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FEM Simulation of Check Valve Ball FSW Process

Abstract: The article presents results of the FEM simulation involving friction 
stir welding (FSW) of check valve ball elements. The tests involved the obtain-
ment of temperature fields, information about stresses and displacements during 
the process and about residual stresses and strains following the cooling of ele-
ments welded. The knowledge obtained concerning process thermal conditions 
and that concerning the field of stresses and strains was used to design clamps 
of a station intended for welding check valve ball elements.
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Introduction
Aluminium alloys are widely used as the basic 
low density structural materials in the aviation, 
automotive, transport, military, ship-building 
and other industries. Such a situation is the re-
sult of, among other things, increasingly strict 
requirements concerning a strength – mass ra-
tio and high corrosion resistance. For the ap-
plications enumerated above, aluminium alloys 
are regarded as the best choice, particularly in 
high-volume production.

This, in turn, triggers demand for high-qual-
ity joints. Presently, the most popular and effi-
cient method for joining metals is welding. Due 
to their high thermal and electric conductivi-
ty, aluminium alloys pose many problems both 
in conventional fusion welding and in pressure 
welding. Welding process metallurgy makes 
some high-strength aluminium alloys simply 
unweldable due to hot crack formation risk and 
disadvantageous changes in the HAZ. A solu-
tion to those inconveniences is the FSW (Fric-
tion Stir Welding) method developed at The 

Welding Institute in Cambridge in 1990, recog-
nised as one of the greatest material joining-re-
lated achievements in the last two decades [1, 2]. 

The FSW method consists in friction welding 
combined with weld material stirring leading 
to the solid-state joint of materials. The meth-
od was developed for joining high-strength 
and advanced aluminium alloys. Presently, 
FSW is mainly used for joining long elements 
made of aluminium alloys as well as for mak-
ing high-quality joints of copper, lead, magnesi-
um, titanium, zinc, mild steel, selected stainless 
steels and nickel alloys. The method also ena-
bles making dissimilar welds joining various 
aluminium alloys, aluminium-copper, alumin-
ium-steel and aluminium-magnesium [1–3].

Instytut Spawalnictwa in Gliwice collaborat-
ing with the CEMAD foundry and ZBUS Sp. z o.o. 
(Ltd) developed and industrially implemented a 
modern technology for making complex bime-
tallic elements utilising the FSW method. With-
in  the tests conducted it was possible to know 
the principles of selecting welding conditions, 
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process thermal conditions as well as the field 
of stresses and strains.

The fields of temperature, stresses and dis-
placement of objects having complicated shapes 
and complex properties can be determined us-
ing the Finite Element Method (FEM) [4]. In or-
der to know thermal conditions and fields of 
stresses and strains during friction stir weld-
ing of a selected element it was necessary to 
create an FEM numerical model of this process 
and carry out a related simulation afterwards. 
The FEM results enabled the development of a 
proper tooling design as well as made it pos-
sible to properly design welding stations built 
on the basis of milling machines.

FSW Process Principle
The principle of the FSW process is presented in 
Figure 1. The preparatory stage involves press-
ing the edges of elements to be joined (against 
each other) and fixing them rigidly in the tool-
ing. A welding device is located at the begin-
ning of a welding path. The welding process 
starts with the rotating tool penetration in the 

interface of the edges of elements being joined 
and moving the tool along the joining line. The 
rotation of the tool penetrating the material 
causes friction and material plastic deforma-
tion thus generating heat necessary for heat-
ing and softening the material enabling its flow 
around the tool probe (Fig. 2) and mechanical 
stirring [3]. Along with an increasing tempera-
ture the coefficient of friction between the tool 
and elements being joined decreases (Fig. 3) [6] 
and so does the amount of heat generated. The 
combination of these three quantities makes a 
temperature growth dependent on the value of 
temperature at a given moment. The process 
finishes with removing (lifting) the tool where 
the welding process has finished.

FEM Used for Designing FSW Joints
There are many reference publications describ-
ing FEM-based modelling of FSW joints. The 
work [8] presents a model of the FSW process 
(Fig. 4) used by the authors to examine the ef-
fect of tool probe geometry and increased weld-
ing rate on the flow of material and grain size 

Fig. 1. Scheme of tool movement during FSW 
(vn – rotation rate, vz – tool linear velocity) [5] 

Fig. 2. FSW simulation results – the field of temperature 
and material flow directions [7]

Fig. 3. Dependence of the friction coefficient in the 6061-
T6 aluminium alloy temperature [6]

Fig. 4. FSW process FEM model – start of simulation [8]
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in welded joints. The model proposed under-
went calibration using results obtained dur-
ing real FSW process measurements. Particular 
attention was given to the coefficient of fric-
tion between the tool and the material being 
welded in order to precisely represent welding 
process-accompanying forces and the field of 
temperature. The value of temperature in the 
function of time proved consistent at a select-
ed point (Fig. 5).

