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Abstract

The demand for lightweight construction is constantly increasing. One approach to meet this challenge is the development of
hybrid components made of dissimilar materials. The use of the hybrid construction method for bulk components has a high
potential for weight reduction and increased functionality. However, forming workpieces consisting of dissimilar materials
requires specific temperature profiles for achieving sufficient formability. This paper deals with the development of a specific
heating and cooling strategy to generate an inhomogeneous temperature distribution in hybrid workpieces. Firstly, the heat-
ing process boundaries with regard to temperature parameters required for a successful forming are experimentally defined.
Secondly, a design based on the obtained cooling strategy is developed. Next a modelling embedded within an electro-thermal
framework provides the basis for a numerical determination of admissible cooling rates to fulfil the temperature constraint.
Here, the authors illustrate an algorithmic approach for the optimisation of cooling parameters towards an effective minimum,
required for applicable forming processes of tailored forming.

Keywords Tailored forming - Active cooling - Numerical simulation - Electro-thermal coupling

1 Introduction

The continuous increase of lightweight trends aiming at the
reduction of fuel consumption and CO, emissions leads to
increased requirements on technical components [1]. Since
mono-materials, commonly used for conventional compo-
nents, are not able to fulfil the conflicting needs such as
enhanced performance, low weight and compact design at
the same time, development of advanced manufacturing
strategies or processes is necessary [2]. By facing the need
for locally adapted material response, hybrid constructions
combining the benefits of different materials in a single
component have shown promising results in early research.
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When addressing complex geometric properties of the join-
ing zone, well-established production process chains with
the classical approach of near-net shape forming followed
by joining might fail. An alternative method, where joining
and forming is carried out in a single process step, allows for
the production of complex shapes. However, it is challenging
to ensure uniform bonding quality due to local inhomogene-
ous material flow and differences in the plastic strain [3]. In
contrast, the novel technology of tailored forming, investi-
gated by CRC 1153, leads to relevant results by first joining
and subsequent forming [4]. Here, the initial compounds
are also maintained or improved during forming. Produc-
tion of workpieces is carried out by, for example, deposi-
tion or friction welding as well as by co-extrusion, where
joining of the reinforcing element and the matrix material
is performed using pressure welding. Forming to the final
geometry is implemented by such processes as hot forging,
impact extrusion or cross wedge rolling. The process chain
is finalised by machining and heat treatment in order to set
the operational properties to the hybrid components. Adjust-
ing the process route according to the required geometrical
and mechanical properties, complex geometric structures
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of hybrid material type are capable to be treated with the
tailored forming technology.

Regarding dissimilar material combinations, temperature
distribution before forming is one of the most demanding
tasks in tailored forming. Forging complex geometric struc-
tures requires sufficient formability, which can be reached
at elevated forming temperatures [5]. In hybrid workpieces
combining dissimilar materials, this is rather challenging
due to different material-specific properties (e.g. flow stress,
formability, melting temperature etc.). Ideal contact proper-
ties of the compound result in a narrow processing win-
dow and limitations for the heat distribution in the hybrid
workpiece.

This paper deals with the development of an advanced
heating strategy for steel-aluminium workpieces to reach the
required heat distribution. The unique feature of the new
concept is the cooling of the workpieces during the induc-
tion heating. With this solution, a delay of aluminium melt-
ing is expected, thus achieving a higher steel temperature
at the same time. In addition to better formability, higher
forming temperature can be advantageous for the micro-
structure, which affects the resulting mechanical properties.
A constitutive framework has to address the heat transfer,
acting on the macroscopic length scale. Thermal effects
in material modelling are widely investigated in literature,
e.g. gradient-extended thermo-plasticity effects in [6] and
in [7], modelling within microscopic length scales in [8],
virtual element method (VEM) for thermo-mechanics in [9].
Coupled electric formulations can be found with regards to
an incremental framework for ferroelectricity in [10], by
including computational homogenization of microstruc-
tural effects in [11] and with addressing fracture in [12].
This paper describes the main milestones in the develop-
ment and numerical design of the cooling process, whereby
experimentally measured temperature profiles provide the
foundation.

2 Survey of the current literature

This chapter provides an overview of heating techniques to
reach specific heat distribution in objects. Afterwards the
main aspects of cooling processes are shown.

