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Abstract. Ship transport continues to be the most economical intercontinental means of 
transportation, which is becoming more and more under observation due to increasing international 
environmental protection regulations. In order to protect the marine biotope, the government is 
introducing stricter exhaust emission regulations, which mean the further development of low-
emission large engines and thus make the development of new combustion chamber components 
indispensable. This paper presents FE simulations of a friction welding process for two metallic 
materials, which are being developed as part of a BMWi joint project for the production of 
innovative combustion chamber components. In addition, the first results of the simulations and 
their comparison with real tests are presented. 

Introduction 

Welding is still one of the most important processes within the entire joining technology. In 
addition to unsurpassed cost-effectiveness, it allows constructive designs that to a large extent take 
into account the requirements for flexibility and weight optimization. Welding is the joining or 
coating of workpieces in liquid or plastic state using energy in the form of heat and/or force and 
movement, without or with filler materials. In principle, three classification criteria apply to welding 
processes: 

- purpose (connecting or applying) 
- connection mechanism (melting, pressing, reaming) 
- execution type (manual, mechanized, automated) 
Friction welding is at the forefront of current investigations for the production of various 

combustion chamber components in the design of a composite material. Due to the increased 
material price of the nickel-base alloys, which will be analyzed later in the course of the 
investigations, the investigations of the friction welding process with conventional piston materials 
are presented in this paper (42CrMo4, 38MnVs6). In contrast to the previously known friction 
welding process, in which heat is generated during the actual joining process due to friction of the 
components to be joined, the aim of the investigations presented here is to reduce the process time 
by means of an upstream partial heating. The connection itself is created by heating up both 
components due to friction until they have a dough-like consistency. The simultaneously acting 
pressure creates a material-locking connection between the two components. The special feature of 
friction welding processes is that the joining process itself takes place below the melting 
temperature of the components. This, in turn, is one of the greatest challenges, which means that the 
optimal process window must be identified using FE simulations [1, 5]. 
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The present comparison of the two friction welding variations was made with the objective of 
highlighting the advantages of preheated components for friction welding compared to the 
conventional procedure. Since friction welding without preheating represents the state of the art, it 
is important to consider not only the process differences, but also the influence of the changed 
temperature on the welding result. In this way, the usability of preheated blanks for the production 
of friction welding components is to be demonstrated and the process is to be presented as an 
alternative manufacturing process for future friction welding joints and at best expanded as a result 
of further modifications. 

The publication is structured as follows: at the beginning a short insight into the friction welding 
process is given. Following this, the potential of the FE simulation software used is presented on the 
basis of a concrete reference geometry (Fig. 1). A comparison between the FE simulations carried 
out and the real tests carried out will show how simulations can serve as a tool for process and 
geometry optimization. Finally, an outlook on future applications of the FE module in connection 
with further material combinations is given. 

Friction Welding 

According to DIN 8580, joining is defined as "the permanent joining or other joining of two or 
more workpieces of geometrically determined solid form or of such workpieces with formless 
material; the cohesion is created locally and increased as a whole" [2]. 

One such joining process is friction welding, in which two or more parts are joined together to 
form a continuum. To ensure this, the workpieces to be joined are manufactured using heat and/or 
force with or without filler material. After a material- and component-specific speed and friction 
time, the rotation is stopped and the two parts are brought together linearly using a surface-related 
friction force. A welding bead is formed, which is often turned off immediately after the end of the 
welding process, but can also be left as long as the installation dimensions permit. Many material 
pairs that are not suitable for fusion welding can be joined by friction welding as a joining process 
in solid phase without melt, since the joining temperature is below the melting temperature of the 
materials and thus the deformation in conjunction with the heat introduced leads to a fine-grained 
structure in the area of the recrystallization temperature. There are a number of different advantages 
that argue in favour of using the friction welding process. For example, many material combinations 
can be welded which are not suitable for fusion welding, it can be fully mechanised with a high 
degree of repeatability, both solid and hollow cross-sections can be used, no welding filler is 
required, and a fine-grained, recrystallized structure is formed. On the disadvantage side, there are 
only a few points to mention that are usually component or machine-related. Both the diameters and 
the lengths of the components are limited by the machine size, whereby the size of the machine is 
usually limited by the high purchase costs of these. During the welding process bead formation 
occurs, which in most cases makes reworking indispensable [1, 2, 3]. 

