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Thermo–mechanically coupled FE analysis and sensitivity study
of simultaneous hot/cold forging process
with local inductive heating and cooling

A. Matzenmiller, C. Bröcker

Abstract

The numerical investigation of the production of a stub shaft is presented, where the highly innovative metal forming
technology of the simultaneous hot and cold forging is applied in combination with a hardening process performed
directly in the closed forging dies after the forging step similar to press hardening of sheet metal. This complex forging
process is completely analysed by means of a finite element simulation including the local inductive heating phase of the
workpiece as well as the cooling process of the final stub shaft inside the forging dies. All relevant process parameters
and the whole simulation model are documented in detail and the simulation results are discussed and validated by means
of experimentally measured data, showing good agreement. Parameter studies for various properties of the model are
carried out in order to investigate their influence on the geometry and the temperature field development, whereby a
deeper understanding of the entire process is gained. Thus,a finite element benchmark analysis is provided for such a
complex thermo–mechanically coupled structuring process.

1 Introduction

A thermo–mechanically coupled bulk metal forming process is simulated to exploit and enhance more cost effective
forging technologies. In Weidig et al (2008), a stub shaft isproduced by the hybrid forming technique of simultaneous
hot/cold forging enhanced by a process integrated heat treatment of the workpiece for adjusting locally graded material
properties. Such processes are already state of technologyin hot sheet metal forming with press hardening — see for
example Hein et al (2007) and Stopp et al (2007) — but not well understood for the forging of bulky workpieces with
integrated hardening. Hence, a detailed numerical investigation is necessary for the optimal control of this forging process
including the heating and cooling phase, which is performedin the paper at hand by means of finite element simulations.

Merrygold and Osman (2001) have carried out basically upsetting experiments with locally heated cylindrical spec-
imens. Also specimens with diverse geometries consisting of multiple materials have been upset for investigating the
influence of the different yield stresses onto the material flow. Weidig et al (2000) proposed the combination of hot and
cold forging in a single forming step for structuring processes with locally large material flow. This novel process ideais
investigated and proved for its general feasibility by means of finite element studies. However, the temperature field isnot
yet accounted for in these simulations. In Weidig et al (2001), the simultaneous hot/cold forging is realised by forming
a stub shaft. Investigations of the final workpiece show thatan increase of hardness has occured in the workpiece due
to work hardening and thermally induced phase transformations. Yoshihara et al (2004) present a deep drawing process
including a finite element simulation for a circular cup of a magnesium alloy with local heating and cooling of the blanc,
respectively, of the die, the blank holder and the punch. Further investigations were performed in Okman et al (2007),
where solid cylinders and hollow specimens are upset after local, asymmetric heating by electromagnetic induction or
laser heating. The experimental results are also compared to finite element simulations. In studies by Schlemmer and
Osman (2005), local inductive heating is applied to solid and bi–metallic hollow specimens prior to the forming tests. In
addition, numerical simulations are performed. Steinhoffet al (2005) give a survey over developments and possibilities
of a functional gradiation of the workpiece by forming processes based on thermo–mechanically coupled effects for sheet
metall applications and bulk metal forming as well.

In the process, investigated in the paper at hand, a shaft is inductively heated into the austenitic phase only locally, to
archieve a high degree of deformation in the heated part during the forging phase at a lower forming force and without a
recrystallization annealing step — see Weidig et al (2008).Because of the cold forming with strain hardening in the non
heated parts, the thermally induced distortion of the wholeworkpiece is relatively low. The hardening process immediately
follows the forging step directly in the closed dies under pressure.

In order to get a better understanding of such hybrid forgingprocedures and to predict the process behaviour and,
especially, the final shape of the workpiece in advance, the paper at hand presents an accurate and reliable investigation
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of the entire, highly complex forming process by means of thefinite element method including the heating and cooling
analysis. The results of the simulation are discussed in detail and validated by means of experimentally measured data.
Former numerical pre studies of this forging process may be also found in Matzenmiller et al (2009) and Bröcker et al
(2008). In the last one mentioned, the meshless Element FreeGalerkin Method (EFG) is successfuly applied in the context
of metal forming analysis as well as also in other process simulations of Quak et al (2009) or Guedes and César de Sá
(2008).

Since, however, no accurate reliable values are available for some physical parameters, for example the coefficients of
friction and heat transfer, various parameter studies are carried out

• to assess the influence and the sensitivity, respectively, of the identified parameters on the final geometry and on the
temperature evolution

• to gain a better understanding of the material flow in this newforging technology at hand

• to validate and confirm the prediction of the simulation.

Already in Weidig et al (2000), numerical parameter studiesare performed for investigating the process idea of simulta-
neous hot/cold forging. However, the considered parameters differ from the ones studied in the paper at hand. Moreover,
neither a real process is yet underlying the analysis of Weidig et al (2000) nor the temperature field and the cooling process
are accounted for in their investigation.

In the following chapters, the investigated process of simultaneous hot/cold forging is described and the related com-
plex simulation model is presented. Afterwards, a comparison to the experimental measurements is drawn and the simu-
lation results are discussed in detail. Finally, the parameter studies are analysed in order to investigate their sensitivity on
the simulated process.

