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ABSTRACT
Mathematical modelling of thermal processes in welding is one of the effective methods for predicting the quality of a welded 
joint depending on technological parameters. However, to develop an adequate mathematical model, it is necessary to take into 
account a number of factors that can significantly affect the accuracy of the results of the computational analysis. Using the 
example of the problem of mathematical modelling of temperature distributions in friction stir welding (FSW) of a butt joint 
of plates of magnesium MA2-1 (AZ31) alloy of different thicknesses (2 and 8 mm), a computational study of the distribution 
of maximum temperatures and thermal cycles at points at different distances from the welded joint axis was carried out. It was 
found that the results of mathematical modelling of heat conductivity processes during welding heating in FSW are influenced 
by several aspects. One of the significant among them is heat dissipation into the working tool and fixing tools. Also, to ensure 
the accuracy of calculation of temperature distributions during FSW, it is important to choose the optimal sizes of the butt joint 
model in order to avoid the effect of heat accumulation in a model of a limited size, and to take into account the dependence 
of the friction coefficient on the temperature of the material, since its value determines the power of heat generation in FSW. 
Based on the results obtained, recommendations are formulated for conducting mathematical modelling of thermal processes 
in FSW of light alloys.

KEYWORDS: friction stir welding, temperature distributions, thermal cycles, heat dissipation, work tool, backing plate, 
mathematical modelling, finite element analysis

INTRODUCTION
Today, mathematical modelling of various physical 
processes is becoming a powerful tool in the devel-
opment of new technologies for the manufacture and 
treatment of materials, including welding and related 
technologies. The procedure for mathematical mod-
elling of temperature distributions, mechanical prop-
erties, and the stress-strain state of welded joints is 
regulated by the acting ISO standard [1], which for-
mulates in sufficient detail the requirements for the 
preparation of input data, model development, model 
verification and validation, calculations, analysis, and 
presentation of modelling results. Although the acting 
standard concerns computer modelling of arc welding 
processes, the requirements formulated there can be 
effectively used for other welding processes, such as 
friction stir welding (FSW).

The adequacy of the mathematical finite element 
model and the accuracy of the results obtained from 
the analysis of thermal processes (temperature dis-
tributions) during FSW of magnesium alloy plates 
depend not only on the heating source model and 
the choice of finite element mesh size, but also on 
a number of other factors, such as: taking into ac-
count heat dissipation into the working tool and fix-
ing tools (clamps, backing plate), the overall sizes 
of a welded joint specimen model, variations in the 

thermophysical properties of the base material, etc. 
It is clear that these factors can significantly affect 
the reliability of the results obtained from the finite 
element analysis, but determining the extent of their 
impact on the accuracy of the results of tempera-
ture distributions and thermal cycles during FSW is 
usually beyond the scope of the results presented in 
the articles or is not carried out at all. Taking into 
account heat dissipation into the working tool and 
fixing tools in the finite element model of a welded 
joint during FSW is found in a limited number of 
works [2‒4]. Researchers mostly use a simplified 
heating source model without modelling the work-
ing tool or do not take into account heat dissipation 
into the fixing elements [3‒6].

WITH THE AIM
of studying the impact of the above factors on the na-
ture and magnitude of the distribution of maximum 
temperatures during FSW of light alloys, as well as on 
the parameters of thermal cycles in points at different 
distances from the welded joint axis, a computational 
study was carried out using the example of a mathe-
matical modelling problem for temperature distribu-
tions during FSW of a butt joint of MA2-1 (AZ31) 
magnesium alloy plates of different thicknesses 
(2  and 8 mm) using FSW. Based on the results ob-
tained, recommendations were formulated for math-



11

Mathematical modelling of thermal processes in friction stir welding                                                                                                                                                                                                    

                                                                                                                                                                               

ematical modelling of thermal processes during FSW 
of light alloys.

MATHEMATICAL MODEL OF 
TEMPERATURE PROCESSES DURING FSW
For mathematical modelling of residual stresses 
during FSW of aluminium alloy, a previously devel-
oped model [7] was used, which was supplemented 
by taking into account heat dissipation into the work-
ing tool and backing plate.

Heat conductivity equation in the presence of bulk 
heat dissipation with a power of W(x, y, z, t), W/m3:

	
( , , , ),
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where T is the temperature, °C; c is the specific heat 
capacity, J/kg∙°C; ρ is the material density, kg/m3; λ is 
the thermal conductivity coefficient, W/(m∙°C).