With regard to the advantages and disadvantages of this method, the benefit of partial preheating 
of the bodies to be joined is to be investigated. For example, partial heating of the joining partners 
should result in a reduction of the process time. 

Experimental and Numerical Investigations 

With regard to the planned future design of friction welding, experimental investigations and FE 
simulations were carried out for two variants of friction welding. A conventional welding process, 
hereinafter referred to as "Variant 1", should be compared with a preheated reference geometry 
("Variant 2"). Both variants were tested with the quenched and tempered steel 42CrMo4 (Chemical 
composition of 42CrMo4 – as seen in table 1). For verification of the results, both the conventional 
process and the modified process were performed on an experimental and numerical basis using 
commercial software. 
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Table 1: Chemical composition of 42CrMo4 
 

Composition in wt.-% C Cr Si Mo Ni Cu Mn Fe 
42CrMo4 0.41 1.03 0.20 0.21 0.18 0.31 0.62 balance 

Experiments 

For the comparability of the tests, the following reference geometry was selected for both 
components to be connected (Fig. 1). The geometry was used to make initial statements regarding 
the process parameters. As a result of heating, this was essential as the modified technology differs 
greatly from the conventional process. 

 
  

Fig. 1: Reference geometry used for the welding tests (dimensions in mm) 
 
The conventional friction welding process of variant 1 was carried out by positioning the two 

parts to be joined in the friction welding machine. As a result of the high speed and the compression 
pressure, the two bodies were finally joined together. Variant 2 was implemented by heating the two 
references by means of a gas burner, so that the front surfaces were heated to approx. 550 - 600 °C. 
After heating, the two bodies were positioned in the friction welding machine and welded together. 
The machine used was the KUKA RS 80, which is located at the die forging company Schneider 
GmbH in Aalen. The following Fig. 2 shows an example of the friction welding process. The blue 
line indicates the spindle speed (1200 rpm), the black line indicates the pressure across the path (red 
line). After a process time of 26 s the complete welding is finished. 

 
Fig. 2: Exemplary sequence of a friction welding process (42CrMo4) 

Numerical Representation of Friction Welding Processes 

Simufact Forming 15.0 is used for the simulation of the friction welding processes. According to the 
comparability the described reference geometry was also used in the FE investigations. The 
processes are modeled as 2D axial symmetrical simulations with isotropic elastic-plastic material 
behavior. The temperature distribution is described using finite elements and calculated using 
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transient heat conduction and the finite difference method. The mechanical behavior is calculated 
using the incremental finite element method. Both, thermal and mechanical simulations are coupled 
for every time step. 
Friction welding processes can be simulated with two different approaches. The first approach uses 
directly the heat generated by the applied friction law and its friction coefficients. This method 
underestimates the generated heat. In order to get a reasonable temperature distribution unphysically 
high friction coefficients need to be defined. One reason for this behavior could be that the 
conventional friction laws like Coulomb or shear friction law are not valid for the material state near 
melting temperature. Coulomb and shear friction law are developed for dry friction as well as mixed 
friction of solid bodies in a certain temperature range. During a friction welding process the material 
becomes dough like and does not represent a solid body anymore. Furthermore the time step size 
needs to be very small in order to capture the movement of the joint partners and the generated heat. 
This results in a time expensive simulation. Thus the first approach is not applicable and 
recommended. The second approach uses an analytical model to introduce a heat flux on the contact 
nodes. The model is based on a user-defined rotational velocity, a user-defined friction coefficient, 
the contact normal stress and the distance of the contact nodes from the rotation axis. The friction 
coefficient also contains the efficiency of the energy conversion from mechanical into heat energy. 
Using this information a heat flux is calculated and equally applied on the corresponding contact 
node. This model allows an easy calibration of the friction coefficient and also a tabular definition 
of the friction coefficient with respect to the temperature. The tabular definition can be used to limit 
the heat generation to a certain temperature. For variant 2, the local heating of the reference bodies 
had to be taken into account. To make this relatively trivial, a simple local heating calculation was 
prefaced in Simufact. The partial pre-heating of the geometries is simulated using heat conduction 
in combination with a near contact tolerance. This approach allows a free expansion of the 
components without introducing stresses. When the near contact tolerance is used, the bodies do not 
need to be in real mechanical contact in order to conduct the heat across the contact area. Contact is 
only assumed for the thermal calculation with a defined heat transfer coefficient. The near contact 
tolerance defines the maximum distance two bodies can have to each other in which the heat 
transfer acts. Bodies outside the near contact tolerance will be neglected for the thermal heat 
transfer. Using this approach a defined temperature profile can be created inside the geometries with 
a minimum effort in modeling and a short simulation time [4, 6]. 

