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FE–Analysis of simultaneous hot/cold forging 
 
Anton Matzenmiller, Christoph Bröcker, Sebastian Gerlach 

 

Institute of Mechanics, Department of Mechanical Engineering, University of Kassel, Kassel/Germany 

 

 

A new, highly innovative manufacturing method is under development in research and industry, where the workpiece undergoes 

simultaneously a hot and a cold forging process followed by press hardening directly in the forging dies. Such a high complex 

forging technology is simulated by means of the finite element method, where the inductive electrical heating is modelled with 

substitute sources for the heat production besides the forming and the cooling process with thermal deformation and 

eigenstress evolution. The measured data for the temperature field and the final geometry of the forging test are compared to the 

results of the simulation, showing a very good agreement. 

 

Keywords: Simulation of metal forming processes, simultaneous hot/cold forging, coupled thermo-mechanical analysis, FEM of inductive 

heating  

 

Introduction 

More innovative, efficient and economical production 

techniques are continuously developed for reducing costs 

in the mass production of consumer goods. For this 

purpose the recently founded Collaborative Research 

Centre Transregio 30 (SFB/TRR 30), promoted by the 

German Research Foundation (DFG), contributes to the 

investigation of thermo-mechanically coupled processes 

for new production methods. A new technology for the 

simultaneous hot-/ cold forging is investigated – see [1], 

where a shaft is locally heated by electromagnetic 

induction and then formed by forging. After the inductive 

heating of the steel into the austenitic phase, hot forging 

takes place at the same time as cold forming with strain 

hardening. In contrast to cold forging a very high degree 

of deformation can be achieved in the heated zone within 

one forging stroke only and without the application of an 

annealing process into the successive recrystallisation 

phase. Hence, a considerably lower forming force and, 

thus, a smaller forging press is required in contrast to pure 

cold forging. 

The second innovation of this procedure consists in a 

process integrated, force controlled hardening phase, 

which is already current state of technology in hot sheet 

metal forming with press hardening. The rapid cooling of 

the bulky workpiece is performed immediately after the 

forging step directly in the forging dies under the total 

applied forming force and not by the use of a quenching 

medium like water or oil as done conventionally. Through 

the specific control of the cooling process by means of an 

optimized cooling channel in the forging tools a graded 

microstructure and with that graded material properties 

like high strength and hardness or high material damping 

can in principle be achieved and adjusted to the 

requirements for a long lifetime. 

For gaining a better understanding of this new 

production technology and for predicting the process 

behaviour prior to any experimental testing, the complete 

forming procedure is investigated in detail by means of the 

finite element method. To our knowledge this is done for 

such a hybrid forming strategy in the paper at hand for the 

first time. Such a numerical investigation allows to predict 

exactly the final shape of the workpiece at the end of the 

forging process in advance of any testing and to find the 

optimal process control for a stable and reproducible 

hot/cold forging procedure. Thus, the number of pretest 

series can be reduced. 

The general-purpose simulation tool LS-DYNA [2] is 

chosen for the numerical investigation, since it is a 

powerful explicit FE-code with implicit capabilities for the 

highly nonlinear analysis like metal forming simulations 

or crashworthiness calculations and meanwhile also for 

thermo-mechanically coupled field problems. The program 

is continuously enhanced for an improved application in 

forging and bulk metal forming simulations and possesses 

already excellent capabilities for analysing the entire 

hot/cold forging process at hand. Next to the thermo-

mechanical coupling option it provides powerful thermo-

mechanical contact algorithms with pressure and 

temperature dependent coefficients. It allows switching 

between implicit and explicit analysis as well as selective 

mass scaling in explicit calculations and supports various 

thermoplasticity material models and element formulations 

including novel meshless approaches like ALE or EFG, 

thermal boundary conditions for convection and radiation 

and other features, which enable the simulation of this 

complex forging procedure in real time within only one 

run including the heating and cooling phase. Furthermore, 

the code allows the implementation of user material 

models in explicit and implicit form and as a commercial 

tool it enables any user in industry to perform similar 

thermo-mechanical investigations for their hot/cold 

forging processes.  