2 Forging process

The cylindrical shaft is made of the low alloyed steel 51CrV5in a soft annealed state, see Weidig et al (2008). For the
inductive heating, the axisymmetric workpiece is insertedinto an inductance coil — see figure 1 and 2, where an electrical
current flows. Thereby, a magnetic alternating field arises which induces eddy currents into the shaft, such that heating
of the workpiece is caused — see figure 1. However, the intensity of the eddy currents decreases exponentially from the
outer surface to the interior of the shaft due to the skin effect, which is additionally strongly temperature dependent.Thus,
there is locally a huge variation of the heating power duringthe inductive heating phase.

positioningheating

induction
coil

shaft

lower
die

clamping
device

Figure 1: Inductive heating of workpiece and positioning inlower forging die (Weidig et al, 2008)

The main heating process lasts for 12s (seconds), whereuponfor another 5s a heat conduction phase follows for
achieving a nearly homogeneous temperature field throughout the cross section of the shaft in the heated part. In this
time interval the heating power is reduced to 35% of its initial value for compensating the heat loss due to radiation. The
maximum temperature during the heating phase is about 1350◦C. After that, the workpiece is automatically placed into
the lower die, which takes about 3s. Then, the upper die starts moving down and reaches the workpiece after another 4s,
when the forging step begins at timet = 23.8s — see figure 3, upper left picture. The maximum temperatureat this point
in time is 1120◦C. First, free forming occurs as uniform bulge in the heated part of the shaft, where the yield stress is
dramatically lowered due to the thermal influence. Simultaneously, the cone formation takes place at the lubricated ends
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Figure 2: Sketch of workpiece with induction coil, red points indicate thermocouple positions during inductive heating
pretest

of the workpiece by cold forging — see figure 3, upper right photograph. Finally, contact occurs between the free bulged
material and the dies, and the forging process of the flange continues as tool shape determined forming — lower left in
figure 3.

free forming of flange

die controlled
forming + 

contact cooling

final workpiece

Figure 3: Forging of stub shaft (Weidig et al, 2008)

When approaching the maximum forming force of the press with1000kN, the forging process slowly comes to its
end after a period of 3.2s for this step. However, the dies remain closed during the successive cooling step for another
28s under the maximum pressing force, in order to make use of the pressure dependency of the heat transfer into the
dies for achieving a high enough cooling rate to allow for advantageous phase transformations in the flange. The time–
temperature–transformation diagramm of 51CrV4 in figure 4 for continuous cooling points out that a high cooling rate
is necessary in the hot flange for the thermally induced phasetransformations of the austenitised steel into a martensitic
microstructure to obtain the very high hardness of up to 750HV1 (V ICKERs hardness) in the flange area measured by
Weidig et al (2008). Figure 3, lower right part, shows the final stub shaft in the lower die with its forged cone at the upper
end.
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Figure 4: Time–temperature–transformation diagram for continuous cooling for steel 51CrV4 (Dörrenberg Edelstahl
GmbH, 2008)

3 Simulation model

The simultaneous hot/cold forging process is completely analysed with LS–DYNA (Hallquist, 2005) in a single cou-
pled thermo–mechanical finite element simulation, consisting of the following three parts: heating phase, forging pro-
cess and cooling step under loading. Although, coupled electro–magnetic–thermo–mechanical simulations are possible
nowadays, they are time–consuming and costly. Furthermore, the appropriate choice and assessment of the strongly tem-
perature dependent material parameters for the electro–magnetic part of the simulation is quite difficult and comprises
wide uncertainties. Hence, a thermo–mechanically coupledsimulation is chosen, in which the inductive heating process
is modelled by means of a simplified, physically based heat source model. The thermally induced phase transformation
in the workpiece during the cooling process can not yet be predicted by the numerical simulation. However, after the
time–temperature course in the workpiece is calculated, itis in principle possible to predict the final microstructurein the
workpiece by means of a time–temperature–transformation diagram as presented in figure 4.

Figure 5: Finite element model of workpiece and dies at timet = 0s

In the following, the simulation model is desribed in detail. However, minor attention is paid to its underlying theory
— such information may be found by the interested reader in Hallquist (2005) or e.g. in Chenot and Chastel (1996),
Chenot and Bay (1998).

The displacement field during the forging process is calculated with the conditionally stable explicit time integration
scheme and a mass scaled critical time step of 1.0∗10−5s. The displacement field during the heating and cooling phase as
well as the temperature distribution are computed with implicit time integration of the associated differential equations.
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The length of the time step is 0.2s for the solution of the displacement field and 0.1s for the temperature field.
It is sufficient to set up only a quarter model of the shaft and the dies for the finite element analysis — see figure

5, because of the axial symmetry of the workpiece, the loading and the forming process. Solid elements with reduced
integration and hourglass control are chosen for the spatial model of the workpiece.

Rate dependent material equations, solved with an incremental corotational formulation, are applied as the the stan-
dard material theory in LS–DYNA. They are based on the JAUMANN stress rate and the deformation velocity tensor. The
rate dependent plasticity model includes a linear elastic domain and theVON M ISES yield condition as well as the flow
rule according to PRANDTL and REUSS — see Hallquist (2005). A thermoelastoplastic material model with isotropic
strain hardening and a tabular based yield curve is chosen for the numerical analysis. Its rate and temperature dependent
yield stressσy = σ̃y(ε̄ p) · f (T ) · g(ε̇) is given as a piecewise linear functionσ̃y(ε̄ p) of the effective plastic strain̄ε p at
reference temperatureT0 and multiplied by the temperature dependent factorf (T ) as well as by a strain rate dependent

scalar functiong(ε̇) =
(

ε̇/C(T )
)1/p

, whereC(T ) is piecewise linearly related to the actual temperatureT . For the pa-
rameter identification of the material model, tension tests1 of the workpiece material 51CrV4 are provided by Scholtes2

(University of Kassel) for temperature values up to 700◦C. Furthermore, flow curves are taken from Hagen (1990) for the
hot temperature range. The parameters of the afore mentioned material functions are identified by trail and correction,
which comprises the following elementary steps: First, thefunctionσ̃y(ε̄ p) is defined as the flow curve at room temper-
ature (figure 6). Next, the temperature dependent scale factor f (T ) is determined graphically based on the temperature
dependent yield curves at the reference deformation rate (figure 7). Finally, for the hot temperature range, the strain rate
sensitivity functionC(T ) is calculated step by step from the yield curves given in Hagen (1990) for different rates of de-
formation (see table 1). Figure 8 shows the experimental test data2 for temperature levels up to 700◦C and the prediction
of the corresponding material model. Furthermore, figure 9 and 10 show the comparision for the strain rate dependent
experimental flow curves from Hagen (1990) and the calculated response of the constitutive model for the hot temperature
range.