2.1 Tailored heating

In the context of inhomogeneous temperature distribution,
induction heating represents an interesting approach. Here,
heat is induced by eddy currents, which occur in the alter-
nating electromagnetic field. The induction coil can be posi-
tioned locally, if the heating is required in certain regions
of the workpieces to achieve an axial temperature gradient.
Guo et al. investigated the bending process of a steel pipe,
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where induction heating was applied directly in the deforma-
tion zone [13]. Song and Moon used this principle for local
heating of a workpiece section for the forging of marine
crankshafts [14]. Goldstein et al. studied the induction heat-
ing of serially arranged hybrid workpieces made of steel and
aluminium [15]. The coil was locally placed around the steel
part, where the heat was induced. The aluminium tempera-
ture was increased by heat conduction from the steel part. In
order to achieve a radial temperature difference in coaxially
arranged hybrid workpieces, the skin-effect, which occurs
at high operating frequencies during the induction heating,
can be used [16]. The eddy currents are more concentrated
at the surface close to the induction coil. Using the example
of steel-aluminium workpieces, it is possible to intensively
heat only the steel part, while the aluminium temperature
increases due to the heat dissipation from the steel. Kosch
and Behrens used the simultaneous induction heating of
steel and aluminium cylinders assembled with a little gap
before compound forging [17]. The concept was conducted
with an outer induction coil. Cavdar et al. investigated hot
hydroforging processes of aluminium billets encapsulated
in steel sheath [18]. The bi-metal preforms (without met-
allurgical bonding) were heated up from the outside to a
temperature up to 1200 °C, whereas the aluminium core was
formed in the molten state.

2.2 Cooling process

After a temperature gradient has been generated, it is nec-
essary to maintain or even increase this gradient by the use
of a cooling process.The industry uses cooling processes
to extract much energy from the material in a short time.
This way, the structural and mechanical properties of the
material can be manipulated. Depending on the cooling rates
and starting temperatures, different heat treatment methods
like quenching or tempering are realised. For this purpose,
the hot object is brought into contact with a fluid that has
a significantly lower temperature. This imbalance creates a
temperature gradient which is counteracted by a heat flow
g. In order of ¢ the temperature of the fluid increases. If the
boiling temperature of the fluid is exceeded, a phase transi-
tion occurs, which results in complicated fluiddynamic and
thermodynamic phenomena that interact with each other.
These have been investigated and described by Mayinger
et al. [19]. In this context, the Leidenfrost effect must be
taken into account [20, 21]. This describes the phenomenon
that a vapour film can form on the surface of the object,
which completely separates the surface from the liquid, so
called film boiling, and has an insulating effect. In Fig. 1 the
Leidenfrost effect is illustrated. The figure shows a surface
having a temperature above the boiling point of the sur-
rounding fluid. The vapour film that forms has the thickness
o0 and the corresponding thermal conductivity coefficient 4,
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Fig. 1 Schematic illustration of the isolating vapour layer between
surface and liquid at temperatures above Leidenfrost temperature

which results in a heat flow ¢,. In the liquid medium, heat
conduction takes place with a different coefficient, for which
a heat flow in dependence of a is entered as ¢,. Each phase
has a specific range for their coefficients, shown in Table 1,
which explains the insulating effect of the vapour. The heat
flow into the vapour and fluid creates a free convection 1,
appearing in both phases.

As soon as the temperature falls below the boiling tem-
perature of the fluid, which is also called Leidenfrost tem-
perature, the vapour film breaks down and the heat dissipa-
tion increases again. The Leidenfrost temperature and the
associated variable heat dissipation depends on the respec-
tive cooling process. This effect is regarded as a problem in
conventional quenching processes, since high cooling rates
are necessary. Nevertheless, in order to realise the tempera-
ture gradient required for tailored forming, the Leidenfrost
effect can be utilised to create locally different cooling rates.

3 Materials and methods

The presented work refers to the process chain of the hybrid
bearing bushing representing a lightweight concept, see
Fig. 2, right. The temperature problems mentioned above
occur during its manufacture, which is the reason for an
exemplary design of the heating strategy. Following is a
brief overview of the production process and the current
solution approaches.

