations with dif-
ferent extrusion parameters such as ram speed, temperature,
and extrusion ratio were carried out to determine their influ-
ence on the material flow and the particular temperature,
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contact pressure, and contact time between aluminium and
steel. Based on the data of the metallographically measured
thickness of intermetallic phases in the dilatometer experi-
ments, a macroscopic phenomenological model is developed
based on the Einstein—Smoluchowski equation (see Fig. 2b).
The thickness of the intermetallic phases d for the co-extru-
sion of aluminium—steel compounds in LACE is calculated
based on the experimentally determined diffusion coefficient
D and the forming time 7. A detailed overview and first veri-
fication of the subroutine is given in [20].

The development of the phenomenological model takes
place in constant cooperation and consultation with the
results of the microscopic simulation of the joining zone.
For example, the experimentally and numerically deter-
mined phase seam thicknesses are used as input variables
for the modelling and simulation of the joining zone on the
microscale and macroscale during deformation.

4 Heating strategies for the forming process

For achieving sufficient formability, the individual material
in the hybrid workpieces needs to be heated to its material-
specific forming temperature. In the case of the previously
joined workpieces, heating can be implemented by induction
heating, where the heating process can be targeted tailored
using the skin effect [21]. The intention is to generate an
inhomogeneous temperature gradient in the workpiece to
obtain a relatively similar flow behaviour of the two dissimi-
lar materials, aluminium and steel, during the forging pro-
cess. It is a challenging task due to distinct thermo-physical
and thermo-magnetic properties of the used materials. Since
the forming temperature of steel significantly exceeds the
melting point of aluminium, it is necessary to prevent local
melting of the aluminium alloy at the joining interface.
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Induction heating simulations (magnetodynamic—ther-
mal coupled analyses) were conducted using Marc Mentat
(MSC Software), a general purpose FE analysis software.
Due to the axisymmetric semi-finished workpiece, the model
was reduced to two dimensions. The hybrid workpiece, the
inductor with ten windings as well as the air surrounding
these components were modelled and the required material
properties were accordingly assigned as a function of tem-
perature. Ideal thermal contact was assumed between the
aluminium alloy and steel.

Simulation results for two illustrative case studies are pre-
sented below. In the first case, strategy (a), the coil is loaded
with 750 A at an operating frequency of 50 kHz. In the sec-
ond case, strategy (b), the applied current and the operating
frequency are increased to 1000 A and 75 kHz, respectively.
The temperature distributions in the bi-material workpieces

after a certain heating time are shown in Fig. 3 [22]. In both
strategies, temperature gradients in the steel were observed
showing a decreasing trend from the inner surface to the
joining interface, as anticipated due to the skin effect. On
the contrary, the aluminium is not affected by the eddy cur-
rents occurring in the alternating magnetic field. The alu-
minium temperatures increase up to 350 °C for strategy (a)
and 200 °C for strategy (b) as result of heat conduction from
steel. The homogeneous temperature distribution in the alu-
minium part is attributed to approximately four times higher
thermal conductivity of aluminium compared to steel [23].

The transfer time of 2 s is taken into account in the pro-
cess design, as the heat will keep dissipating from steel to
aluminium alloy during the transfer. For this time, a relaxa-
tion step without heat input was added subsequent to the
heating step with the maximal generator power. Temperature
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Fig.3 Temperature distributions in the hybrid workpieces [22]
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histories of three distinctive points marked in the Fig. 3 were
given in Fig. 4 [22]. Point A is on the inner diameter (steel),
point B is on the joining line and point C is on the outer
diameter (aluminium alloy).

A temperature difference of 266 °C is observed between
the inner and outer diameter in strategy (a). Strategy (b)
leads to a difference of 408 °C, which is regarding to the FE
results mainly dominated by the higher current amplitude.
Thus, the strategy (b) with a higher current transmission
and operating frequencies allows shorter heating time and
higher temperature gradients. Therefore, it appears to be
more favourable for the investigated heating process. Nev-
ertheless, temperature gradients diminish in a short span of
time, which makes it essential to find further means for a
better temperature control. To address this need, modified
concepts with a simultaneous cooling will be applied. The
main focus is to force convection on the workpiece’s outer
surface during the heating process (e.g. local spray cooling
or internally cooled gripper jaw). Correct representation of
the temperature distribution within the hybrid semi-finished
component is essential in order to predict the individual
materials’ flow accurately. The temperature field calculated
by induction heating simulation will be transferred to the
forming simulation and used as initial temperature input.
The details of the forming simulation are explained in the
next section.