According to material data of the British Iron and Steel Research Association (1953) and in Hartmann et al (2009), the
heat capacity and the thermal conductivity are assumed as piecewise linear temperature dependent functions. The thermal
conductivity and the heat capacity for the steel alloy X38CrMoV5-1 of the dies are taken from Richter (1983). The values
for the material parameters used in the simulation are summarised in table 1.
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Figure 6: Yield stress̃σy as function of effective plastic strain̄ε p at reference temperature

The mutual coupling between the mechanical and the thermal field is due to the temperature dependent material
behaviour and the dissipation of strain energy as heat during the plastic deformation. The simplified heat conduction
equation based on FOURIER’s assumption for the heat flow vector reads

ρcd Ṫ = k div(gradT )+ qm (1)

1No continuous optical analysis of the inhomogeneous necking of the specimen is available with the current experimentalset up. However, the course
of the flow curves can be derived from the tension test data — see figure 8. For this purpose, the deformed geometry of the specimens is measured
after testing in order to determine the uniform elongation und the diameter of the area of fracture. Hence, the true–stress vs. true–strain course can
be determined for the range of uniform elongation. Furthermore, in the case of sudden fracture at low temperture levels,the final deformation and
the related CAUCHY–stress can be calculated for the configuration at fracture.For an estimation of the course of the flow curve between the range of
uniform elongation and the point of fracture of the specimen, a physically reasonable interpolation is made for the development of the reduction of the
cross section by means of an appropriate mathematical function. In the case at hand, thecosine–function in the first quadrant of the coordinate system
is chosen as the interpolant.

2The test data is kindly provided by Prof. Scholtes, Institute of Materials Engineering, University of Kassel, Kassel/Germany.
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Figure 7: Temperature dependent scale factorf (T ) of yield stress
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Figure 8: Comparison of estimated flow curves1 from tension test data2 and material model predictions (marked with small
symbols) for temperatures up to 700◦C at strain rate of 0.025s−1. Large circles mark end of uniform elongation domain,
large crosses indicate true stress–strain values at fracture points calculated from diameter of fracture area. Additionally,
technical stress–strain course is represented

with the source term

qm = γ̄ σi j ε̇ p
i j +ρr , (2)

whereγ̄ σi j ε̇ p
i j is the plastic stress power with the Taylor–Quinney coefficient γ̄ andρr is a volumetric heat source. The

plastic stress power is usually not completely dissipated as heat, but a relatively small part is stored in metals, the socalled
stored energy of cold work. In the simulation below, it is made use of the common estimation that 5% of the energy are
accumulated in the material, i.e.̄γ = 0.95 in eq. (2).

A homogeneous temperature distribution of 300K (KELVIN scale) is assumed for the entire workpiece and the dies as
the thermal initial state. The thermal boundary conditionsfor free convection and radiation, applied to the workpiece, are
active only until contact occurs with the dies. Thus, the thermal boundary conditions hold only on the outer surface on
the rim of the flange during the entire simulation. However, when the dies are completely closed — see figure 3 — the
emissivity is halved in the simulation model for accountingthe reflection of the radiated heat. The heat loss due to free
convection and radiation is calculated as

qL = αL (T −T∞) (3)

and

qS = εs σ̂ (T 4
−T 4

∞ ) , (4)
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Figure 10: Comparison of experimental test data (Hagen, 1990) and material model prediction (marked with symbols) for
different strain rates at 1000◦C

respectively, wherêσ is the STEFAN–BOLTZMANN constant withσ̂ = 5.67∗10−8W/(m2K4). The reference temperature
T∞ is assumed to be constant atT∞ = 300K. The convective heat transfer coefficient between the workpiece and the air
αL = 25W/(m2K) is taken from Hänsel (1998). The emissivityεs for steel is aboutεs = 0.05 for polished surfaces,
εs = 0.25 in the case of a bright surface,εs = 0.6 for lightly oxidised forging parts and up toεs = 0.95 for heavily oxidised
workpieces or tools — see Müssig (2002). Since intensive oxidation occurs at the surface of the workpiece during the
inductive heating process, an emissivity ofεs = 0.8 is used in the simulation, which is reduced to 0.4 when the dies are
completely closed.

Displacement control is used for the analysis of the forgingprocess by prescribing the experimentally measured
motion of the upper die in the simulation while the lower one is fixed at all time. When reaching the maximum forming
force of 1000kN, a changeover to force control is chosen, where the forming force is kept constant at the level of 1000kN
as in the experiment until the end of the simulation.

A thermo–mechanical contact condition is defined between the workpiece and the dies. However, merely any infor-
mation is available about the mechanical friction behaviour in the process up to now. Thus, it is resorted to a quite simple
contact definition, denoted as bounded COULOMB friction model, which limits the maximum shear stress in thefriction
element in order to prevent unphysically high friction forces in the simulation during the forming process. This limitation
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threshold is chosen to 200N/m2 in the simulation. The suitable friction coefficient for theCOULOMB model ofµC = 0.08
is found by means of another parameter study and a best fit of the simulated results to the test data. Experimentally
determined friction coefficients are presented for warm sheet metal forming in Groche and Klöpsch (2007), confirming
the range of the friction value taken.

