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Abstract 
 

A 3D computer model of the preliminary and the transition phases of LFW using ANSYS was developed. Based on the 
adhesion phenomena theory, we introduce a simple method to evaluate the areas of joint formation. Results of this 
evaluation are in good agreement with experiments. Custom software for the 3D-simulation of the process of joint 
formation and material movement into the flash was built, which used the results of the FEM model. 
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1. Introduction 
 
Linear friction welding (LFW) is a solid-state process for 
joining metals, plastics and other materials [1-2]. Despite the 
apparent simplicity of this welding process the actual 
physical processes occurring during its cycle are quite 
complex, with the most difficult being the speed of its 
development. There are many papers with results of 
modeling LFW using finite elements, but the majority of 
them describes the process before [3-5] or after the joining 
has completed [6-9]. There are very few works on the 
simulation of the process of joining welded parts. And such 
papers do not use the finite element method (FEM), but 
particle methods [10], which do not take into account the 
temperature and pressure changes that occur during the 
process and which are dramatic for the short process time. 

In this paper we propose a simple method to determine 
the areas of joint based on the adhesion theory which also 
assists in the visualization of the process of joint formation 
to provide a better understanding of this dynamic process. 
Following this results are compared with experiments.  

Another problem with computer simulation is absence of 
lightweight and useful tools to visualize the results of 
modeling without the FEM software. There are many 
engineering software suites for the finite element simulation 
of physical processes in different areas, but all of them are 
quite expensive and very demanding. This can be a problem 
when you need to show modelling results at different places 
(at conferences, at factories or at a design agency) where 
there is no such software installed.  

FEM packages have a special facility, called the 
postprocessor, for visualizing the results of simulations. A 
few of them have a rich set of capabilities to make complex 
calculations with the result data. Nevertheless in some cases 
it is more useful to develop special software to process the 
results of computer simulation with special 3D-packages 
like 3D Max or with 3D-engine-like Unity. They are 
software with a simplified interface or with ability to process 
existing data (for example, without requiring a license for 
the modeling system), to employ additional functions etc.  

 Using a third party software to postprocess is appropriate 
to join or to combine results of different simulations in one 
viewport in order to compare them and identify differences 
and similarities. In the second part of this paper we will 
introduce special software, which uses the 3D-engine Unity 
[11] to visualize results of the numerical modeling of linear 
friction welding [1, 12] in ANSYS Mechanical [13]. 

 
 

2. Visualization of the joint formation process 
 

The general form of the Amontons-Coulomb law for friction 
force is well established [14,15]: 
 

,ANFfr += µ        (1) 

 
where µ – is the coefficient of friction, N – it the normal load 
(or reaction force) and A – is a constant which characterizes 
adhesion. At low temperatures and small loads, adhesion is 
very weak and usually we can see a shorter version of the 
friction law – without the adhesion constant. But during 
LFW there are high temperatures and stresses (above 
1000°C and more than 300 MPa for Ti-alloys) at the welding 
interface, and the complete form of the friction law is 
required. With regards to the FEM model it requires as table 
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of values of the friction coefficient µ at various 
temperatures.   
 But to model the adhesion using FEM we need to 
develop algorithms of dynamic reconstruction of the mesh 
with joining and breaking different parts of two meshes of 
the two oscillating parts. This is very difficult and requires 
low level programming of the FEA software.  
 We therefore have introduced an algorithm, which uses 
mathematical conditions to describe dry contact friction as 
well as internal friction. Dry contact friction take place for 
the following condition [15-16]: 
 

0cut >
∂

∂
n

σ
, 

 
where cutσ  is the cutting (shear) stresses in the contact area, 
n is a normal to the contact surface. In other words, when a 
cutting force on the contact surface exceeds stresses in the 
bulk of the sample, then there is dry friction. In the opposite 
case of extensive material destruction the friction force 
increases. It is time when adhesion phenomena are found to 
occur. Then the condition to develop adhesion is [16]:  
 

0cut <
∂

∂
n

σ
       (2) 

 
In order to investigate where a joint begins to form and how 
it develops with time, then results of the FE analysis in 
ANSYS software, and in particular the stress component in 
the moving direction, are brought in. The finite difference 
method is used to calculate the gradient in each node on the 
contact surface subject to condition (2). 
 A FEM model of the preliminary and transitional stages 
of LFW with ANSYS Mechanical was built. Results of the 
 

 
(a) 

 
(b) 

Fig.1. Visualization of LFW process of two sample of Ti-6Al-4V. The 
state after 0.225 s. from the beginning of the process is shown: (a) 
temperature distribution; (b) distribution of stress in the direction of the 
sample movement. 