5 Prediction of process parameters
for the die forging

The commercial FE-system simufact.forming 14.0 was
used to model the forming process based on material data
from performed experiments. For this purpose, a simplified
form of semi-finished hybrid components without consid-
eration of the joining zone is assumed initially. Since the
heating as well as the part and tool geometry are axially
symmetrical, the simulation was performed in 2D (element
type Quadl10). The semi-finished product was modelled with
about 4600 elements (aluminium side) and 1000 elements
(steel side). Moreover, the effects of heat transfer between
different materials of the hybrid semi-finished components
evaluated during the previous step will be used as ther-
mal boundary conditions. The experimentally determined
temperature distribution was mapped to the semi-finished
product geometry using a subroutine. An ideal thermal con-
tact was used between the aluminium alloy and steel used
during the forming process. Utilising the forming simula-
tion the forming force, the material flow as well as the tool
stress behaviour can be captured accurately. This helps to
avoid manufacturing errors such as folds. For the design of
the tools, an automatic time step value was used to plot the

@ Springer

forming results for each millimeter of forming stroke, result-
ing in 1550 increments. The total forming stroke is 78 mm.

A coupled numerical investigation approach was consid-
ered for the die stress analysis. The tools were modelled as
elastically deformable bodies whereas the workpieces were
designed as plastically deformable. The FE model shown in
Fig. 5a was used for the design of the die forging process.
In order to ensure the forming of the inner contour of the
bearing bush during the forming process, the tool system
was designed with a punch and a punch guide, which are
located inside the hybrid hollow semi-finished product dur-
ing the forming process. The closing plate was equipped
with disc springs to allow for easier separation of the upper
tool from the finished forged part. This design concept also
compensates for possible deviations in the volume of the
semi-finished product. The results of this investigation pro-
vide an overview about the occurring loads and stresses on
the dies and enable an efficient tool design. In addition to
the FE model in for the production of the bearing bush in
Fig. 5a, the results of the tool stress analysis for the upper
and lower tool are shown. To compare and assess the process
loads, the first principal stress, which is an indicator of crack
initiation, as well as the von Mises stress, which indicates
regions of plastic deformations, is taken into account. The
maximum loads occurring during the forging are found to
be lower than the yield stress of 1400 MPa of the tool steel
X37CrMoV5-1 (AISI H11) [24].

The initial temperature distribution of the semi-finished
product after heating shown in Fig. 3 was transferred to the
meshing data of the forming process. In Fig. 5b the von
Mises stress distribution in the forged hybrid bearing bush-
ing and the resulting material flow and temperature distribu-
tion after forming are compared to a forged bearing bushing.

Due to the lower yield stress of aluminium, it passes over
the steel during the forming process and forms an undercut
in the upper part of the bearing bushing. The outer contour
of the bearing bushing, the undercut in the upper part area
and the determined course of the joining zone show a quali-
tatively good agreement between experimental and numeri-
cal results. The geometry of the forged component i.e. the
thickness of aluminium as well steel region were transferred
to subsequent heat treatment simulation.

6 Modelling and simulation of the joining
zone

Damage in metallic solids is induced in a microstructural
environment due to micro-voids and their accumulation dur-
ing loading states [8]. Hence, in case of a physics-based
modelling of processes with high deformations and loading
states like forming, the numerical framework has to con-
sider also microstructural effects. While macrostructural
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Fig.5 a FE model and the results of the die stress analysis of the forging process for the upper as well as the lower die; b the von Mises stress of
the hybrid bearing bushing as well as the resulting material flow and temperature distribution after forming

properties are often assumed to behave isotropic as well as
of homogeneous distribution, its microscopic counterpart is
made out of grains and demonstrates anisotropic response.
Therefore, the modelling of these heterogeneous and com-
plex geometric properties, by using the well-known theory
of representative volume elements (RVE), is achieved by a
voronoi tessellation, see Fig. 6a.