For the reliable calculation of the cooling process in the workpiece due to the heat transport into the dies, the tools
are also modelled three–dimensionally — see figure 5. However, they are mechanically treated as rigid bodies in order
to reduce the computation time. The thermal material parameters used for the dies are given in table 1. The contact heat
transfer coefficienth is identified by means of a parameter study and a comparison tothe experimental data. A reasonable
value ofh = 15000W/(m2K) is identified. The heat transfer coefficients, given as a function of the contact pressure in
Müssig (2002), verify the value found by the parameter study.

Only one element is used over the height of the conical part ofthe dies — see figure 5, since contact instability is
detected otherwise during the forging process, if a finer discretised mesh is chosen in this domain. However, the preferred
discretisation is sufficient because only small temperature changes occur in this part of the tools.

Modelling of inductive heating

The main objective of the inductive heating model at hand is to obtain appropriate initial values for the temperature
distribution in the workpiece at the beginning of the simulated forging step.

For the inductive heating model, the penetration depthζ of the heat producing eddy currents must be estimated first.
The parameterζ gives the thickness of the layer underneath the outer surface, where the eddy current density has a value
of at least 37% of its maximum at the boundary (Fleck and Schönbohm, 2004). It can be calculated for cylindrical bodies
according to Brokmeier (1966) as:

ζ =

√

β
π f µ0µr

(5)

Here,β is the specific electrical resistance,f is the frequency of the current in the inductance coil,µ0 is the magnetic
field constant andµr is the relative permeability for which the susceptibilityχ is often used in the technical literature with
µr = χ +1. Of course, the specific electrical resistanceβ is strongly temperature dependent and is estimated according to
Richter (1983) as:

β (20◦C)≈ 0.2∗10−6Ωm
β (770◦C)≈ 1.0∗10−6Ωm

β (1100◦C)≈ 1.6∗10−6Ωm .
For paramagnetic materials like austenitic steel alloys the relative permeability has a constant value of nearly one.

However, for ferromagnetic materials, i.e. metals which are magnetisable like 51CrV4, also the relative permeabilityis
strongly temperature dependent and diminishes with an increasing temperature. When reaching the CURIE temperature,
where a ferromagnetic material loses its magnetisability at a value of approximately 770◦C, the relative permeability
assumes nearly one, i.e.µr(T ≥ 770◦C) ≈ 1 (Gottstein, 1998). According to Hünicke and Möller (2003), the relative
permeability at room temperature can be estimated toµr(20◦C) ≈ 600. With the given frequency off = 15kHz and
the magnetic field constant ofµ0 = 1.256∗ 10−6(kgm)/(A2s2), where A stands for the electrical unit AMPERE, the
penetration depth for various temperature levels is roughly about (see also EFD Härterei F. Düsseldorf GmbH (2006))

ζ (T = 20◦C)≈ 0.075mm
ζ (T = 770◦C)≈ 4.1mm

ζ (T = 1100◦C)≈ 5.2mm .
With regard to the wide spread of the penetration depthζ , it seems to be inappropriate to model the inductive heating

process by means of applying a surface heat flux only, since inthis case the conduction of the generated heat into the
core takes too long in comparision to the real process. However, in order to create a simple inductive heating model, a
constant thickness shall be used for the zone, where spatially distributed heat sourcesρr are defined in the simulation —
see eq. (2). Since the thermal conductivity at elevated temperatures is almost half of the one at room temperature, the heat
sourcesρr must be placed sufficiently far inside the shaft in order to heat up the core fast enough as in the experiment.
Otherwise, the heat conduction into the core would take too long due to the reduced thermal conductivity in the outer hot
part of the shaft. Hence, the temperature in the interior of the shaft would be too low when forging starts. Thus, a high
value of 4.5mm is chosen for the thickness of the inductive heating zone.

The height is assumed as 68mm, which is slightly larger than the length of the inductance coil. The intensity of the heat
sourceρr is determined such that the calculated temperature at the surface is closest to both maxima of the experimental
temperature distribution during the heating phase and at the beginning of forging, as given in section 2 – see figure 22.
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The appropriate values of the heat source areρr = 875MW/m3 for the main heating interval and only 10% of this heating
power for the subsequent heat conduction phase.

Table 1: Material parameters for workpiece and dies

parameter symbol value

YOUNG’s modulus E 210∗109 N
m2

POISSON’s ratio ν 0.3
mass density ρ 7850kg

m3

thermal expansion coeff. α(T = 300K) 1.0∗10−5 1
K

α(T = 1400K) 1.6∗10−5 1
K

thermal conductivity k(T = 300K) 47 W
mK

k(T = 1100K) 25 W
mK

k(T = 1500K) 28 W
mK

specific heat capacity cp(T = 300K) 450 J
kgK

cp(T = 1500K) 750 J
kgK

strain rate scale factor C(T ≤ 700◦C) 1.0∗106

C(T = 800◦C) 30.0
C(T ≥ 900◦C) 0.003

strain rate exponent p 4
specific heat capacity (dies) cp(300K) 425 J

kgK

cp(800K) 650 J
kgK

thermal conductivity (dies) k 25 W
mK

4 Comparison of simulation results to experimental data

Several sets of experimental data3 are available for validating the simulation results. During the forging process, the
forming force is measured in the forging press and the temperature is recorded directly in the upper die by means of a
thermocouple and contactlessly at the flange of the shaft by apyrometer. Finally, the end geometry of the stub shaft is
measured. Furthermore, a pretest has been performed with inductive heating of the shaft only, where the temperature has
been recorded on the surface of the shaft and in its centre at different locations along the shaft’s axis — see figure 2. For
this purpose, channels have been drilled into the shaft to allow for a temperature measurement also in the core by means
of thermocouples (type K, accuracy grade 1:±0.004T / ±1.5◦C, diameter 0.5mm).