Besides many other applications, sheet metal forming 

analyses are performed in the automotive industry with 

LS-DYNA and currently hot stamping processes are also 

successfully simulated with this code [3, 4]. In this paper 

the program is applied to simultaneous hot/cold forging, 

which is a bulky forming procedure with a similar 

character as hot stamping. An accurate simulation model 

for the coupled thermo-mechanical analysis is set up. 

Hence, the first challenge is to predict sufficiently well the 

development of the temperature field during the inductive 

heating phase by means of a specific substitute heat source. 

In the next sections the experimental setup for the 

simultaneous hot-/ cold forging with the local inductive 
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heating, the forming step itself as well as the cooling 

process are summarized and the relevant process 

parameters are given first. Thereupon, the simulation 

model is presented for the complete manufacturing process. 

Afterwards the measured experimental process data are 

compared to the results of the numerical simulation. 

Process description  

A long cylindrical workpiece, made of the low alloyed 

steel 51CrV4 in a soft annealed state with a length of 

200mm and a diameter of 30mm, is heated inductively in 

the middle part of the shaft, – see [1]. 

The workpiece is placed into a 60mm high induction coil, 

where a large electrical current with a frequency of 

approximated 15kHz flows, in order to heat the shaft only 

locally. The alternating magnetic field induces eddy 

currents in the workpiece especially in the surfaces' near 

zone, where rapid heating is caused, see figure 1. However, 

the intensity of the eddy currents and, thus, the amount of 

specific heat production is not constant throughout the 

cross-section of the workpiece, but decreases 

exponentially from its maximum at the outer surface 

towards the core due to the skin effect. 

The main heating process lasts for 12s. For the next five 

seconds a heat conduction phase follows in order to 

achieve a more homogeneous temperature distribution 

from the boundary up to the centre of the workpiece. 

Therefore, a strongly reduced heating power is applied for 

just compensating the heat loss due to radiation. The 

maximum temperature reached in the heating phase 

amounts to 1350°C. 

Then the transport of the workpiece from the induction 

coil into the lower die takes approximately 3s. The forging 

starts when the upper die reaches the workpiece after 

another period of 4s. From the beginning of the heating the 

forging process starts at time t=23.8s, when the maximum 

temperature has dropped to 1120°C. 

Now, the free forming of the shaft causes a uniform 

bulge in the heated zone with a strongly reduced yield 

stress, see figure 2. At the same time the conical endings 

of the workpiece are formed by cold forging under the 

influence of a lubricant for reducing the friction. The free 

forming turns into tool shape determined forging with 

contact between the bulged material in the middle part of 

the shaft and the forging dies, where the flange area is 

formed. At the maximum achievable pressing force of 

1000kN the forming process slows down and comes to its 

end. Altogether the forging step lasts approximately 3.2s. 

The forging dies, however, remain closed under the 

maximum pressing force for additional 28s, in order to 

cool down the workpiece rapidly. Thus, use must be made 

of the strong pressure dependence of the heat transfer 

coefficient during the forced contact between the 

workpiece and the dies. The augmented heat transport 

guarantees a higher cooling rate in the flange of the 

workpiece and, hence, an advantageous phase 

transformation of the austenitised microstructure into 

martensite is enabled. As a result a very high strength in 

the flange area of up to 750HV1 (VICKERs hardness) can 

be measured [1]. All the experiments have been performed 

and the test data have been collected and kindly provided 

by the group of Steinhoff at the University of Kassel [5]. 

Model description  

A thermo-mechanically coupled analysis is carried out 

for the simultaneous hot-/ cold forging process comprising 

three parts: electro-magnetic heating with a simple heat 

source model, free and tool shape determined forging as 

well as rapid cooling in the closed dies. 