Table 1 Coefficients for gases

- Coefficients [W
and liquids under normal

1 K-'m™]
conditions [22]
Min Max
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Fig.2 Geometry of the hybrid workpiece (left) and of the bearing
bushing (right)

3.1 Bearing bushing

The seat of the bearing balls is exposed to high rolling loads,
therefore the inner surface requires the application of high
performance and wear-resistant material. In this case, the
steel is located on the internal diameter of the bearing bush-
ing (20MnCr5). In other regions undergoing just structural
load, lightweight material with high toughness such as alu-
minium can be used. In this case, an aluminium alloy (EN
AW-6082) is located on the external diameter. The work-
piece geometry is arranged in accordance to the load collec-
tive of the final part (Fig. 2, left). The required materials are
joined to hollow steel-aluminium profiles by a co-extrusion
process. After the joining, there is a metallurgical bond
without intermetallic phase in the interface zone [23]. The
presented work considers a strategy for setting the required
temperature gradient in the above-described workpieces
before the forging process.

3.2 Induction heating

In the case of the hybrid bearing bushing, a concept with an
inner induction coil is used (Fig. 3). This arrangement allows
to heat the steel part intensively on the internal diameter and,
therefore, achieving a temperature gradient between steel
and aluminium.

For sufficient forming without cracks, the steel tem-
perature should be in a warm or hot forging temperature
range, which begins above approx. 550 °C depending on
the material [24]. The formability increases with the ris-
ing temperature. At the same time, the aluminium may not
exceed a temperature of 500 °C to avoid any melting in the
joining zone after the equalisation or forming in the semi-
solid state. The previous investigation on thermally pressed
workpieces for the bearing bushing showed the feasibility of
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Fig.3 Experimental setup of an induction heating for a coaxial
hybrid specimen

the inhomogeneous heating strategy for the forging process
[25]. However, the system had to be modified for utilising
co-extruded profiles. This is because of the shorter tempera-
ture equalisation time due to better thermal contact in the
joining zone. With the objective to shorten the transfer time
to the forging tool, the induction heating unit was moved into
the forging press. Therefore, the transfer time was reduced to
2.5 s. The experimental heating tests were conducted with a
medium frequency generator Huettinger TruHeat MF 3040
with a frequency range between 5 and 30 kHz. For achieving
the largest possible temperature gradient between steel and
aluminium within the shortest time, the maximum output
power of 40 kW was pre-set. The maximum operating fre-
quency during the heating was approx. 20.17 kHz. To define
the process boundaries, the heating time was varied concern-
ing the process boundaries described above. The tempera-
ture profiles were recorded on the reference points marked
in Fig. 4 with steel sheathed thermocouples of type K with
diameter of 1.5 mm. The temperature measurements repre-
sented below in chapter 4 demonstrated that an improvement
of the temperature gradient is required. Possible approaches
are given in the next sections.

3.3 Spray cooling

After the introduction of the heating process the cooling
follows. To maintain the processing temperatures of the
hybrid workpieces, a cooling strategy is necessary. During
the induction heating of the steel-aluminium workpieces,
the heat conduction in the material causes the aluminium
to heat up to such an extent that the melting temperature of
the aluminium is exceeded. The consideration is to cool the
aluminium side of the workpiece during induction heating.
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Fig.4 Experimental measuring points for the induction heating tests

This enables a specific adjustment of heat distribution in
the object.

In previous work, a concept of a cooling system was
designed for this purpose and according to the boundary
conditions at that time by Ince et al. [26]. Before modifi-
cation of the heating process, as previously described, a
longer transfer time (approx. 6 s) was required. To main-
tain the temperature gradient, active cooling will be applied
during the handling process from the induction coil to the
forging press. The theoretically required cooling rates can
be achieved by spray cooling. For this purpose a gripping
system is equipped with nozzles, which cool the workpiece
during heating and transport by using a water-air mixture.
The designed gripping and spray cooling system is shown in
Fig. 5. The system has variable shape grippers that are capa-
ble of handling hot forged parts. 8 nozzles are attached to
the gripper, whereby the orientation of each can be adjusted
individually. This ensures that the handled object is fully

Cooling system 2-jaw gripper

. " Gripping system

Formflexible gripper jaws Spray nozzles

Fig.5 Concept of gripping and cooling system for steel-aluminium
hybrid components [26]
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covered by the medium, except the gripping points. To mini-
mise the number of pins in contact and reduce the hidden
surface the concept provides individually actuated pins. The
medium is also distributed in the environment, since the
transport is a dynamic process. Meanwhile, an optimisation
of the heating and transport process of the bearing bushing
has halved the transfer time. However, this means that the
cooling strategy designed for aluminium-steel workpieces
has to be improved according to the new conditions. Due
to the shorter transfer time, it is only possible to cool dur-
ing the heating phase. Now, a more comprehensive range
of possible solutions can be investigated because stationary
cooling processes that were previously not suitable for use
are now possible.