Moreover, cubic material symmetry is discovered through
the natural arrangement of the atoms in the crystal lattice at
metallic materials such like steel and aluminium [25]. By

Metallic
Material

Metallic
Material 3

Metallic
Material 2

(a)

Fig.6 a Artificially generated representative volume element (RVE)
of a joining zone, consisting of three different materials, distribution
of b y, acting on slip plane (1 1 1) of a fcc lattice; ¢ equivalent von

specifying the RVE to be located at the joining zone of a
bearing bush, grains of both type of materials appear. As a
consequence, the physical model has to consider both types
of crystal lattices, which are either body centred cubic (bcc)
or face centred cubic (fcc) structured. In that microscopic
environment, constitutive models are embedded within
the framework of crystal plasticity [9, 26]. Here, remanent
deformations such as applied in forming processes regarding
to tailored forming process chain, are induced by plastic slip
of atomic layers against each other. Consequently, these slips

(b) (c)

Mises stress; in a RVE with polycrystalline structure, computed in a
virtual element environment
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resulting from global loading on the structure. This loading
is mapped through the Schmid tensor m, = d, ® n, onto
the particular slip system «a, identified by its slip direction d,,
and slip normal n,, respectively [9]. Furthermore, the slip is
controlled by the resolved shear stress

=0 m, (D
that defines a threshold as a slip resistance for activation of
slip on particular slip system [26]. However, to overcome
the costly search for active set of slip systems by algorithmic
treatment in local routines, a visco-elastic—plastic approach
is employed in this contribution, see [25, 26]. Therefore,
the angle of shear in a crystal lattice of slip system y, is
introduced as a suitable measure for plastic deformation in
terms of shear, acting on that system. The map of plastic
deformation, introduced by the evolution law [9, 26]

L,=FF,' =Y 7(D,®N,), ?)

yields to a first order ordinary differential equation of tenso-
rial type for update of plastic deformation. Here, y, D, N,
are the slip direction and unit normal of the slip system in
reference configuration, respectively. The shear rate 7, is
computed through a power law of phenomenological type
[25]. This framework covers the underlying physics of form-
ing processes of metallic structures as well as it states an
appropriate starting point regarding investigations on dam-
age and fatigue of cyclic loadings due to their appearance in
working areas of hybrid bearing bushes.

However, since microstructural framework is addressed in
this contribution, a question regarding suitable discretisation
schemes, in line with robust and efficient performance at
heterogeneous environment, arises. Here, the recent devel-
oped virtual element method (VEM) has shown the ability
to combine these requirements combined with the ability of
matching arbitrary shaped geometric structures [10].

Thus, the underlying grain-structure is fitted by the poly-
hedral character of each virtual element. As a consequence,
either a faster computation or the consideration of higher
numbers of grains by widening the RVE at same computa-
tional cost is achieved. Figure 6b, ¢ demonstrates the result
of a computation at fcc lattice structure with underlying
material data from that bearing bush in aluminium regime,
performed in virtual element environment, on a particular
slip system.

Afterwards the obtained results are made available at
macroscopic length scale through applicable homogeniza-
tion strategies such as a classical volume averaging approach
[25]. However, by means of the demanding cost of compu-
tational time in a two-scale framework, considering plastic
local routines, this strategy has to be adapted through adap-
tive methods as for instance a supported machine learning
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schemes. The framework in this contribution takes place in
the design process of tailored forming process chain, as well
as a partial support within numerical lifetime approaches on
the bearing bush. Information is shared from other subpro-
jects regarding material data from experimental observations
and numerical fitting to those, for instance at its application
within phenomenological lifetime predictions. Moreover, the
framework is therefore adapted through an interface to be
implementable into recent works of other parts in the pro-
cess chain, also located in either design-related fields as well
as to material sciences for an appropriate fitting to experi-
mental observations under realistic loading states. The link
to former and following steps in the process chain (sketched
in Fig. 1) is achieved by the exchange of material- as well
as process-parameters, which represent the input data for
the numerical simulations. The interaction with other pro-
cess steps is based on effective parameters (homogenization
procedure), i.e. averaged constitutive matrices or resulting
loads, as input or feedback.