First, the temperature data from the pretest is compared to the results of an additional finite element simulation with
only heating of the shaft but without forging, respectively. Figure 11 and 12 present both the measured and simulated
temperature course over time from the surface of the shaft and from its interior. Although, one thermocouple has failed
recording data in the test for a short interval of about 10s during the inductive heating phase, a fairly close agreement can
be stated. Hence, the simple heat source model, applied in the simulation, approximates the induction heating process
quite well. At this point, it shall be mentioned that the substitute heat sourceρr – see eq. (2) – for the inductive heating
model has been estimated by using only the two single temperature values given in section 2 — see also figure 22. Thus,
the temperature data, recorded in the pretest above, is usedexclusively to validate the simplified induction heating model
of the simulation.

The data, measured during the forging process, are comparedto the results of the simulation in figure 13. Additionally,
the calculated time–displacement graph is also plotted forthe upper die. At the point in time oft = 20.5s, the upper die
starts moving down in the experiment, where a significant nonzero pressing force is already recorded by the measuring
device, even before contact to the workpiece has taken place. The temperature is measured with the pyrometer at a fixed
material point, located directly at the outer rim of the flange slightly above the upper surface of the lower die. The
corresponding temperature of the simulation is taken at thenode, which is on the surface at the half height of the initial
geometry of the shaft and with its final position at the same location as the measuring position of the pyrometer. Thus,
the presented temperatures are only comparably after the forging process has nearly finished. Since the pyrometer detects
only temperature values above 400◦C, no further temperature drop can be recorded below this limit. The final geometry

3The experimental data is kindly provided by Prof. Steinhoff, Institute of Production Technology and Logistics, Chair of Metal Forming Technology,
University of Kassel, Kassel/Germany.
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Figure 11: Comparison of temperature field development during pre test (see footnote 3) and from simulation on surface
of shaft at different levels of height — see figure 2
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Figure 12: Comparison of temperature field development during pre test (see footnote 3) and from simulation in centre of
shaft at different levels of height — see figure 2

of the experiment is given in table 2 and compared to the simulation. In summary, the results of the simulation and the
experiment agree quite well both qualitatively and quantitatively.

Table 2: Geometric data from experiment (see footnote 3) andsimulation

experiment [mm] simulation [mm] deviation [%]

height of upper cone 12.0 13.9 15.8
height of lower cone 14.0 13.9 -0.7

height of flange 13.6 13.5 -0.7
diameter of flange 76.8 78.1 1.7

length of shaft 130.6 131.3 0.5
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Figure 13: Comparison between experiment (see footnote 3) and simulation

5 Temperature course, stress evolution and material flow

The simulation results of the three process steps are presented for the parameters as given in chapter 3. Afterwards, the
parameter studies are discussed in order to investigate their sensitivity on the simulated process.

5.1 Heating process

The temperature distribution is shown in figure 14 at different points in time. It can be clearly seen in the first plot
at t = 1s that a temperature rise of about 200K has already occurredin the surface layer of 4.5mm thickness with the
prescribed heat source. In contrast to this boundary layer,the centre of the workpiece has nearly its starting temperature
still. At time t = 6s (figure 14, picture 2), a noticeable heat conduction has already taken place into the interior, however,
the temperature in the outer domain is significantly higher than in the middle. At the end of the first heating phase,
temperatures of approximately 1600K to 1200K prevail in theouter range of the heating zone, whereas the temperature
is about 1350K to 900K in the middle of the cylindrical workpiece (figure 14, picture 3). Five seconds later, after heating
with the reduced electrical power, the temperature gradient from the outer domain to the core has dropped sharply (figure
14, picture 4), whereas the maximum temperature on the outersurface has already decreased. However, the temperature
gradient in the axial direction is still considerably steep.

At the point in timet = 19s (figure 14, picture 5), a relative homogeneous temperature distribution is finally reached
throughout the entire cross sectional area of the workpiece, while the maximum temperature has slightly dropped. The
heat conduction continues throughout the cross sectional area, so, at the starting point of the forging att = 23.8s the
temperature field in the cross section is almost constant with a maximum of about 1400K (figure 14, picture 6). Although,
the temperature gradient in the axial direction is still strong.

As figure 15, picture 1 shows, the compression in the outer range and the tension in the middle of the workpiece result
from constrained thermal strains due to the localized heating. The resulting stresses exceed the initial yield limit and cause
plastic strains, as figure 16, picture 1 reveals. Due to heat conduction into the still colder middle region of the workpiece,
the residual stress distribution changes until forging starts att = 23.8s, especially in the middle part of the shaft, where
compression und tension stresses are nearly compensated (figure 15, picture 2). Thereby, the effective plastic strain rises
further (figure 16, picture 2). Figure 17 shows the related equivalent stress according to the definition ofVON M ISES at
time t = 5s andt = 23.8s.

5.2 Forging process

Cold and hot forming occurs simultaneously in the forging process at hand. The formation of the cones takes place at the
ends of the workpiece as a tool shape determined cold formingprocess, whereas free forming goes on in the heated domain
in the middle part of the workpiece as a uniform bulge. The largest absolute value of stress is due to the high hydrostatic
pressure in the conical ends of the workpiece (figure 18, picture 1 and 2). However, the largest plastic deformations
emerge in the section with the strongly reduced yield limit and the high temperature.
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Figure 14: Temperature distribution (in Kelvin) at timet = 1s, t = 6s, at end of first heating phaset = 12s, at end of
second heating phaset = 17s, att = 19s and at beginning of forming att = 23.8s

Figure 15: Stressσyy (in N/m2) in axial direction at timet = 5s and at start of forging att = 23.8s

Approximately at the timet = 25.4s, the tool shape determined formation of the flange starts (figure 18, picture 3
and 4). The stresses remain comparatively low in the middle part of the shaft at the high temperature level (figure 19),
although large plastic strains of more than 400 percent (figure 20) are calculated.