3.4 Immersion cooling

In addition to the spray cooling, which can be used station-
ary, one of the suitable techniques for the changed condi-
tions is immersion cooling. Thereby the object to be cooled
is immersed in a bath and surrounded by the fluid. Jeschar
et al. identified the temperature and its flow rate as the main
parameters for the cooling rate [27]. A lower temperature
and higher flow velocity maximise the heat flux density that
can be extracted. Thus, high cooling rates are possible. The
workpiece of the bearing bushing is surrounded by the fluid,
which means that the steel side, which has to reach a much
higher temperature than the aluminium, is also cooled. To
minimise the heat dissipation from the steel, the Leiden-
frost effect is utilised. The fluid must be selected depending
on its Leidenfrost temperature, that film boiling starts only
on the steel side. On the aluminium no film boiling is pre-
sent, which is the reason why higher heat flux densities are
achieved. Here the fluid used for cooling has an important
role [28].

From the required heat distribution a heat flow results
which must be dissipated. The exact determination of the
amount of heat to be dissipated is important because the
quality of the joining zone is directly dependent on it. Exces-
sive heat dissipation would make forming of the partner
material difficult or impossible because the temperature of
the material would drop too far. This could damage the mate-
rial or cause separation in the joining zone.

3.5 Constitutive framework and computational
approach

For an efficient configuration of those temperature sensitive
parameters, a numerical simulation enables a suitable heat-
ing and cooling strategy by simply testing different cases.
Therefore, a model needs to consist of at least one thermal
part, when assuming the heat through the induction source

as constant. The modelling is embedded within a continuum
based framework.

Let B C R? define the continuum and be of spa-
tial dimension three. Moreover, B is parameterised
by material points x € B. Then, 0B C R? denotes the
surface of B with appropriate boundary conditions
{0B,,,0B} C 0B A 0B, (0B, =@ of Dirichlet-type or
Neumann-type, respectively, see Fig. 6. The heating is speci-
fied by the process itself to be inductive and is yet assumed
to be modelled with an effective term. This allows the con-
sideration of a constant, time-independent term regarding
the heating of 3. The cooling is also assumed to be constant
and thus not sensitive to time. However, the heat conduction
within the solid itself is time-sensitive. As a consequence,
the constitutive framework of the problem shrinks to a pure
thermal part. Whereas a heat source term models the elec-
tric and magnetic influence onto the temperature changes,
is introduced later. Aspects for a coupled framework might
be found in [29]. The governing equation for a transient heat
transfer leads to

pcT + div|q| - Z 0,=0, q=—kvT. 0

Here, p is the density of the solid, q denotes the heat flux of
Fourier-Type [30], Q; is a particular source-term, associated
to i-th type of source, c is the specific heat capacity and k& is
the thermal conductivity of the solid. The inductive heating,
localised in the inner material of the hybrid specimen, is
modelled through a source term, denoting the Joule-heating
effect [31]

Q.loule = J : E’ (2)

where J denotes the current density and E is the electric field
intensity vector. At this point, a thermo-electro-magnetic
coupling enters the modelling, which is governed by the
Maxwell-Equations, see [31]. The effect of an inductive
heating source is modelled as an effective mean and is taken
to be constant, which leads to a pure thermal consideration
of the modelling. However, a constitutive relation between

Fig.6 Continuum B with
associated material point

x and boundary conditions
{0B,, 0B} C 0B applied to its
surface 03
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the current density and the electric field intensity is assumed
to be of the form [32]

J =0k, 3

where o is the electric conductivity and thus a material
dependent property. This leads to the inductive heating
source term by means of eddy currents yielding

Qjoule = G|E|2. “4)

Within a thermal framework that accounts for heating due
to an electric field, the skin effect controls the penetration
depth of the inducted field into the material. The penetration
depth can be accounted by following [33] with

_ 1
Pi= A\ oo )

with f being the frequency of the current and y being the
permeability. The cooling, located on the outer surface of the
specimen, is achieved through employment of a spraying or
full immersion into a fluid. Such processes, when addressing
thermal modelling frameworks, are convection dominant and
exhibit a source term