Results and Discussion 

As already explained, a conventional friction welding process was compared with a preheated 
component for the investigations. First, the results of the conventional process are analysed in more 
detail. The FE-model used for this is shown in Fig. 3 below. For the friction welding process itself, 
the two bodies to be joined are required and a support plate for each. This plate is used to transfer 
the kinematics, as the upper body simultaneously travels a defined compression path (Fig. 2) at a 
corresponding speed. 

 

 

Fig. 3: FE-model of the friction welding process for both variants 
 
With regard to the calculation times, the simulations were calculated as 2-dimensional models. 

The following Fig. 4 shows the comparison between the real test and the FE simulation. 
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Fig. 4: Standard friction welding result - left: real test, right: FE-simulation 
 

It can clearly be seen that the formation is similar to the bead. In both tests, the bead inside the 
component forms much more strongly than on the surface of the shell. The dimensions of the joined 
bodies are also relatively similar. The total height of the real sample after the joining process was 
149.21 mm and that of the simulation was 148.5 mm. For the experiments of variant 2, the end 
faces to be joined were partially heated until they had a temperature of approx. 500 - 600 °C. 
Subsequently, the same program sequence of the welding process as for variant 1 took place. The 
partial heating in Simufact was modelled with a replacement body for the coil. In the following Fig. 
5 the coil can be seen in the middle between the two joining partners. With the help of the described 
close contact tolerance, this heated the joint before the actual joining process. 

 
Fig. 5: Preheating left: Initial condition (20 °C), right: Heating result 

 
In the following comparison of the two joined components it becomes clear, as in variant 1, that the 
simulated weld bead has a similar formation as that from the real test. The final height of the 
component is also similar. The height of the real part is 133.37 mm and that of the simulated 
component 136.6 mm. 

 
With the help of preheating, the process time of variant 2 could be reduced to 12.9 seconds 

compared to variant 1 with 22.7 seconds. Finally, due to the real tests and the use of the finite-
element method, not only a reduction of the process time due to preheating could be confirmed, but 
also the use of the simulation software for the design of friction welding components could be 
proven. 

  
Fig. 6: Friction welding with preheating left: real test, right: FE-simulation result 
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Summary and Prospects 

Scientific and technological questions in the field of joining of cost-intensive materials were the 
starting point for the more precise considerations of the conventional friction welding process. As a 
result of local preheating of the end faces, the same joining results should be achieved with a 
shortened process time. The process time of variant 2 could be reduced to 13 seconds compared to 
variant 1 with 23 seconds. Due to the expensive materials, tests were initially carried out with 
conventional quenched and tempered steel (42CrMo4) as described. Based on the verification of the 
results of the real tests with those of the FE simulations, it became clear that numerical models 
(with and without preheating) are suitable for making early statements on the joint connection. In 
the further course of the investigations, the experiments are to be extended to other materials, 
especially nickel-based alloys. As soon as these are to be joined without defects, a composite of 
different materials is striven for. To illustrate the FE calculations, the real tests will be carried out in 
the further course of the project with inductive heating. 
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