7 Modelling of the induction hardening
of the hybrid bearing bushing

To obtain a wear-resistant surface in the contact area to the
balls of the bearing, a local martensitic surface hardening
has to be carried out. In the process chain, this is done by
employing induction heating and air—water spray quenching
after the forging process. Subsequently, a precision turning
needs to be carried out prior to testing or the intended use.
The heat treatment including the phase transforma-
tions in the steel component was modelled in the FEM
software DEFORM™-2D employing rotational symme-
try. DEFORM™ offers modules for heat transfer (e.g. for
quenching), phase transformations and induction heating.
This 2D geometry of the forming simulation including the
material distribution was meshed and employed for the heat
treatment simulations. Thus, resulting geometry and mate-
rial distribution from forging step is taken into account. A
single winded copper coil (material data from DEFORM-
Library), in combination with an iteratively designed field
former (Fluxtrol 50, data taken from manufacturer’s speci-
fications) were placed close to the future contact surface.
The meshed model is depicted in Fig. 7a. For the 20MnCr5
steel (AISI 5120), thermo-physical and transformation
material data was exported from the materials properties
calculation software JMatPro® for the five possible micro-
structural constituents austenite, ferrite, pearlite, bainite and
martensite. The deformation behaviour was implemented
via measured flow curves (see chapter “Numerical model-
ling of the lateral angular co-extrusion of aluminium and
steel”) and the electromagnetic properties were adapted
from [27]. For the aluminium billet (EN AW-6082), the
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Fig.7 a Meshed model, b temperature distribution at peak maximum temperature in the aluminium, ¢ volume fraction of martensite after

quenching for an assumed intermetallic phase layer thickness of 0.25 pm

material data was taken from the material library featured
in DEFORM. Sticking condition was defined between the
steel and aluminium to model the intermetallic joint. The
heat transfer coefficient between the two materials was set
to 40 MW m~2 K™!, assuming an intermetallic phase layer
thickness of approximately 0.25 pm and an average heat
conductivity of the intermetallic phases of 10 W m~! K~!
[28]. As shown in Herbst et al., the IMP layer thickness can
be adjusted by choosing the T6-treatment conditions care-
fully [29]. This treatment is essential after the hot forming
operation and the resulting thicker intermetallic phase layer
works as an insulation layer. Hence, the simulation was also
carried out assuming a layer-thickness of 2 um, which was
found to be the maximum layer-thickness that results in an
acceptable bond strength [29]. This layer-thickness results
in a heat transfer coefficient between steel and aluminium
of SMW m™2 K™\,

The heating was modelled by defining a constant elec-
trical input power at the coil of 90 kW with a frequency
of 115 kHz in the induction heating module of the FEM
software and an electrical to thermal power conversion ratio
of 60% to account for the complex conjugate matching. A
heating time of 0.9 s with a time step duration of 0.002 s
was simulated. Subsequently, the cooling by air water spray
cooling was simulated for 10 s with a time step duration of
0.01 s by employing experimentally determined heat transfer
coefficients on the inner surface of the bearing.

After the 0.9 s of heating, a maximum temperature of
1060 °C is calculated at the inner surface of the steel compo-
nent for both assumed intermetallic phase layer thicknesses.
After the 10 s of quenching, the maximum temperature in
the shaft is reduced to below 90 °C. No significant differ-
ence (<2 K) of the peak temperature in the component as
well as in the maximum temperature of the aluminium part

was observed when the layer-thickness was varied. Hence,
further analyses were carried out just for the intermetallic
phase layer-thickness with the highest resulting heat transfer
coefficient (0.25 um) as this would be the most critical case
in terms of aluminium temperature. In Fig. 7b, the tempera-
ture distribution at the time of the maximum temperature in
the aluminium part is depicted. The maximum temperature
is well below the solidus temperature of the alloy. The vol-
ume fraction of martensite after the quenching operation is
depicted in Fig. 7c. The future contact area to the rolling ele-
ment is fully martensitic and the depth, to which martensite
was formed is around 1.4 mm.