Q. =hTy—T). (6)

Here, h denotes the heat transfer coefficient and Ty is the
temperature of the fluid, which is assumed to be a constant
parameter. Thus, Eq. (1) is rewritten to

oT .
pch + div [q] - QJ(mle - Qc =0 (7)

Multiplication of Eq. (7) with a variation of the temperature
6T and integration over the domain B leads to the weak form
[34]:

sUT) = / 5Tpc£d.(2— / (véT)'qdQ
B ot B
®)
—/6To-|E|2dQ—/ WTy — T)TdI = 0.
B oB

Here, Q2 denotes the volume of 5 and I' its surface. sU(T)
is the variation of a pseudo-potential, associated with the
model problem. The heat flux is set to H = 0 on the bound-
ary 0B,,. The domain B is discretised by non-overlapping
finite elements in R3, being either of tetrahedral or hexahe-
dral shape. Applied shape functions are of polynomial order
p = 2[35]. This scheme leads to a classical boundary value
problem for the heat conduction within 3, which is solved
in terms of a minimisation of a potential U(T) — min. The
potential is assembled through all elements by application of
the assembly operator, running over all elements e
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The element residual R, and the element tangent matrix K,
are then obtained through the employment of automated dif-
ferentiation based formulation tools. This is achieved by uti-
lising the symbolic mathematic software tool ACEGEN [35]
as a subpackage in the software MATHEMATICA, yields

U, (T)
R,=6U,T) = o ,
e 1{Qjoue> Oc}=const.
JR, (10)
K, = .
op,

Here, p, = vec{T,} denotes the vector of unknowns at ele-
ment level. The variation 6 U ,(T') equals the derivation of the
potential U,(T) with respect to the nodal degrees of freedom
with consideration of constant source terms {Q; > O.}
[35].

For obtaining a suitable parameter set {A,, Tﬂ, h} for a
successful cooling of the heated specimen, a minimisation
scheme is employed. Furthermore, the algorithmic treatment
enables the configuration of the set of cooling parameters
with respect to certain aspects like cooling surface area
A, fluid temperature T or at least the type of fluid itself,
denoted by the heat transfer coefficient 4. First, the maxi-
mum of the surface area, which is available for application
of cooling, is considered by setting A, <A, . This ini-
tially illustrates a setup like immersion cooling, see Fig. 8.
Next, the heat transfer coefficient /4 is set to & <—hﬁx. This
states a fixed material state while the temperature of the
cooling fluid is considered to be adapted through iterations
first. This treatment is based on choice and could be changed
by fixing the fluid temperature first and iterating the heat
transfer coefficient, when required. For T}, an initial guess
is made. Moreover a state indicator, denoting if the solution
converged or not, is introduced and initially set to not con-
verged state by state «1. A criterion for convergence of the
solution is given by function as

f(T.. T)=1T.-T,|, f(T.. T~ min,

(T, Tc){

< tol converged (11)
else not converged ’

where T}, denotes the current temperature at the joining zone
of the hybrid specimen and T, is a constraint, required for
successful application of forming processes afterwards. The
absolute value within Eq. (11) ensures that the cooling is
not oversized. However, an acceptable temperature of the
cooling fluid has to be considered by giving a tolerance
T, > 10l,,,, which enables that within the iterative proce-
dure the temperature is considered as fixed if a lower bound
is reached once. For all states, where the temperature of the
fluid is considered as the changing quantity, it is updated
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by an incremental change AT);. Otherwise, the heat transfer
coefficient will be updated within the iterative steps and the
fluid temperature is held constant, respectively. The algo-
rithm is summed up within Algorithm 1.

Algorithm 1: Cooling Parameter Set Search
Given: sz, TC, TO, Ac,n; Tfl,ru h'm state
Find: A, Ty, h
initialization: set A < Ac¢,maz // consider
maximum of available surface area for cooling;

set h < hyi, // consider heat transfer coefficient of
fluid as constant;

set Tg; <— Tf1,inst // initial guess;

set state < 1 // state indicator is set to not
converged;

do

solve global Newton-Raphson scheme of the
FE-problem;
Export T, // get current temperature at the
joining zone;
compute f(Tj., Tc) = |Tj. — Tc| // criterion for
successful cooling;
if f(T., T;.) < tol then
set state < 0 // converged state;
Export {h, T¢;} // export current quantities;
Break // exit global routine;
else
if Ty > toliemp && state == 1 then
‘ Ty < Tgin + ATy
h < hp;
else
‘ Tp1 <= Tri,n;
h < hn + Ah;
end
end
while state # 0;

With that iterative procedure, a suitable set can be
obtained by the computation of suitable ranges of the cool-
ing-sensitive parameters {A., T, h}. These quantities are
needed within the design process for the optimisation of a
cooling concept. This procedure can be used also to obtain
an optimised surface area, to which a cooling is applied,
by holding the subset {7, h} constant, while solving
AL,(Tﬁ, h)— min.