A distinctive feature of the developed FSW heat-
ing source model is heat generation due to friction be-
tween the tool and the joint material. The tool rotates 
around a vertical axis at a certain angular velocity ω, 
rpm/s, and is pressed against the plates with an axial 
force Pn, Pa, which causes a heat flow into the joint 
material at the contact surface of the tool (Figure 1):

	
n

T P r
n

∂
λ = µ ⋅ ⋅ω⋅
∂
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where µ is the coefficient of friction; 
2 2

0 0( ) ( )wr x x v t y y= − − + −   is the distance of the 
considered contact point from the axis of rotation of 
the working tool (х0+ vwt, у0); vw is the linear velocity 
of the tool.

Then, the heat dissipation power Q, W, on the corre-
sponding contact surfaces with an area S (Figure 1) is:
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δ is the thickness of the plates being welded, m; h is 
the length of the pin entering the material, m.

In order to simplify the model, the bulk heat dis-
sipation power W(x, y, z, t), W/m3, can be modelled 
from two components. The first one is related to heat 
dissipation in volume V1 on the upper surface of the 
joint plates under the tool arm (δ – dz < z < δ, R1 < 
< r < R2); dz is the size of the finite element, and the 
second one is in the volume of the pin V2 (δ – h  < 
< z < δ, 0 > r > R1):
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The boundary conditions on the contact surfaces 
between the elements of the joint and the working 
tool, as well as with the backing plate due to contact 
heat dissipation, were set in the form (Figure 2):

	

( , , , ) ( ), ( 1,2)   i i i
T x y z tq k T T i

n
∂

= λ = − − =
∂

	 (5)

where qi is the heat flow at the contact surface of the 
tool and the welded joint (i = 1) and on the contact 
surface of the welded joint and backing plate (i = 2); 
Ti is the surface temperature of the tool or backing 
plate, respectively; ki is the contact heat dissipation 
coefficient, W/(m2∙°C).

The boundary conditions on the surfaces of the el-
ements of the joint and the working tool, taking into 
account the convective heat exchange with the envi-
ronment, were defined as follows:

Figure 1. Schematic diagram of the working tool in FSW
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where qi is the heat flow on the surface of the welded 
joint elements (i = 3) and on the surface of the tool 
(i = 4); T0 is the ambient temperature; hi is the heat 
dissipation coefficient from the surface during con-
vective heat exchange with the environment (usu-
ally, under conditions of natural convection in air 
T0 = 20 °C, h = 10–20 W/(m2·°C)).

To perform mathematical modelling of heat dissi-
pation processes during welding heating, data on the 
thermophysical properties of the base material of the 
joint depending on temperature are required (Table 1).

The melting temperature range [8, 9] is 
Tsol = 605 °C, Tliq = 630 °C, the specific heat of melt-
ing Qliq = 357 kJ/kg. The friction coefficient for mag-
nesium alloys is taken at a level µ = 0.3‒0.4 [3, 6, 9].

The material of the plate (size is 300×300 mm) 
is MA2-1 (AZ31) magnesium alloy. The material 
of the FSW working tool (diameter of the arm in 
contact with the plate is 10 mm; diameter in the 
other part of the tool is 20 mm; total height of the 
tool is 50 mm) is stainless steel. The material of the 

backing plate (10 mm thick and 150 mm wide) is 
stainless steel.

Based on the results of experimental studies 
[10], the technological parameters of the FSW pro-
cess were set to ensure high-quality formation of 
a welded joint of plates with a thickness δ = 2 and 
8 mm. The angular velocity of the working tool was 
ω  = 1420 rpm, and the linear velocity of the tool 
was vw = 133 mm/min.

Based on the experimental thermogram of the 
welding process recorded by a thermal imager, it was 
determined that the temperature on the outer surfaces 
of the welded joint plates and the tool during FSW did 
not exceed 355 °C. According to the results of math-
ematical modelling, the temperature in the contact 
zone between the tool and the plate material will be 
higher (approximately at a level of 450‒600 °C).

For a plate with a thickness of 2 mm, the vertical 
pressure on the tool is Pn = 28 MPa. If the friction co-
efficient is taken as µ = 0.4, then the total power of the 
heating source according to (4) is W = 1.8∙106 W/m3. 
For a plate with a thickness of 8 mm, the vertical pres-
sure on the tool was set higher, namely Pn = 55 MPa. 
The total power of the heating source is W = 3.5∙106 W/m3 
to ensure a maximum heating temperature of the ma-
terial not lower than 450 °C.

To account for heat dissipation in the welded joint 
model, it was necessary not only to create addition-
al models of the working tool and backing plate, but 
also to set boundary conditions for heat dissipation 
and heat exchange with the environment.