The primary objective of the work whose re-
sults are presented in the article [9] was to de-
velop an accurate model of friction during FSW 
of 6061 grade aluminium alloy. The model was 
developed using Forge3 F.E. software and in-
volved both the element welded (plate) and the 
tool. Due to time-consuming calculations, the 
dimensions of the plate modelled were small-
er than those of the plate used in the real FSW 
process. The tests involved two friction models 
verified experimentally. The Norton-Hoff mod-
el enabled determining that the values of weld-
ing-accompanying forces were consistent with 
those characterising the real process, yet the con-
sistence of the numerically determined temper-
ature field in the tool area was not ascertained. 
The numerical simulation revealed that the high-
est temperature was near the shoulder, whereas 
the measurements made using thermocouples 
revealed that the highest temperature during 
FSW was on the probe surface. Using the Cou-
lomb friction model it was determined that the 
highest tool temperature was on the probe sur-
face (Fig. 6) and that the temperature value was 

consistent with that obtained during experimen-
tation. However, the temperature measured in 
the other tool areas was higher than that meas-
ured during the friction stir welding process.

The article [10] presents the simulation re-
sults concerning the friction stir welding of 
AA 7050-T7451 grade aluminium alloy. The field 
of temperature on elements joined and that on 
the tool (Fig. 7) indicate that the highest tem-
perature was present on the shoulder surface. 
However, it was not possible to obtain the full 
conformity of FEM results with those obtained 
experimentally. The temperature values calcu-
lated were higher than the temperature values 
measured during the material welding process.

The reference publications analysis present-
ed provides the results of tests conducted on 
flat elements. The numerical models were pre-
pared for simulating processes in specified 
welding conditions. The model presented in 
this article was prepared for a specific task, i.e. 
the simulation of the FSW process conducted 
on a check valve ball. The simulation results 

Fig. 5. Value of temperature in the function of time 
at a point 8 mm away from the joint axis, 

rotation rate 1040 rev./min, welding rate 100 mm/min [8] 

Fig. 6. Temperature field according to FSW process 
simulation [9]

Fig. 7. Temperature field of a) tool, b) elements joined [10]
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(fields of stresses and strains) were used to de-
sign welding station clamps.

Numerical Model 
This article presents a model and simulation re-
sults related to the friction stir welding of two 
check valve ball halves made of aluminium al-
loy; the ball half diameter was 110 mm and the 
wall thickness amounted to 9 mm. A welding 
tool used in the simulation was that consisting 
of a conical probe 5 mm in length and 3.5-5 mm 
in diameter as well as of a shoulder having a di-
ameter of 16 mm (Fig. 8). The calculations per-
formed enabled the determination of the field 
of temperature as well as that of stresses and 
strains during the FSW process. In addition, the 
tests resulted in determining the values of resid-
ual stresses and strains after welding and cool-
ing to the ambient temperature. The numerical 
model and simulation were developed using 
ANSYS Mechanical APDL 14.5 software.

In the real process the ball halves were 
pressed against each other using special clamps 
(Fig. 9). The welding process consisted in the 
rotation of elements to be welded; the tool ro-
tated only around its own axis. 

The first stage involved the development of a 
geometrical model representing the real ball ge-
ometry. Afterwards, the model underwent dis-
cretisation, i.e. its area was divided into finite 
elements (Fig. 10). The size of finite elements 
significantly affects the correctness of calcula-
tions. The smaller the elements used, the more 
accurate the geometry representation. This is of 
particular importance in cases of spheres (the 
shape of the element welded) and circles (the 
shape of the heat source). The length of finite 
elements was limited to 6 mm, whereas along 
the welding path the mesh was concentrated 
with a length limited to 2 mm. The analysis in-
volved the use of SOLID226 three-dimension-
al thermo-mechanical solid elements (Fig. 11). 

Fig. 8. Shape and dimension of the tool used in 
the real FSW process Fig. 10. Finite element mesh

Fig. 9. Station for FSW of check valve ball elements 
Fig. 11. SOLID226 three-dimensional 

thermo-mechanical solid element 

http://bulletin.is.gliwice.pl/
http://creativecommons.org/licenses/by-nc/3.0/


BIULETYN INSTYTUTU SPAWALNICTWANo. 6/2014 27

Such elements are used in thermo-structural 
analyses in the elastic-plastic range.

Table 1 presents the welding process parame-
ters used in the analysis. The value of the force 
in the direction of welding were determined 
experimentally during a real process involving 
the use of a Lowstir head intended for measur-
ing friction moments, pressure force and force 
in the direction of FSW.

The increase in temperature, responsible for 
material softening, results, among other things, 
from the forces of friction between the tool and 
elements being welded. The amount of momen-
tarily generated heat is affected by the rate of 
rotation and the turning moment. In the sim-
ulation, the heat generated due to the friction 
of the tool and elements being welded was rep-
resented as the heat flux applied to the exter-
nal ball surface at the point of contact with the 
tool. The model was simplified by omitting the 
heat emitted due to the plastic strain (material 
flow). It was assumed that the power transmit-
ted by the tool is entirely transformed into the 
thermal power determined from the following 
dependence (1):

P=2 π f M (1)

where
 – P - power,
 – f – rate of rotation,
 – M- turning moment.