4 Results

First of all, the experimentally determined temperature
curves that occur in the workpiece are presented. Then
the cooling concept is presented, which is designed for the
workpiece of the bearing bushing. The final part is a numeri-
cal simulation which shows the theoretical influence of the
cooling on the heating strategy.

The temperature curves resulting from the heating tests
on previously joined workpieces are shown in Fig. 7. The
temperature increase after the intensive heating phase can

183
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Fig.7 Experimentally measured temperature curves within the
mono-materials of a hybrid specimen for different time periods of
induction heating

be explained by thermal lag of the thermocouples due to the
relatively big diameter of their steel sheath. Slight deviation
appears because of high heating rates during the intensive
heating phase. The maximal heating time was restricted
by the temperature equalisation at approx. 500 °C to avoid
cracks in the aluminium part. The lower boundary for steel
was defined in previous investigations, where a brittleness
effect of steel was established at temperatures of around
450 °C [36]. Because steel and aluminium are at equal tem-
perature in the joining zone, the temperature of aluminium
should be above this critical range. Only the strategy with 9 s
heating and 2.5 s transfer time fulfils all requirements with
the aluminium temperature of 480 °C and steel temperature
of 570 °C. By simultaneously cooling and heating in the
ways described above, it is possible to increase the tempera-
ture of the steel without overheating the aluminium. Using
this concept, higher temperature gradients, which were not
taken into account before, can be used for forging.

As described above, the aim is to design a cooling sys-
tem. For the initial boundary conditions spray cooling was
already designed. In the context of the changed conditions,
immersion cooling is to be also considered as useful. Immer-
sion cooling offers the advantage of achieving a more homo-
geneous heat dissipation on the cooled surface than with
spray cooling. The reason for this is that the fluid density
decreases radially in the spray cone, whereby different heat
flows occur. To generate locally different cooling rates and to
achieve the desired temperature distribution in the workpiece
with the immersion cooling the Leidenfrost effect shall be
used. The cooling unit must be designed in such a way that
the workpiece can be heated inductively. It must also be pos-
sible to position and remove the workpiece from the induc-
tion coil automatically. For handling, the gripping system
presented by Ince et al. can still be used [26]. Therefore, the
dimensions of the gripper must be taken into account when
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the container for the immersion cooling system is scaled.
The coil must be physically separated from the fluid. The
concept for implementing this immersion cooling is shown
in Fig. 8.

The workpiece is placed on a ceramic tube which sepa-
rates the induction coil from the fluid. There are inlets on
each side of the tank. These serve to create a controlled flow
in the tank, whereby an influence can be taken on the cool-
ing rate. The liquid temperature can also be controlled by
connecting the tank outlet with a heat exchanger, both are
not illustrated in Fig. 8.

Nevertheless, it is planned that both processes, spray and
immersion cooling, will be further elaborated.

Besides the development of a concept for immersion
cooling, the development of a numerical scheme is an
important objective, which enables the investigation for suit-
able parameter sets within the design process of the cooling.
An algorithmic treatment of the model problem is illustrated
and exhibits a general scheme which could also be utilised
for the different geometric specimen in tailored forming pro-
cesses, as well as for another type of cooling strategy. The
effect of future changes in material or heating parameters
on the required cooling rate can be easily determined by
simulation.