The temperature development over time during the forging process is presented in figure 19. The heated part in the
middle of the shaft is strongly compressed, pushed outwardsand formed to the flange. Hence, the temperature drops
strongly in the middle of the workpiece during the forging step, because less hot material flows into this region. Thus,
the outer flange part, which has been formed from the hot material in the middle of the workpiece, shows still quite high
temperatures at the end of the forging step, whereas the centre of the workpiece itself is already relatively cool due to
the cold material flow into it. The heating effect due to the dissipated strain energy — see eq. (2) — during the large

12
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Figure 16: Effective plastic strain at timet = 5s and at beginning of forging att = 23.8s

Figure 17: Equivalent stress according toVON M ISES(in N/m2) at timet = 5s and at beginning of forging att = 23.8s

Figure 18: Equivalent stress according toVON M ISES(in N/m2) at timet = 24.4s,t = 25s,t = 25.4s and at end of forging
at t = 27s

plastic deformations in the flange part (figure 20) is not separately identifiable in the graphical representations (figure 19)
because of the high temperatures prevailing.
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Figure 19: Temperature development (in Kelvin) during forging at timet = 24.4s,t = 25s,t = 26s and at end of forging
step att = 27s

Figure 20: Effective plastic strains during forging at timet = 24.4s and at end of forging step att = 27s

5.3 Cooling process

For reasons of clarity, only the lower die is shown with the temperature field representation in figure 21. The large heat
transfer coefficient due to the applied maximum pressing force allows a high heat transition into the dies. Thus, the
contact area of the hot flange cools down much faster than the contact free surface at the outer flange area. In the course
of cooling, the temperature differences compensate each other in the flange and the maximum temperature of 1211K in
the shaft drops to about 570K. However, a fairly large temperature gradient still exists between the flange and the conical
endings of the shaft until the simulation finishes. Due to theheat flow from the workpiece into the tools the temperature
rises up to 650K in the contact area of the dies next to the warmflange of the shaft.

Figure 22 shows the temperature course over time for two nodes, located in the horizontal symmetry plane of the
workpiece: node A lies on the outer rim of the flange surface and node B is in the centre of the shaft. Furthermore,
two experimental temperature values are represented as specified in section 2, which indicate the maximum temperature
during heating and when forging starts. It can be clearly noticed in the first heating phase that the outer range is heated
up more quickly than the middle of the workpiece. However, the temperature differences compensate during the second
heating phase, the transport phase of the workpiece into thepress and the time interval, when the die starts moving towards
the shaft until the forging process starts att = 23.8s. During the forging phase, the middle of the workpiece undergoes a
significant stronger temperature drop than the outer flange.So, at the end of the forging step a temperature of less than
600◦C exists in the centre of the shaft, whereas node A on the surface of the flange is still at about 1080◦C. During the
cooling process the temperature approaches approximately300◦C.
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Figure 21: Temperature development (in Kelvin) during cooling process at timet = 30s,t = 35s,t = 45s and at end of
simulation att = 55s

 0

 200

 400

 600

 800

 1000

 1200

 1400

 0  10  20  30  40  50

te
m

pe
ra

tu
re

 [°
C

]

time [s]

a b c d e f

a: main heating phase 
b: second heating phase 
c: positioning and start of die 
d: free forming 
e: tool bounded forming 
f : cooling phase 

surface of flange
center of flange

max. temp. experiment

Figure 22: Temperature development over time in cross section of flange

Figure 23 shows the distribution of the equivalent stress according to the definition ofVON M ISES at the end of the
cooling phase. Obviously, the stress in the outer part of theflange increases in contrast to the one at the end of the forging
process at timet = 27s (see figure 18, picture 4), whereas the equivalent stressin the middle of the shaft drops. These
changes of the stress are caused by thermal strains due to thecooling and the considerably higher yield limit in the flange
area in comparison to the situation at timet = 27s.

6 Influence of characteristic parameters on geometry, forming force and tem-
perature field evolution

The influence of the model parameters on the simulation results is studied for:

• the coefficient of friction between the workpiece and the die,
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Figure 23: Equivalent stress according toVON M ISES(in N/m2) at end of simulationt = 55s

• the contact heat transfer coefficient between the workpieceand the die,

• the emissivity of the radiation boundary condition and

• the convective heat transfer coefficient of the boundary condition for free convection.

The model and the coefficients of chapter 3 are used for the necessary simulations in the study with only the variation
of one of the chosen parameters. However, the forming force is no longer limited to 1000kN. Instead, the forging step is
controlled only by the prescribed die motion. During the cooling phase with the distance held constant between the dies,
the height of the flange and the length of the workpiece slightly reduce due to the decreasing temperature and thermal
strains, which cause a considerable drop of the forming force. Thus, in such a displacement controlled experiment, a
diminishing forming force during the cooling step leads to amuch lower heat transfer due to the reduced contact pressure.

Further convergence studies have been performed for the explicit, mass scaled and the implicit mechanical time step
as well as for the size of the thermal time step, in order to secure that the chosen temporal discretisation is sufficiently
accurate. The results found thereby are not documented herebut verify the numerical simulations for the parameter
investigations outlined next.