In the heating and cooling phase the displacement field 

is computed with an implicit time integration method. At 

the start of the forging process a changeover to explicit 

time integration with mass scaling is performed. The 

temperature field, however, is calculated exclusively by 

implicit time integration. 

Due to the axi-symmetry of the entire process it suffices 

to generate a quarter of the workpiece and the forging dies 

as a 3D model, figure 3. For the mechanical material 

theory a simple plasticity model with isotropic hardening 

is chosen, where the yield stress is a function of both the 

equivalent plastic strain and the temperature. Of course 

thermal strains due to temperature changes are included in 

the constitutive model and furthermore, it is assumed that 

95% of the plastic work are converted into heat. 

Until now, appropriate temperature and strain rate 

dependent flow curves of the workpiece material 51CrV4 

are not available yet for the complete temperature range of 

the process. Furthermore, preliminary investigations 

indicate large variations of the microstructure and, 

accordingly, of the resulting mechanical properties for 

different material charges of this steel alloy, provided by 

various producers. Thus, for the simulation it is initially 

resorted to flow curves of the material 16MnCr5 [6] as 

long as no accurate yield diagrams are determined for the 

steel alloy 51CrV4. Since the maximum strain rate in the 

simulation is even locally only below 4s
-1

, where the 

viscous overstress of the material data for 16MnCr5 is still 

relatively small, the strain rate dependency may be 

neglected in the simulation model. In figure 4 the applied 

yield stress curve over the plastic strain is plotted, whereas 

figure 5 shows the temperature dependent scaling factor 

for the yield stress at room temperature. 

The following values were used for the elasticity 

constants, the mass density, the thermal expansion 

coefficient [7], the thermal conductivity [7] and the 

specific heat capacity: 
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In order to account for the cooling effect of the 

workpiece due to the heat transport into the forging dies, 

the tools are also modelled three-dimensionally, however, 

they are mechanically treated as rigid bodies. The material 

of the dies is X38CrMoV 5 1 and according to [8] its 

thermal conductivity is k=25W/(mK). For the mass density 

and the specific heat capacity the same values are taken as 

for the workpiece.  

A thermo-mechanical contact is defined between the 

workpiece and the forging dies. It turns out in the 
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simulation that the friction behaviour between the 

workpiece and the forging dies has a huge influence on the 

final shape of the structure especially for the cone 

formation on both ends of the shaft. However, for this 

forging process no experimental information is available 

yet about the friction and the heat-transfer coefficient 

between workpiece and forging dies. Thus, optimal 

coefficients of µC=0.08 for the friction model of COULOMB 

and h=3000W/(m
2
K) for the contact heat-transfer 

coefficient are determined by means of parameter studies 

and the comparison of the computed data to the 

experimental results of the temperature field and the final 

geometry of the stub shaft. Experimentally investigated 

values in [9] and [10] ensure the identified parameters 

obtained above. 

The initial temperature of the workpiece and the forging 

dies is set to 300 Kelvin. The heat-transfer coefficient 

αL=25W/(m
2
K) has been taken from [11] for the boundary 

conditions of free convection between the workpiece and 

the air. The emissivity εs for the radiation boundary 

condition for iron materials varies from εs=0.25 for blank 

surfaces and goes up to εs=0.95 for heavily oxidised 

workpieces [12,13]. In the simulation here a value of 

εs=0.3 is chosen, which is reduced to 0.15 when the 

forging dies are completely closed to account for the 

reflection of the heat flux, see figure 2. 