The heat dissipation coefficient between the tool 
and the plate was taken as k1 = 5000 W/(m2∙°C). The 
heat dissipation coefficient between the plate and the 
backing plate was assumed to be k2 = 1000 W/(m2∙°C). 
The convective heat dissipation coefficient from the 
surface of the tool rotating at high velocity was tak-
en as h1 = 50 W/(m2∙°C), and the convective heat 
dissipation coefficient from the surface of the plate 
was taken as h2 = 20 W/(m2∙°C).

The total calculation time for the FSW process is 
37 s, of which the first 13 s the working tool rotates to 
heat the plate material to 450 °C.

The procedure for selecting the size of the fi-
nite element mesh for the model for determining 
the temperature distribution during FSW for plates 
with a thickness of 2 and 8 mm was carried out, 
provided that when the size of the finite element is 
reduced twice, the relative maximum error of the 
results should not exceed 5 %. From the data pre-
sented in Figure 4, it can be concluded that a finite 
element mesh size of 1 mm is optimal in terms of 
ensuring the necessary accuracy of results and effi-
cient use of computer resources.

Figure 2. Schematic diagram of heat flows in FSW

Table 1. Thermophysical properties of MA2-1 (AZ31) alloy [8]

T, °C α·106, 1/°C λ, W/(m·°C) cp, J/(kg·°C) ρ, kg/м3

20 24.92 102 1008 1785
100 25.56 107 1042 1775
200 26.48 112 1076 1761
300 27.40 118 1109 1746
400 28.32 123 1143 1730
500 29.25 125 1193 1714
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IMPACT OF HEAT DISSIPATION 
INTO THE WORKING TOOL 
AND FIXING TOOLS (BACKING PLATE)
Using a developed finite element model (Fig-
ures 3, 4), which contains a magnesium alloy plate, 
a working tool, and a stainless steel backing plate, a 
numerical study of the heat conductivity problem was 
performed during the movement of the working tool 
(heat source) in FSW, taking into account the heat 
dissipation process into the working tool and back-
ing plate. The nature and values of the distribution 
of maximum temperatures during FSW of the plates 
were determined, as well as the parameters of thermal 
cycles in points at different distances from the welded 
joint axis (Figure 5).

Figure 6 shows the temperature distribution during 
FSW of 2 mm thick plates with and without account 
for heat dissipation into the tool and backing plate. 
It is seen that when heat dissipation is taken into ac-
count, the lower part of the working tool heats up quite 
strongly (to approximately 300 °C), and the backing 
plate also heats up, but noticeably less (to approxi-
mately 100 °C).

The calculation results based on thermal cycles 
during FSW in points at some distance from the weld 
axis y = 0; 15 and 30 mm for different variants of ac-

Figure 3. Finite element model of FSW, which includes a work-
ing tool, a magnesium alloy plate, and a backing plate

Figure 4. Dependence of the maximum values of temperature dis-
tribution in FSW on the size of the finite element mesh for plates 
with a thickness δ = 2 and 8 mm

Figure 5. Layout of points on the FSW joint specimen at which 
thermal cycles were determined

Figure 6. Temperature distribution during FSW of plates with a 
thickness δ = 2 mm made of MA2-1 magnesium alloy: a — with 
heat dissipation into the tool and backing plate; b — without heat 
dissipation into the tool; c — without heat dissipation into the 
backing plate
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count for heat dissipation showed that this factor is 
very important and its neglecting can lead to signifi-
cant errors in the results of temperature kinetics at all 
stages — heating and cooling.

In the finite element analysis of the heat conduc-
tivity problem in FSW of magnesium alloy plates, ne-
glecting of heat dissipation into the working tool and 
backing plate leads to significant errors (24 and 47 %, 
respectively) in terms of maximum temperatures for 
thin plates of 2 mm thick (Table 2, Figure 7, a).

In the case of welding thick plates of 8 mm thick, 
neglecting of heat dissipation into the working tool 
and backing plate is not so critical and is associated 
with errors that are 2‒3 times smaller (12 and 15 %, 
respectively) in terms of maximum temperatures (Ta-

ble 2, Figure 7, b). A calculation error of 10‒15 % is 
acceptable, considering the possible discrepancies in 
the input data for the calculation.

IMPACT OF THE SIZES OF THE WELDED 
JOINT SPECIMEN MODEL
Another very important aspect of the numerical deter-
mination of the kinetics of temperature distributions 
during welding is the overall sizes (width and length) 
of a welded joint model, since mathematical model-
ling requires determining the optimal model sizes to 
reduce calculation time while maintaining sufficient 
accuracy of the results.