Verification experiments will be subject of future work.
However, from previous work of the authors it is already
known that the parameters employed in the present simula-
tion lead to a good agreement between calculated and meas-
ured time—temperature trends and martensite distributions in
a similar task. There, axially joined aluminium-steel hybrid
shafts were induction hardened [12].

8 Fatigue lifetime model for a hybrid
bearing bushing under rolling contact
load

In order to estimate the performance of the finished Tai-
lored Forming-bearing, a fatigue life evaluation is carried
out. The hybrid bearing bushing represents the outer ring of
an angular contact ball bearing. Lifetime of a rolling bearing
is defined as the number of bearing revolutions from which
the first damage due to material fatigue occurs. Rolling con-
tact fatigue (RCF) leads to bearing failure even under ideal
lubrication conditions [13]. Starting from microcracks in
the area of the highest material stresses below the surface,
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further cyclic loading lead to surface chipping (pittings)
[30]. In order to calculate the fatigue lifetime of the hybrid
bearing bushing, a simulation model has been set up. It com-
bines a finite element analysis (FEA) of the component and
a following fatigue life calculation. The basic procedure has
already been extensively validated [33] and the approach for
the fatigue life calculation is standardized in [34].

The FEA is based on a model of the hybrid bearing bush-
ing, and the inner ring and rolling elements of a conventional
type 7306 angular contact ball bearing with contact angle
of 40°. It is derived from the geometry data of the previous
simulations and was modified under consideration of sub-
sequent machining steps. The FEA is developed in Ansys
Mechanical APDL. The symmetry of geometry allows
reducing the model to a sectional piece of 36° with rotation-
ally symmetric boundary conditions. Due to different mesh-
ing requirements for the fatigue life simulation, the mesh
of the previous simulation step was not adopted. For the
3D modelling, an eight-node element (type SOLID185) was
used. It utilizes the selective reduced integration method.
Shear locking modes were neglected. All the supporting
volumes, which were not relevant for the determination of
the fatigue life, were free meshed with tetrahedral element
geometry. The material zone subjected to rolling contact
stress, was discretized using a mapped mesh and an element
size of approximate 30 pm X 20 pm X 20 um. The contact
pair was set up as a flexible—flexible contact between the
rolling element and the inner/outer ring. The elasticities

were adjusted in accordance with the different materials. In
addition, the contact pair was defined as a surface—surface
contact. The contact elements were located on the contact
surface of the rolling element, which had four nodes without
middle node (type CONTA173). For the target surface of the
bearing bushing and the inner ring, type TARGE170 was
chosen, which had three nodes without middle node. The
augmented Lagrange method was used to solve the nonlinear
contact problem.

An external load can be induced as a radial force F,,4
and/or axial force F,, on the inner ring segment (see
Fig. 8a). Additional input variables are the geometry of
the contact, the steel thickness and local material proper-
ties like residual stresses. To discretise the fine-meshed
surface contact, the bearing bushings contact region was
regularly meshed with eight-node elements. One solution
of the FE model is the locally resolved orthogonal shear
stress field 7 of all contact partners (Fig. 8b), which is
required to calculate the fatigue life based on an approach
by loannides, Berling and Gabelli [31]:

In (é) ~ Ne/ (m-n) ;hr“)cdv. 3)