 The penetration depth ζ of the eddy currents during the 

inductive heating specifies the distance from the boundary 

to the point at which the eddy current density has dropped 

to 37% from its maximum value at the outer surface. It can 

be estimated for the cylindrical bodies by [14, 15 or 16]: 

0
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Herein, β is the specific electric resistance of the 

workpiece, f is the frequency of the electrical current in the 

induction coil, µ0 is the magnetic field constant and µr is 

the relative permeability of the workpiece. The specific 

electrical resistance rises with the increasing temperature 

of the steel alloy. The relative permeability, however, 

decreases in ferromagnetic substances, like in the steel 

51CrV4 used here, with an increasing temperature and 

finally, when exceeding the CURIE-temperature, which is 

for ferromagnetic steels in the range of 770°C, the 

ferromagnetic properties are lost. Although the material 

parameters β and µr are estimated according to the 

proposals in [8, 17, 18], their temperature dependence is 

still not completely ensured: 
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With the given electrical frequency, the penetration 

depth is calculated for example at three typical 

temperature levels of this process – see also [16] – to: 
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However, for modelling the process of inductive heating 

it is assumed that the heat production due to the eddy 

currents takes place only within a layer of 1mm thickness 

underneath the surface in the middle part of the workpiece 

with a height according to the length of the inductance coil 

of 60mm. A volumetric heat source density qɺ  is prescribed 

for this surface layer. Its value is determined by means of 

parameter studies and their comparison to the 

experimental temperature field. Thus, reasonable values 

for qɺ of approximately 2600MW/m³ for the main heating 

time and 950MW/m³ for the heat conduction phase with 

the reduced heating power are found. 

The forging phase of the process is carried out under 

displacement control by prescribing the experimentally 

measured motion of the upper forging die for the 

simulation. When reaching a total pressing force of 

1000kN, the external load agency is switched to force 

control like in the experiment, where the total force on the 

die is held constant at its maximum until the end of the 

hardening process. 

Discussion of Results 

The temperature distribution, calculated in the 

simulation, is shown for the workpiece in figure 6 when 

forging begins. A fairly homogeneous temperature field 

with a maximum of approximately 1100°C is found over 

the cross-section. However, a strong temperature gradient 

may be stated in the axial direction. According to the high 

temperatures in the centre of the shaft the initial yield 

stress is strongly reduced there. The temperature 

distribution in the workpiece and in the forging die at the 

end of the simulation at t=55s is given in figure 7, where 

only the lower forging die is sketched for the reason of 

clarity. 

The pressing force and the motion of the upper forging 

die are measured at the forming press during the tests. In 

addition, the temperature is recorded by means of 

thermocouples at two different points directly in the 

forging die as well as contactlessly with a pyrometer on 

the flange surface of the shaft. Temperature measurements 

have been also performed by using thermocouples on the 

surface and in the interior of the workpiece itself in a 

pretest. 

The result of the temperature measurement, provided by 

[5], with the pyrometer is illustrated in figure 8. The 

pyrometer is placed for the determination of the cooling 

rate such that the temperature is taken exactly at the point 

of the greatest diameter on the flange of the shaft. 

Therefore, the data are interpreted initially at the time 

when the flange forming is nearly finished. Since the 

lower limit for the measurement range of the pyrometer is 

at least 400°C, no further temperature drop can be reported 

after it passes this limit during the cooling process. Over 

all, the simulation results are in excellent agreement with 

the pyrometer temperature found experimentally. 

The temperature development over time in the forging 

die is recorded by inserting a measuring slot for the 

installation of thermocouples into the upper tool, where 

the temperature is measured approximately 3mm above the 

undersurface of the die at a distance of 5mm (position 1) 
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and 15mm (position 2) towards the cylindrical inner 

surface of the tool. The experimental data in figure 9 are 

qualitatively in a good agreement with the theoretical 

temperature evolution in time. However, the temperature 

values, determined in the simulation, are lower then the 

ones recorded in the experiment. 