simulations were saved as plain text and visualized with a 
3D software developed in our group. Figure 1 shows the 
temperature and stress distributions in the centre area of a 
3D sample. There is an asymmetric aspect of the variable 
distributions.  
 Then using this software the gradient of the in-plane 
stresses was calculated and results are shown in Figure 2. 
Areas in which condition (2) applies are shown with red. At 
the bottom of figure 2 the actual contact area of a sample is 
shown [7]. This photo was obtained when the experiment 
was stopped to study the incomplete joining. The welding 
process was stopped after 14 oscillations (~0.28 s.) and 
tested with a three-point bend test. It can be seen that the 
actual adhesion develops at the central part of the sample, 
away from its edges. There is very good agreement of the 
numerical and experimental results.  
 Schroder and others suggested that this is probably 
because of the higher temperatures developing there at the 
early stages of the process [7]. The same results were 
reached in our previous papers using mathematic modelling 
for a 2D case [17, 18]. As we can see from Fig.1 this 
hypothesis is fully confirmed.  
 It is therefore fair to say that the developed FEM model 
of LFW and the proposed method to determine areas of 
initial adhesion are adequate to represent actual phenomena.  
 
 
3. Visualization of the FEM simulation results for LFW 
process models 
 
In order to visualize the results of the simulations in 3D, we 
have developed an algorithm to post process datafiles from 
the FEA package, and have built an application with the 
engine Unity v.4.x. 
 Unity is software for creating 3D program components 
of interactive entertainment or multimedia experience [4]. It 
provides a display of 3D scenes and 3D objects in real-time. 
More over, this 3D-engine has an interface to projection 
 

 

 
Fig.2. Visualization of adhesion areas and comparison with experiments 
[7]. 
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equipment of virtual reality class CAVE (Computer-Aided 
Virtual Environment). This virtual reality room is part of the 
laboratory GAMMETT (http://gammett.ugatu.su/) of Ufa 
State Aviation Technical University and it is actively used 
by researchers to visualize results of their models. 
 As an example of the visualization of complex models 
we chose the model with discrete steps of layer elimination 
in ASNYS Mechanical. The welded samples have a 
rectangular shape with dimensions 26 mm × 13 mm × 5 mm. 
The height of the actual samples is about 35 mm, but in the 
model a part of the real samples is studied which 
corresponds to the heat affected zone and the high stress 
zone only, of about 5 mm in height from the contact area. 
 In order to avoid the numerical difficulties introduced by 
the large plastic deformations a simplified FE model of the 
thermo-elastic deformation of two samples during LFW with 
an elimination of material layers into the flash in the contact 
area based on a specified criterion was been developed 
[4,12]. The stepwise elimination of a material layer is 
performed by transferring the temperature field to the chosen 
thickness, without actual removing the finite elements and 
altering the stress field. Hence, a set of calculations were 
performed in ANSYS with control from an APDL script 
[13]. 
 Due to this discrete step simulation computation 
becomes stable and allows for some improvements of the 
model during simulation like mesh or geometry adaptivity. 
Interpolation tools let us eliminate a material layer of any 
thickness and to store the reduced amount of data in areas 
with small gradients. But this approach make it impossible 
to represent modeling results using the ANSYS post 
processing facilities. Then new software provides this 
alternative to show results of the analysis. 
 Visualization is represented as a cuboid with a polygon 
mesh with color nodes for temperature, velocity, stress etc 
from the results’ database.  
 Using datafiles with temperature and velocity fields of 
samples and information about the eliminated layer on every 
step (see previous paper in this special issue), the visual 
model of LFW with the history of temperature in the 
samples and that of shortening was developed. Input files to 
form the visual model are the results tables in text format in 
defined points of geometry, which were calculated with 
ANSYS during modeling.  
 So the visual model can be constructed before the 
calculation stage and then can be completed using the results 
data. This visual model is not dependent on the type of FE 
solver but only on model parameters, and can be used with 
any FE software. 
 The process of flash formation was represented 
following the principle of the conservation of volume. Its 
length along each side was calculated while taking into 
account the volume of the eliminated layers.  
In order to correctly simulate flash formation, the developed 
visual model employs coefficients which define the form of 
flash and its rate of grow along the direction of movement 
and perpendicularly to it.  
The visual model (see a figure 3) was built for LFW of 
titanium alloys. In this case the rectangular form of flash 
was used, which is a first order approximation.  
  
 

 
(a) 

 
(b) 

Fig. 3. Visual model of LFW: a) with flash, b) without flash, half of 
upper sample, three quarters of lower one being visible 
 
 
 This model allows to investigate results inside the part as 
well as other visualization tools for the analysis of fields. 
Information about field values from simulation is shown 
with colors with the classic rainbow legend. The non-
uniform scale is used because of the very steep gradients 
present in the contact zone of the LFW process. 
 
 
4. Conclusions 
 
The following are the results of this work: 
 

1. Using adhesion theory a new simple method to 
evaluate areas of initial joint formation is 
introduced. Results of simulation with this method 
shows good agreement with experiments. 

2. For detailed study of the computer simulation 
results, the visualization model was formed using 
the Unity 3D-engine. Using this model it was 
possible to review the simulation results not only 
on plots but with 3D animated images. 

3. The visualization software was used to present 
results of the LFW simulation using a stepwise 
elimination of material layers.  
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