The value of heat flux calculated amounted to 
2229.4 W. The process of welding along the 
path was simulated as the heat source hav-
ing the geometry of a circle moving at a rate 
of 280 mm/min. The heat source diameter on 

the surface amounted to 16 mm, which corre-
sponded to the shoulder diameter of the real 
tool. The simulation took into consideration 
the effect of the force in the direction of weld-
ing exerted by the tool on the elements being 
welded. The path was determined along the 
welding line.

The simulation involved the use of material 
data for 6061-T6 grade aluminium alloy in the 
function of temperature such as heat conduc-
tivity, heat capacity, density, the Young module, 
yield point and thermal expansion (Table 2). 
Such an approach enabled the obtainment of 
more accurate results than those obtained dur-
ing analyses taking into consideration constant 
values of material data. The simulation involved 
welding at the ambient temperature taking into 
consideration the reactions of the clamps on 
the ball elements (Fig. 12) (reactions present 

Fig. 12. Reactions of clams on elements being welded 
(marked red)

Table 1. Simulated welding process parameters

Welding rate 280 mm/min
Rate of rotation 710 rev./min

Turning moment 30 Nm
Fz (force in the direction of welding) 0.72 kN

Table 2. Material data od 6061-T6 aluminium alloy [6]

Temperature °C 37,8 93,3 148,9 204,4 260,0 315,6 371,1 426,7
Heat conductivity W/m°C 162.0 177.0 184.0 192.0 201.0 207.0 217.0 223.0

Specific heat J/kg°C 945.0 978.0 1004.0 1028.0 1052.0 1078.0 1104.0 1133.0
Density kg/m3 2685.0 2685.0 2667.0 2657.0 2657.0 2630.0 2630.0 2602.0

Young module GPa 68.5 66.2 63.1 59.2 54.0 47.5 40.3 31.7
Yield point MPa 274.4 264.6 248.2 218.6 159.7 66.2 34.5 17.9

Thermal expansion 10-⁶/°C 23.5 24.6 25.7 26.6 27.6 28.5 29.6 30.7
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in the real process). The numerical model as-
sumed that there was not any ball element dis-
placement at the clamp effect point (nodes were 
void of displacement freedom degrees).

Simulation results 
The temperature of the ball elements welded 
during the simulated FSW process did not ex-
ceed 325°C (Fig. 13). The tool temperature dur-
ing the welding process amounted to 300-325°C. 
The course of temperature in the function of 
time at the point located on the welding pro-
cess path indicates a rapid growth of tempera-
ture under the tool (Fig. 14).

The greatest stresses during the FSW process 
conducted on the check valve ball elements 
were present at the clamp contact points and 
under the tool (Fig. 15). The value of residual 
stresses and strains were the highest along the 
welding path and at the welding process com-
pletion (i.e. tool removal) point (Figs. 16, 17).

Summary 
The FSW FEM numerical model developed en-
abled simulating and obtaining the field of 
temperature, stress and displacement. The 
FSW mathematical model presented contained 
certain simplifications. Nonetheless, it was 
possible to observe the convergence of the 
calculated temperature field with the exper-
imental temperature measurement results 
of the real friction stir welding of the check 
valve ball elements obtained using the thermo-
graphic camera. The correctness of calculated 
stress during the process and of the residual 
stresses as well as strains after element cooling 
to the ambient temperature were not verified. 

Knowledge of process thermal conditions, 
stress fields and strains was utilised while de-
veloping the designs of clamps for the station 
used for welding check valve ball elements.

Fig. 13. Temperature field after 110 seconds folowing the 
welding process start

Fig. 14. Temperature changes in the function of time 
at point A 

Fig. 15. Values of reduced stressed (ac-
cording to the Huber - Mises – Hencky 
hypothesis) 110 seconds folowing the 

welding process start 

Fig. 16. Residual stress according 
to the Huber - Mises – Hencky hy-

pothesis (5400 seconds following the 
welding process completion) 

Fig. 17. Strain (5400 seconds folowing 
the welding process completion) 
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Concluding remarks
1. In order to presents the tool effect in the FSW 
process it is possible to use a moving heat source 
having a circle geometry of a diameter equal to a 
shoulder diameter. The temperature values ob-
tained were consistent with those obtained us-
ing a thermographic camera.

2. A welding thermal cycle affects residual 
stresses and post-weld element strains.

3. The greatest stresses during the FSW pro-
cess are present in front of the tool and in the 
area of the reaction of clamps to elements be-
ing welded.

4. The values of residual stresses were the 
highest along the welding path and in the weld-
ing completion area – the site at which the tool 
was removed.

The article contains selected results of 
tests conducted within the confines of 

Project no. INNOTECH/28/150092/2012 
financed by the National Research 

and Development Centre
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