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Abstract 
 

Within the Collaborative Research Centre SFB/TRR 30 a stub shaft is produced by applying the highly innovative 
metal forming technology of the simultaneous hot and cold forging in combination with a hardening process performed 
directly in the closed forging dies after the forging step. This complex forging process is completely simulated with the 
finite element code LS-DYNA including the local inductive heating phase of the workpiece as well as the rapid cooling 
process under pressure of the final stub shaft inside the forging dies. A new meshless element formulation denoted as 
element-free Galerkin method (EFG) is successfully applied to the forging process in addition to the simulation with stan-
dard finite elements. The process of the inductive heating is modelled in a simplified way. The simulation results are vali-
dated by means of experimentally measured data, showing good agreement. 
 
Key words: simultaneous hot/cold forging, thermo-mechanically coupled FEM, meshless methods, element-free Galerkin 
method (EFG) 

 
 
 

1. INTRODUCTION 

Innovative and efficient production technologies 
must be continuously developed and advanced. For 
this purpose simultaneous hot/cold forging is applied 
in bulk metal forming and the occurring thermo-
mechanically coupled phenomena are investigated 
within the Collaborative Research Centre Transregio 
30 (SFB/TRR 30). A shaft is inductively heated only 
locally for forging a flange with a large diameter in 
the centre of the workpiece, besides the cold forging 
of the conical ends of the shaft (Weidig et al., 2008). 
Due to the inductive heating, a local austenitisation 
takes place in the centre of the shaft. This fact is 
utilised in the successive hardening process, which 
is performed directly within the forging dies under 

pressure. The possibilities and limitations of adjust-
ing locally graded material properties in the work-
piece are investigated at this forging process with 
differentiated cooling. The idea of this new forming 
strategy with simultaneous hot and cold forging has 
been outlined by Weidig et al. (2000) and Weidig et 
al. (2001). Further investigations with locally heated 
specimens with different heating procedures are 
performed e.g. by Özmen et al. (2005) and Okman et 
al. (2007).  

For gaining a deeper understanding of the form-
ing technology at hand and for predicting such proc-
ess behaviour in advance, especially the temperature 
evolution in the workpiece, the entire process is 
investigated by means of numerical simulations. A 
detailed thermo-mechanically coupled finite element 
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analysis is carried out with the commercial code LS-
DYNA (Hallquist, 2007) including all process steps, 
i.e. heating, forging and cooling of the workpiece. 
Until now, the phase transformations during the 
cooling step can not yet be predicted by the simula-
tion, however, if the temperature field evolution in 
the workpiece is known, the resulting microstructure 
of the material may be forecast. 

When the finite element method is applied to 
forming processes with very large deformations, 
often difficulties occur due to badly distorted ele-
ment meshes which can lead to inaccurate theoreti-
cal results or to an abrupt early break down of the 
simulation. Remeshing during the calculation can be 
one way to overcome these problems. However, it 
can be also quite difficult to create an adequate new 
mesh and further the remapping of the results from 
the old to the new mesh can lead to significant inac-
curacies and artificial smoothing of the gradients of 
the spatial fields for the mechanical variables. 

Nowadays, novel meshfree element technologies 
are available like the element-free Galerkin (EFG) 
method, which only needs discrete nodal values for 
the approximation of the displacement field, how-
ever, these nodes are completely independent of 
a finite element mesh. The EFG method was deci-
sively developed in Belytschko et al. (1994) and 
Belytschko et al. (1996). An overview of element-
free methods is given in Huerta et al. (2004). 

By means of the EFG formulation a local adap-
tive refinement step is possible in principle by just 
introducing new nodes or eliminating old nodes, 
respectively, because no compatible finite element 
mesh is required for the nodal interpolation. The 
EFG method can be embedded into the standard 
finite element scheme, however, the handling of 
boundary conditions and contact is more compli-
cated than with the FEM – see Krongauz and Be-
lytschko (1996). 

The EFG method has been recently applied to 
other metal forming processes – see e.g. Alfaro et al. 
(2006), Shangwu et al. (2005), Rossi et al. (2007), 
Yanjin et al. (2008). Also LS-DYNA provides an 
EFG element formulation (Hallquist, 2006) and it 
has been already used for forging analysis (Lu & 
Wu, 2006). The EFG method is applied also to the 
forging process at hand in addition to the FEM, 
since very large deformations occur in the centre of 
the flange. 

In the following sections the experimental manu-
facturing procedure of the stub shaft is described at 
first. Thereupon, the constitutive model and the 

analysis strategy for LS-DYNA are presented 
shortly besides the model for the inductive heating. 
The next section summarises fundamental principles 
of the EFG method and points out its differences 
with respect to the FEM. Afterwards results of the 
FE analysis for the temperature field and the equiva-
lent stress are visualised. Finally, the simulation 
results of both the FEM and EFG method are com-
pared to each other as well as to the experimentally 
measured data. 