Therefore, it is even more important that the simulation
accurately represents the process of heating and the resulting
temperature distribution. The simulation of the temperature
distribution, described in Sect. 3.5, is depicted in Fig. 9 for a
simultaneous heating and active cooling process, acting over a
time-period of 11 s. Parameters, used for the numerical study,
are listed in Table 2. The input frequency of the current is
f = 16300 Hz. The electric field is accounted by its intensity
as an input-quantity with 150 %. The curves in Fig. 9 show
a qualitative behavior of a possible immersion cooling setup.
Since no experimental results are currently available for this

Ceramic Steel Aluminium

|

Tank

Inlet

/

Coil

Fig.8 Design concept of an immersion cooling system according to
the boundary conditions including the workpiece of the bearing bush-
ing and the induction coil
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Table 2 Used parameters for the numerical study [37]

Parameter Steel Aluminium
P [k_g] 7870 2700
Density = Lm’*
c [ R ] 460 900
Specific heat capacity | keK
[i] 60 237
Thermal conductivity LmK

Electrical resistivity ¢, [£2 m] (at 273.15K) 1.43.1077 2.65-107%

Temperature coefficient a [K_]] 0.004 0.004
Initial temperature 7|, [K] 293.15 293.15
100 1

H
Permeability K [ m ]

particular setup, the simulation has not been fitted to those
specific setups yet.

The electric conductivity ¢ is sensitive to the temperature
T. In this setup the electrical resistivity ¢ is used, which is the
inverse of the electric conductivity. Its evolution is captured
by a linear dependency

p=p[l +a(T-Ty)], o=¢" (12)

The initial temperature of the cooling fluid is set to
Ty ini = 273.15 K and the cooling rate is assumed to be
h=5-10° \?’nz. It is obtained, that the induction heating
has a high influence on the temperature, located within the
aluminium material. Still, the cooling preserves a temper-
ature at the joining zone (X;), that fulfils the constraint
T,,(X;z) <500°C. After 11 s, the specimen is no longer
under the influence of external heat sources. Thus, the tem-
perature T,(Xg,), located within the steel material (Xg,),
is undergoing a decrease while the temperature T,;(X,;)
within the aluminium material (X,,) is still increasing. This
exchange develops towards an equilibrium state, which is
located nearly 500 °C. This simulation illustrates a possible
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Trz (X12) A

Temperature [°C]
(%)
S
S

200 |
100 | = Tst (Xso) 4
ok == Ta1 (XD
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Fig.9 Development of the temperatures T,(X;), i € {St, JZ, Al},
located within the joining zone (JZ), the steel (Sf) and the alumin-
ium (A/) material during a simultaneous active cooling and heating
t € [0, 11]s and their development afterwards
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treatment of heating and cooling as described before, by
the immersion cooling setup, see Fig. 8. The result of the
numerical investigation illustrates in general the applicabil-
ity of longer heating times by considering an active cooling
strategy, compare Fig. 7— Fig. 9.

5 Conclusion

The paper outlined a new concept for combining induc-
tion heating and cooling with the objective to improve the
temperature range for the forging of steel-aluminium work-
pieces. The aim was to create an inhomogeneous heat distri-
bution in the workpiece. Experimental heating tests showed
that induction heating achieves such an inhomogeneous heat
distribution. The tests also identified a parameter set which
fulfils the material specific limitations sufficiently. Thereby
the steel temperature is close to the lower boundary of the
forming range.

Additional cooling of aluminium would help to increase
the steel temperature without melting of the joining zone and
achieving higher formability and better material properties.
For this reason the manufacturing process of the bearing
bushing was investigated in regard to a cooling strategy. The
result of the investigation is that stationary cooling systems
such as spray and immersion cooling are suitable for process
integration.

To widen the range of parameter sets for multiple com-
binations of possible materials, a numerical scheme is pre-
sented. This scheme ensured an optimisation of cooling
dependent parameters and was formulated in such a general
way that no sensitivity towards specific geometries of the
specimen or particular cooling concepts emerge. Thus, only
material parameter dependencies are relevant, which allow
the investigation of multiple heating/cooling approaches dur-
ing a design process. The scheme showed that additional
cooling has a positive effect on the achievable heating time.
Compared to heating without cooling, the steel reaches a
higher temperature, while the joining zone remains within a
permissible temperature range. This strategy can be advan-
tageous for more complex material combinations, such as
aluminium and titanium, which will be investigated in future
works.

6 Outlook

Future works will address the extension of thermal model-
ling to a highly coupled framework, i.e. as presented in [38,
39] or addressed in a virtual element framework in [29].
Furthermore, a development in the direction of a multiscale
framework [40, 41] can also be considered. A further step
is to implement the cooling strategy into the manufacturing

process of the bearing bushing and thereby validate the
model. This is the only way to ensure an accurate represen-
tation of the thermal behaviour of the hybrid components.
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