The temperature is measured in the workpiece on the 

level of 50mm, 75mm and 100mm with four thermocouples 

in each case, placed over the radius of the shaft with a 

mutual distance of 5mm [19]. In figure 10 and 11 the test 

data are compared to the results of the simulation. Despite 

the restrictive idealisation of the inductive heating process, 

the temperature field after the heating phase is quite well 

reproduced by the simulation, figure 10. At the height of 

50mm the temperature after the heating phase (figure 10) 

and after first contact between the forging die and the 

flange of the shaft (figure 11) is computed a little too low 

in comparison to the measured data. The deviation may be 

caused by the assumed size for the heated zone as the 

length of the coil. This length of 60mm may be a little to 

short for the region with the heat sources in the shaft. 

Figure 12 shows the comparison of the pressing forces, 

measured in the experiment and calculated from the 

simulation. At a point in time of approximately 20s the 

upper die of the press starts to move down in the 

experiment but a significant nonzero pressing force is 

already recorded by the measuring devices, although there 

is no contact to the workpiece yet, since the upper forging 

die reaches the workpiece first at time t=23.8s as already 

reported. The force, evolving now in the test, agrees 

reasonably well with the pressing load calculated in the 

simulation. 

Finally the geometrical data for the length and the 

diameter – see figure 13 – of the formed stub shaft are 

compared to the ones of the analysis in table 1, where the 

percental deviation shows that the agreement is 

satisfactory. 

Summary 

A new, innovative production technology is developed 

in the framework of the SFB/TR TRR 30, at which the 

simultaneous hot and cold forging step takes place with a 

process integrated hardening for adjusting local graded 

properties. Such a forging process was simulated with the 

finite element programme LS-DYNA. For the entire 

complex forming process, described above, appropriate 

modelling options are available. 

The experimentally measured data were compared to the 

results, obtained in the simulation. A good or even 

excellent agreement could be observed between the 

experimental behaviour and the simulated performance. 

The hardness increase occurring at this process due to 

phase transformations [1] will be modelled next and 

implemented into the standard plasticity model used in the 

simulation. 

Acknowledgement 

This publication is based on research activities of the 

collaborative research centre SFB/TR TRR 30 “Process 

integrated production of functional graded structures on 

the basis of coupled thermo-mechanical phenomena”, 

which is kindly supported by the German Research 

Foundation (DFG). 

References 

[1] U. Weidig, K. Hübner, K. Steinhoff: Bulk steel products with 

functionally graded properties produced by differential thermo-

mechanical processing, steel research international 79 (2008) 1, 59-65. 
[2] J. O. Hallquist: LS-DYNA Theory Manuel, Livermore Software 

Technology Corporation, November 2005. 

[3] P. Akerström: Modeling and simulation of hot stamping, Doctoral 
Thesis, Department of Applied Physics and Mechanical Engineering, 

Lulea University of Technology, Sweden, 2006. 
[4] D. Lorenz, A. Haufe: Simulation von Warmumformprozessen in LS-

DYNA, In: M. Geiger, M. Merklein: Proceeding of 2. Erlanger Workshop 

Warmblechumformung 2007, Meisenberg Verlag, Bamberg, 2007 
[5] K. Steinhoff: private communication, Institute of Production 

Technology and Logistics, Chair of Metal Forming Technology, 

University of Kassel, Kassel/Germany, www.metform.de. 
[6] H. Meyer-Nolkemper: Fließkurven metallischer Werkstoffe, HFF-

Report No. 4, Hannoversches Forschungsinstitut für Fertigungsfragen e. 

V., 1978. 
[7] Dörrenberg Edelstahl GmbH: data sheet steel alloy 51CrV4, 

Engelskirchen, 2007. 

[8] F. Richter: Physikalische Eigenschaften von Stählen und ihre 
Temperaturabhängigkeit, Stahleisen-Sonderbericht, Heft 10, Verlag 

Stahleisen m. b. H., Düsseldorf, 1983. 

[9] P. Groche, C. Klöpsch: Kennwerte der Halbwarm–Blechumformung. 
In: K. Steinhoff: Moderne thermomechanische Prozessstrategien in der 

Stahlumformung, Verlag Stahleisen GmbH, Düsseldorf, 2007. 