A%

This allows calculating the probability of survival S of
the hybrid bearing bushing in dependence of the number
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Fig.8 Numerical investigations on fatigue life: a boundary condi-
tions and meshed FE model for a 20MnCr5 steel thickness in the
contact zone of h=4.5 mm; b orthogonal shear stress 7, in the con-
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of load cycles N, which the material volume V has expe-
rienced. Besides a statistical parameter set (e, ¢, z', h), a
material dependent stress fatigue limit 7, is used. This
value is correlated with a fatigue stress criterion t; after
Dang Van, which states a linear relationship between
hydrostatic pressure py,,4 and maximum shear stress ampli-
tude 7, [32]. The algorithm was set up in Matlab, so that
the stress values from the simulation will be imported to
calculate the fatigue life of the bearing bushing.
Numerical results for pure axial loading with F,, =8875 N
(medium to high load for the conventional bearing) and
a steel thickness of A=4.5 mm (derived from the previ-
ous simulation steps), provides a maximum orthogonal
sheer stress of 7, ., =523 MPa. It is located in a depth of
0.15 mm below the contact surface between rolling element
and bearing bushing. In this characteristic depth, bearing
damage through crack formation occurs. The crack progres-
sion increases with further load cycles and bearing failure is
eminent when the crack exits the bushings surface and a pit-
ting occurs. The calculated bearing fatigue life after Eq. (3)
with a 90% likelihood of survival is L;,=22.5x 10° cycles
(see Fig. 8c). It is evident, that the stress field extents to a
depth of 4 mm with a value of around 130 MPa (cf. Fig. 8b).
Hence, the stress maximum resulting from the point contact
is located in the hardened area, which was examined in the
previous chapter. A thin steel layer (2 < 0.5 mm) would not
be sufficiently dimensioned for the load parameters consid-
ered and would reduce the theoretical fatigue life by a factor
of 4.7 to L,y*=4.8x 10° cycles. Here a local overload of
the aluminium leads to structural failure of the entire com-
ponent. However, the equivalent stress from a greater depth
of h>3 mm below the surface of the contact point is low
enough to apply the lighter aluminium base material. Fur-
ther investigations can be found in [16, 17]. These theoreti-
cal findings will be verified by future fatigue bench tests.
Further optimisation potential is seen in the dimensioning
of a fatigue-resistant steel layer in accordance with applica-
tion requirements. For this purpose, the fatigue behaviour
of the joining zone and the intermetallic phase layer will be
investigated in more detail in the future course of the project
through the inclusion of local microstructural simulations.

9 Summary and conclusions

Based on the results presented in this study, the following
conclusions can be drawn:

e The different steps of the novel tailored forming pro-
cess chain were successfully modelled numerically and
findings, suitable process parameters as well as possible
problems for the experimental realisation of the single
process steps were derived. The obtained results were

considered for the simulation of the following process
steps.

e The co-extrusion of aluminium-steel compounds was
numerically investigated. The comparison between
experimental and numerical investigations showed a high
correlation. A phenomenological macroscopic model is
implemented in the commercial FE code to determine
the resulting intermetallic phase thicknesses which can
be formed at relevant temperatures, times and contact
pressures.

e Two induction-heating concepts with an inner induction
coil were developed with the aid of numerical simulation
in order to heat the materials to their material-specific
forming temperatures. After induction heating and the
subsequent transport time, it was possible to achieve a
temperature gradient between steel and aluminium so
that the both materials can be successfully formed to the
final geometry. A sufficient inhomogeneous heating of
aluminium and steel is thus possible in principle, but the
rapid temperature equalisation during the transport time
must be taken into account in the experimental imple-
mentation.

e For the design of the die forging process, the joined semi-
finished products were initially modelled in a simplified
approach without considering the joining zone. Thus, a
material flow calculation and tool analysis could be car-
ried out for the bearing bushing in order to design the
process and tools for the experimental investigations.

e For the prediction of damage and fatigue of the joining
zone, a physically motivated crystal plasticity model is
developed using the efficient virtual element method at
microscale. This allows to account for microscopic fields
for describing suitable mechanisms towards the physics
within a microscopic joining zone of a bearing bush.

e The effective material behaviour of the microscopic
material model was implemented in a macroscopic ele-
ment formulation by using homogenization strategies.

e Prior to bearing fatigue tests a FEM model was set up and
a calculational approach was applied allowing to inves-
tigate the desired material thickness of the handed and
high strength surface zones.

e It has to be guaranteed that the orthogonal shear stresses
due to the tribological contact lay within the hardened
high strength material and that the steel layer is thick
enough to avoid plastic deformations of the raceway.

e The operating behaviour of the hybrid bearing bushing
was investigated by means of a theoretical fatigue life
evaluation. The fatigue life calculated in this way is in
the range of fatigue. The steel-aluminium thickness ratio
is to be evaluated as sufficient.

In future investigations, a complete implementation and
validation of all models in the corresponding software tools
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as well as the transfer of all result data to the next process
step will be further examined in order to guarantee a fast and
efficient simulation of the process chain. This should enable
a scale-independent transfer of the individual findings to
other processes as well as the derivation of further ideas for
the improvement of tailored forming components through
systematic analyses with the FE systems.
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