6.1 Friction coefficient

Figure 24 shows important geometrical dimensions of the final stub shaft as a function of the friction coefficientµC. The
geometrical values of the simulations are normalised with respect to the corresponding measured data from the test (table
2). The final geometry of the stub shaft and the resulting forming force — figure 25 — are significantly influenced by the
friction parameter.
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Figure 24: Variation of friction coefficientµC: calculated geometrical dimensions normalised with respect to experimental
measurements from table 2
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C. Bröcker, A. Matzenmiller Thermo-mechanically coupledFE analysis of simultaneous hot/cold forging process

The conical ends of the shaft develop almost exclusively during the forging phase with free flange forming. In this
time period, material flows into the dies with a forming forcebelow 600kN, see figure 25. As soon as the tool shape
determined flange forming starts, the contact surface of thedies with the bulged material in the middle section of the shaft
increases rapidly, so that the occurring friction forces hamper further material flow into the conical dies. Thus, the extent
of the cone formation does not depend on the maximum forming force at the end of the total forging step, but simply on
the current axial force in the shaft during the free forming phase of the flange, and hence, particularly on the deformation
resistance of the heated area in the middle third of the workpiece as well as on the coefficient of friction. The material
flow into the dies reduces with an increasing coefficient of friction. Hence, more steel mass remains for the formation of
the flange, whose diameter increases slightly as the friction coefficient enlarges (figure 24), while the cone height and,
hence, the length of the shaft decrease. In this study, the maximum forming force changes up to about 40% within the
parameter range. The smallest deviations of the final geometry in the simulation from the stub shaft in the test is obtained
for a friction coefficient of aboutµC = 0.08, see figure 24.
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Figure 25: Variation of friction coefficientµC: forming force

If the temperature in the heated area is lowered, then its deformation resistance increases and, therefore, the forming
force during the free flange forming would become larger. Thus, if the friction coefficient remains the same, more material
flows into the conical part of the dies. Figure 26 presents thetime–temperature–curve of a point located exactly at the
position of the flange with the largest diameter at the end of the forging step. In conclusion, there is almost no influence
of the friction coefficient onto the evolution of the temperature field of the flange.

6.2 Contact heat transfer

As figure 27 shows, the contact heat transfer coefficient between the workpiece and the dies has almost no influence on
the final geometry of the flange, except in the case of zero heattransfer (h = 0W/(m2K)). However, the resulting forming
force changes noticeably up to about 20%, if the contact heattransfer coefficient is varied aboveh = 5000W/(m2K) —
see figure 28.

The simulations with thermal contact are discussed at first.During the time period, where the free forming of the
flange takes place, also the conical ends of the shaft are forged, while contact occurs only between the cold or less heated
parts of the workpiece and the dies. Thus, the heat flux is small between the contact partners and hardly influences the
temperature field in the hot zone in the middle part of the shaft. Therefore, even a large variation of the heat transfer
coefficient does not cause significant changes of the temperature field in the shaft or of the cone formation at the ends of
the shaft. But as the hot bulge comes into contact with the cold dies, intensive heat flux starts from the workpiece into
the tools. However, at this time the forming process is nearly completed and ends within a few tenths of a second. Since
the heat transport is relatively slow in the workpiece, onlyminor contact heat transfer takes place during the tool shape
determined forming phase of the flange. The temperature drops faster in the vicinity close to the upper and lower surface
of the flange as the heat transfer coefficient increases, causing a higher yield stress in this region. Thus, the maximum
forming force significantly rises with an increasing heat transfer coefficient.

A considerable difference of the heat release exists in the simulation with the zero heat transfer coefficient in contrast to
the other calculations withh ≫ 0W/(m2K). Except of the heat loss due to convection and radiation, only heat conduction
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Figure 26: Variation of friction coefficientµC: temperature on flange vs. time
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Figure 27: Variation of contact heat transfer coefficienth: calculated geometrical dimensions normalised with respect to
experimental measurements from table 2

happens within the workpiece itself in this case, but no heattransfers from the workpiece into the dies. Thus, a rapid
cooling of the contact region of the flange does not occur as inthe simulations withh ≫ 0W/(m2K), where the increasing
yield limit hinders the flange formation. Instead, a smallerflange thickness results due to creep under pressure loadingof
the hot material in the flange region and, accordingly, a larger diameter of the flange is the outcome.

The contact heat transfer coefficient has a significant influence on the cooling behaviour of the shaft: the amount of
heat, conducted into the dies, rises strongly with an increasing parameter value. Figure 29 shows the simulation results and
the corresponding experimental time–temperature–curve,recorded by the pyrometer on the flange surface at the location
with the largest diameter. The mutual distance between the temperature curves of the simulation becomes smaller, if the
contact heat transfer coefficient increases linearly. Figure 30 displays the temperature development at a point located
approximately 3mm above the top side of the flange in the upperdie. The temperature, measured experimentally at
this position, is also given in the diagram. The best agreement between the experiment and the simulation is found for
h = 15000W/(m2K).
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Figure 28: Variation of contact heat transfer coefficienth: forming force
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Figure 29: Variation of contact heat transfer coefficienth: temperature on flange vs. time

6.3 Thermal boundary conditions

For assessing the influence of the thermal boundary conditions on the final shape of the stub shaft, first the heat flux is
presented for free convection and radiation as a function ofthe temperature according to eqs. (3) and (4) in figure 31 for
the relevant temperature range of the forming process. The emissivityεs = 0.8 and the convective heat transfer coefficient
αL = 25W/(m2K) are taken from the standard simulation model. In addition, the graphs forαL = 100W/(m2K) and for
the emissivity of a black body ofεs = 1.0 are shown. For the reference temperatureT∞ = 300K is inserted.

Figure 31 makes obvious that the influence of the convective heat flux is insignificant besides of the low temperature
range, because the radiation heat flux is growing with the fourth power of the temperature and, thus, dominates the heat
flow through the boundary at higher temperatures.

6.3.1 Radiation

In the parameter study of the emissivity, one simulation is performed with zero thermal boundary conditions, i.e.εs = 0
andαL = 0W/(m2K). As already mentioned in the discussion of the finite elementmodel, also here, the emissivity is
reduced in the simulations to its half value, after the dies are completely closed.