[10] M. Merklein, J. Lechler, M. Geiger: Ermittlung von thermischen und 
mechanischen Werkstoffeigenschaften höchstfester Vergütungsstähle für 

das Presshärten. In: K. Steinhoff: Moderne thermomechanische 

Prozessstrategien in der Stahlumformung, Verlag Stahleisen GmbH, 
Düsseldorf, 2007. 

[11] A. Hänsel: Nichtisothermes Werkstoffmodell für die FE-Simulation 

von Blechumformprozessen mit metastabilen austenitischen CrNi-
Stählen, Fortschritt-Berichte VDI, Reihe 2 Nr. 491, Düsseldorf, VDI 

Verlag, 1998. 

[12] B. Müssig: Temperierung von Schmiedewerkzeugen zur Erhöhung 
der Bauteilgenauigkeit. Doctoral Thesis, Department of Mechanical 

Engineering, University of Hannover, 2002. 

[13] Verein Deutscher Ingenieure: VDI-Wärmeatlas, Springer, 2002. 
[14] K.-H. Brokmeier: Induktives Schmelzen, Verlag W. Girardet, Essen, 

1966. 

[15] C. Fleck, A. Schönbohm: Automatisierungstechnik 52 (2004) 9, S. 
403-410. 

[16] EFD Härterei F. Düsseldorf GmbH: Grundlagen der Induktions-

härtetechnik, Härtereihandbuch, Versionsdatum: 07.04.2006, www.efd-
haerterei.de/pdf/HH-R01-D06-Induktionstechnik.pdf . 

[17] G. Gottstein: Physikalische Grundlagen der Materialkunde, Springer, 

1998. 
[18] U.-D. Hünicke, S. Möller: Auswertung der statischen 

Magnetisierungskurve zur Kontrolle von Gefüge- und Behandlungs-

zuständen bei Stählen, DGZfP-JAHRESTAGUNG 2003, Mainz, 
Berichtsband 83-CD. 

[19] U. Weidig, N. Saba, K. Steinhoff: Functional gradation by 

differential thermo-mechanical treatment, Proc. of the 6th ICIT & MPT 
2007, Bled, Slovenia. 

 
 
 
 
Table 1. Geometric data of stub shaft from experiment [5] and 
simulation with difference in percent. 

 Experiment 

[mm] 

Simulation 

[mm] 

Disagreement 

[%] 

h1 12.0 13.8 15.0 

h2 14.0 13.7 -2.1 

h3 13.6 14.2 4.4 

d 76.8 77.5 0.9 

l 130.6 131.7 0.8 
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Figure 1. Inductive heating of shaft and positioning in forming press (picture kindly provided by [5]). 

 

 
 
 
 
Figure 2. Forming of stub shaft (picture kindly provided by [5]). 
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Figure 3. FEM model of workpiece and dies at time t=0s. 
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Figure 4. Yield stress for T=20°C as function of equivalent plastic strain [6]. 
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Figure 5. Temperature dependent scale factor for yield stress [6]. 
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Figure 6. Temperature distribution (in Kelvin) at beginning of forming process (t=23.8s). 
 

 
 
 
 
Figure 7. Temperature distribution (in Kelvin) at end of simulation (t=55s). 
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Figure 8. Temperature development at flange of shaft: comparison between experiment [5] and 
simulation. 
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Figure 9. Temperature development in upper die: comparison between experiment [5] and 
simulation. 
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Figure 10. Temperature in workpiece at end of heating phase at t=18s, A=100mm, B=75mm, 
C=50mm, msrd – measured [19], sim – simulated. 
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Figure 11. Temperature in workpiece after first contact between flange of shaft and dies at t=25s, 
A=100mm, B=75mm, C=50mm, msrd – measured [19], sim – simulated. 
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Figure 12. Forming force: comparison between experiment [5] and simulation. 
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Figure 13. Drawing of stub shaft. 
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