2. HOT/COLD FORGING PROCESS 

A cylindrical workpiece with a length of 200mm 
and a diameter of 30mm is made of the low alloyed 
steel 51CrV4 in a soft annealed state – see Weidig et 
al. (2008). It is heated inductively in the middle part 
of the shaft, see figure 1. Since the heat production 
concentrates in the surfaces' near zone due to the 
skin effect, a heat conduction phase follows with 
a strongly reduced heating power (35% of initial 
value) in order to achieve a more homogeneous 
temperature distribution throughout the cross-section 
from the boundary up to the centre of the workpiece. 
The maximum temperature reached during the heat-
ing process amounts to 1350°C.  

 

 
Fig. 1. Inductive heating of shaft. 

Afterwards the workpiece is automatically trans-
ported from the induction coil into the lower forging 
die, followed by the downward motion of the upper 
die. When forging starts the maximum temperature 
has dropped to 1120°C. Initially, free forging of the 
shaft causes a uniform bulge in the heated zone, 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 forg-
ing with contact between the bulged material in the 
middle part of the shaft and the dies, where the 
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6. RESULTS OF FEM 

The temperature field, calculated in the FE-
simulation, is shown for the workpiece in figure 3. 
The first picture presents the temperature distribu-
tion at the beginning of the heating process. The 
surfaces’ near zone is already heated up strongly, 
whereas the interior of the shaft is still much colder. 
When forging starts (picture 2), a fairly homogene-

ous temperature field with a maximum of approxi-
mately 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 hot mate-
rial is squeezed outwards during forging and forms 
the flange. Thus, at the end of forming (picture 3), 
the temperature in the centre is quite lower than in 

 
Fig. 3. Temperature field (in Kelvin) during heating (picture 1), at beginning of forging (picture 2), at end of forging (picture 3), at end 
of cooling process (picture 4). 

 

Fig. 4. Equivalent stress according to von Mises during forging (picture 1), at end of forging (picture 2), at end of cooling process 
(picture 3). 
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the outer flange region. Due to the contact of the hot 
workpiece with the cold dies, the heat is transported 
massively out of the workpiece into the forging dies 
which causes a high cooling rate in the workpiece. 
Picture 4 shows the temperature distribution in the 
workpiece and in the forging die at the end of the 
simulation at t = 55s, where only the lower forging 
die is sketched for the reason of clarity.  

Figure 4 presents the distribution of equivalent 
stresses in the workpiece during forging and at the 
end of the cooling process.  Picture 1 and 2 show 
that the highest stresses evolve when the conical 
endings of the shaft are formed by cold forging at 
a high hydrostatic pressure. Despite large straining 
during the deformation of the flange, the stress level 
is relatively low due to the high temperatures in the 
forging zone. However, the eigen stresses in the 
flange area augment during the forced cooling of the 
workpiece (picture 3). 

7. FORGING SIMULATION WITH EFG 

The EFG element formulation is applied to the 
process simulation at hand for the calculation of the 
displacement field. Adaptivity of the nodal values is 
not yet accounted for in this early EFG study, and 
postponed to future work. The computational costs 
are much higher, but accurate results are ensured in 
the simulation with the EFG method, whereas in the 
FE analysis locally large deformations with distorted 
elements occur in the centre of the flange. However, 
the simulation results of both methods are quite 
close and agree well with the measured data from 
the experiment. 

Figure 5 and 6 show the temperature and equiva-
lent stress distribution at the end of the forging proc-
ess in the EFG simulation, where the nodal values 
are illustrated as coloured spheres. 

Figure 7 shows the comparison of the pressing 
force and the displacement of the upper die, meas-
ured in the experiment and calculated from the simu-
lation with both the FE and EFG method. At a point 
in time of approximately 20s, the upper die of the 
forging press starts to move down in the experiment. 
However, 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. The subsequently evolving force in the 
test agrees reasonably well with the pressing load, 
calculated in the simulations. 
 

 
Fig. 5. Results of EFG simulation: nodal values of temperature 
at end of forging.  

 
Fig. 6. Results of EFG simulation: nodal values of equivalent 
stress according to von Mises at end of forging. Temperature 
measuring positions of experiment are marked. 

During the forging and cooling process, the tem-
perature is recorded by means of thermocouples in 
the forging die (see figure 6, position 1) as well as 
contactlessly on the flange surface of the shaft with a 
spatial fixed pyrometer (figure 6, position 2). The 
results of the temperature measurement are pre-
sented in figure 8 and compared to the simulation 
results. Since the pyrometer is fixed just above the 
lower die (see figure 6, position 2), the recorded 
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temperature can be interpreted initially at that time 
when the flange forming is nearly finished. The 
lower limit for the measurement range of the py-
rometer is at least 400°C, thus, no further tempera-
ture drop can be reported after it passes this limit. 
Over all, the calculated temperatures at the flange 
are in excellent accordance with the pyrometer tem-
perature data. The experimental recorded tempera-
ture in the die agrees qualitatively well with the 
simulated temperature evolution in time. However, 
the temperature values, determined in the simula-
tion, are lower then the ones received from the ex-
periment. 
 