The geometrical dimensions of the flange and the shaft are presented as a function of the chosen value for the emissivity

19



C. Bröcker, A. Matzenmiller Thermo-mechanically coupledFE analysis of simultaneous hot/cold forging process

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 0  10  20  30  40  50

te
m

pe
ra

tu
re

 [°
C

]

time [s]

a b c d e f

a: main heating phase 
b: second heating phase 
c: positioning and start of die 
d: free flange forming 
e: tool bounded flange forming 
f : cooling phase 

contact heat transfer coefficient:
0
5000
10000
15000
20000
25000
30000
experiment

Figure 30: Variation of contact heat transfer coefficienth: temperature in upper die vs. time
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Figure 31: Comparison of heat fluxes due to free convection and radiation

in figure 32. Additionally, the results are given for the calculation with zero thermal boundary conditions. The heat flux
due to radiation is linear in the emissivity parameter. Accordingly, the cooling becomes stronger with an increasing
emissivity for the heated area, which causes a stronger deformation resistance of the bulge in the middle section of the
shaft. Thus, also a higher axial forging force occurs, whichenlarges the material flow into the dies and, hence, the cone
height augments at both ends of the workpiece. Accordingly,also the length of the shaft increases, while the final diameter
of the flange slightly reduces. The influence on the resultingforming is minor and shows changes of about 10% within
the range of the parameter variation — see figure 33.

Figure 34 shows the temperature development over time at thepoint on the surface of the flange with the largest
diameter, because there, the heat emission is highest. It generally holds: the larger the emissivity and the higher the
temperature, the stronger is the cooling with respect to thecurve with zero emissivity. During the first heating phase,
there is only a weak influence on the temperature evolution atthe surface, while during the subsequent phases noticeable
differences occur due to the emissivity variation. However, the temperature curves approach each other at the beginning
of the cooling phase.
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Figure 32: Variation of emissivityεs: calculated geometrical dimensions normalised with respect to experimental mea-
surements from table 2
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Figure 33: Variation of emissivityεs: forming force

6.3.2 Free convection

The simulation shows that the influence of the convective heat transfer coefficient is in the same order as the one of
the emissivity on the final geometry of the stub shaft and the resulting forming force as figures 35 and 36 reveal. The
increasing height of the cones, the growing length of the shaft as well as the reducing diameter of the flange can be
explained with the same argumentation as in the previous parameter study for the emissivity.

Figure 37 shows the temperature course over time at the pointwith the greatest diameter on the flange surface. As
expected with regard to figure 31, the temperature curves arelying closer to each other than in the study of the variation
for the emissivity in figure 34, since the free convection hasa subordinate effect on the heat release at the predominating
high temperatures in the case at hand.

7 Conclusions

In order to reduce the costs for mass production, new innovative manufacturing technologies are needed like the currently
investigated combination of simultaneous hot and cold forging with a process integrated heat treatment of the workpiece
for the adjustment of locally graded material properties. Such a forming process is simulated with the finite element
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Figure 34: Variation of emissivityεs: temperature on flange vs. time
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Figure 35: Variation of convective heat transfer coefficient αL: calculated geometrical dimensions normalised with respect
to experimental measurements from table 2

method including the local inductive heating process and the cooling phase of the workpiece.
After the description of the forming process itself the simulation model is documented carefully with its induction

heating model. The analysis results are discussed in detailand agree well with the experimental data for the forming
force, the temperature evolution on the flange and in the die as well as for the final geometry of the shaft. Especially the
very simple but physically based heat source model for the induction heating process approximates the evolution of the
temperature field in the experiment well and requires only a low numerical effort compared to a coupled electro–magnetic–
thermo–mechanical simulation. A little uncertainty concerns the phase transformation during the physical process, which
is not taken into account in this study. However, the simulation shows a qualitative and quantitative good agreement with
the test data of this complex forging procedure. Furthermore, based on the results of the calculated time–temperature
course in the workpiece, it is possible in principle to draw conclusions about the final microstructure in the workpiece by
means of time–temperature–transition diagrams.

With the aid of parameter studies for the friction coefficient, for the contact heat transfer parameters between the
workpiece and the dies as well as for the emissivity and the convective heat transfer coefficient of the thermal boundary
conditions, their influence on the evolution of the temperature field, the forming force and the final geometry is investigated
and a better understanding of the process is gained. As expected the friction coefficient considerably influences the final
geometry of the stub shaft. A rising friction coefficient leads to a shorter shaft with smaller cones on its ends and a slightly
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Figure 36: Variation of convective heat transfer coefficient αL: forming force
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Figure 37: Variation of convective heat transfer coefficient αL: temperature on flange vs. time

rising flange diameter, while the forming force is increasing for about 40%. However, the evolution of the temperature
field remains almost unchanged. Contrary, the variation of the contact heat transfer coefficient has a huge effect on the
temperature field during the cooling process, but it leaves the end geometry of the workpiece almost untouched. However,
noticeably differences of the forming force of about 20% areobserved in this study. The parameter variation of the
thermal boundary conditions for free convection and radiation has only less influence on all, the final geometry, the
resulting forming force and the temperature field as well. During the first heating phase, the temperature field remains
almost unchanged for all variations of the thermal boundaryconditions. In the subsequent process steps, temperature
differences of up to 150K are calculated on the outer surfaceof the shaft, if the emissivity is changed from zero to one,
wheras the temperature differences are much smaller in the study for the convective heat transfer coefficient. However,
during the cooling process in the closed dies, the influence of the emissivity and the convective heat transfer coefficient is
quite small with respect to the wide range of the selected input parameter.
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