 
Fig. 7. Comparison of forming force for FEM, EFG and ex-
periment; additionally displacement of upper die is plotted.  

 
Fig. 8. Comparison of temperature on flange and in die for 
FEM, EFG and experiment; additionally displacement of upper 
die is plotted.  

Table 3 presents the geometrical data, sketched 
in figure 9 of the final stub shaft and its percental 
deviation, which also states that the results between 
the FEM and the EFG method are quite close and 
that the agreement between simulation and experi-
ment is satisfactory. 
 

 
Fig. 9. Sketch of final stub shaft.  

Table 3. Comparison of geometrical data. 

 Experiment 
[mm] 

Simulation  
[mm] 

Disagreement 
[%] 

  FEM EFG FEM EFG 

h1 12.0 13.8 11.9 15.0 -0.8 
h2 14.0 13.7 11.8 -2.1 -15.7 
h3 13.6 14.2 14.3 4.4 5.1 
d 76.8 77.5 78.4 0.9 2.1 
l 130.6 131.7 127.9 0.8 -2.1 

8. SUMMARY AND CONCLUSIONS 

The simultaneous hot/cold forging is applied to 
the production of a stub shaft with a subsequent 
hardening process in the forging press. This com-
plete forming procedure is numerically analysed 
with the finite element code LS-DYNA including 
the heating, forging and cooling step. Besides the 
FE-analysis, another novel meshless element ap-
proach, denoted as element-free Galerkin (EFG) 
method, is used, whose theoretical background is 
explained briefly. The simulation results are pre-
sented and both FE and EFG methods are compared 
to each other, showing similar results. Further, 
a good or even excellent agreement can be observed 
in the final comparison to the experimental data.  

The FEM is generally applicable and efficient 
for metal forming analyses. However, difficulties 
appear when very large deformations occur and ele-
ments become badly distorted during the simulation 
of the process, which makes remeshing necessary. 
The EFG method is always more accurate at a higher 
numerical cost compared to the FEM, since no com-
patible mesh with a regular element geometry is 
required for this method and, moreover, higher order 
polynomials may be used for the kernel functions. 
Thus, stiffening due to badly distorted elements is 
circumvented and there is no need for remeshing due 
to the loss of accuracy in distorted elements. Fur-
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thermore, local adaptivity is possible by just intro-
ducing new nodes or eliminating old ones, which is, 
however, not yet applied in this study. 

For this special process of simultaneous hot/cold 
forging it is shown that the global results of both 
methods agree quite well with each other, which 
confirms the results and the applicability of the finite 
element simulation in this case. However, besides 
the much larger computation time with EFG, there is 
in fact a difference in the centre of the workpiece, 
where the elements in the FE simulation suffer under 
a very small thickness to length aspect ratio. The 
EFG simulation shows in close agreement with the 
experiment the excessive compression of the ini-
tially heated part of the shaft, whereas the finite 
element result underestimates the strong longitudinal 
distortion. That means, the finite element response 
stiffens in this area due to the poor element geome-
try. However, this difference between the EFG and 
FEM results has only a local influence on the flow 
process and does nearly not effect the global form-
ing result, like the final geometry of the flange or the 
total force in the press. 
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PORÓWNANIE MODELI ZNISZCZENIA DLA 
PRZEWIDYWANIA PLASTYCZNEGO PĘKANIA 

W PROCESACH KUCIA 

Streszczenie 
 
Możliwość przewidywania plastycznego pękania odgrywa 

ważną rolę w projektowaniu wyrobów kutych. Badania do-
świadczalne pokazują, że zarodkowanie, wzrost i łączenie się 
pustek są mechanizmami kontrolującymi powstawanie i roz-
przestrzenianie się pęknięć. Na te mechanizmy oddziałują, 
w różnym stopniu, takie parametry jak ciśnienie hydrostatyczne, 
intensywność naprężenia i maksymalne naprężenie główne. 
Znanych i używanych w praktyce jest wiele kryteriów pękania 
plastycznego opartych na tych parametrach. W niniejszej pracy 
te kryteria są porównywane. Spośród najbardziej popularnych 
wybrano kryteria pękania przynależne do różnych grup, klasyfi-
kowane według podstaw danego kryterium, a więc kryteria 
oparte na mikrostrukturze materiału, kształcie pustek lub me-
chanizmie ich wzrostu. Kryteria oparte na mechanizmie konti-
nuum pękania, w których bierze się pod uwagę sprzężenie mię-
dzy odkształceniem plastycznym i degradacją materiału poprzez 
analizę różnych możliwości rozwoju zniszczenia dla rozciągają-
cego i ściskającego stanu naprężenia, dają bardziej poprawną 
lokalizację obszarów, w których następuje inicjacja pęknięcia. 
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