To determine the impact of variations in the sizes 
of a welded joint model, a comparison was made for 

Table 2. Maximum calculated temperatures during FSW of MA2-1 magnesium alloy plates depending on heat dissipation into the 
working tool and backing plate

Plate thickness, 
mm

Heat dissipation 
into the tool and 

backing plate

Without heat dissipation 
into the tool

Without heat dissipation 
into the backing plate

Without heat dissipation 
into the tool and backing plate

Tmax, °С Tmax, °С Relative devia-
tion (error), % Tmax, °С Relative devia-

tion (error), % Tmax, °С Relative devia-
tion (error), %

2 451 559 24 663 47 890 97
8 446 498 12 512 15 540 21

Figure 7. Effect of heat dissipation on thermal cycles during FSW in points at some distance from the weld axis y = 0; 15 and 30 mm 
(plate size 300×300 mm): a — thickness 2; b — 8 mm

Figure 8. Thermal cycles during FSW in points at some distance from the weld axis y = 0; 15 and 30 mm for plates of different sizes: 
100×100, 200×200, 300×300 mm: a — thickness 2; b — 8 mm
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the results of mathematical modelling of heat conduc-
tivity processes during welding heating in FSW for 
three variants of model sizes: 100×100, 200×200, and 
300×300 mm. The size of the finite element mesh for 
all variants was maintained in accordance with the 
previously selected parameters.

The calculation results based on thermal cycles 
during FSW in points at some distance from the weld 
axis y = 0; 15 and 30 mm for plates of different sizes 
shown in Figure 8 indicated that at a butt joint model size 
of 100×100 mm, heat accumulation and, accordingly, 
excessive heating of the entire model occur, which leads 
to a significant error in the results of the thermal cycle at 
all its stages — heating and cooling, especially for points 
located at some distance from the weld axis. This effect 
is also enhanced for thicker plates (8 mm). The results 
obtained for model sizes 200×200 and 300×300 mm are 
very close — the error is at a level of 1–2 %. Thus, for 
the considered case of FSW parameters, it is possible to 
use a model with sizes of 200×200 mm. However, in 
the case of welding with higher values of heating power 
in FSW, as well as for arc welding, the model size of 
300×300 mm is more optimal in terms of ensuring the 
accuracy of the temperature field results.

IMPACT OF VARIATION OF VALUES 
IN THE THERMOPHYSICAL PROPERTIES 
OF THE MATERIAL
As shown by the analysis of literature data, there is a 
noticeable difference in the values of these properties 

(Table 3, Figure 9) with regard to data on the ther-
mophysical properties depending on the temperature 
of the base material of the welded joint of AZ31 
(MA2-1) magnesium alloy [5, 8, 11].

To determine the effect of variations in the values 
of the thermophysical properties of the material, a 
comparison was made for the results of mathematical 
modelling of heat dissipation (thermal conductivity) 
processes during welding heating in FSW for three 
variants of these properties. Two variants of proper-
ties were taken from literature sources specifically for 
the AZ31 (MA2-1) alloy, and the third variant corre-
sponds to pure Mg, since this chemical element con-
stitutes approximately 95 % of the alloy under con-
sideration.

Figure 10 shows the results of calculating thermal 
cycles during FSW in points at some distance from 
the weld axis y = 0; 15 and 30 mm for a 300×300 mm 
plate and based on different thermophysical proper-
ties. It is seen that if the values of the properties differ 
within 5 %, as for the data [5, 8], then the error of the 
thermal cycle results does not exceed a few percent. 
In the case of a significant (from 20 to 50 %) devi-
ation in the thermal conductivity coefficient of pure 
Mg [11], the results for the maximum temperatures 
of thermal cycles already have an error of more than 
20 %. I.e., the variation in the values of the thermo-
physical properties of the material can lead to an error 
in the results of mathematical modelling of heat con-
ductivity processes during welding heating in FSW, 

Table 3. Thermophysical properties of MA2-1 (AZ31) alloy [5, 8, 11]

T, 
°C

λ, 
W/(m·°C) [5]

cp, 
J/(kg·С°) [5]

λ, 
W/(m·°C) [11]

cp, 
J/(kg·°C) [11]

λ, 
W/(m·°C) [8]

cp, 
J/(kg·°C) [8]

ρ, 
kg/m3 [8]

20 96,4 1050 156 1025 102 1008 1785
100 101 1130 153 1072 107 1042 1775
200 105 1170 151 1118 112 1076 1761
300 109 1210 149 1164 118 1109 1746
400 113 1300 147 1209 123 1143 1730
500 120 1360 146 1255 125 1193 1714

Figure 9. Dependence of the specific heat capacity and thermal conductivity of AZ31 magnesium alloy on temperature according to 
various data [5, 8, 11]
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but this error corresponds to the deviation in the val-
ues of the properties themselves.

The influence of the dependence of friction coeffi-
cient on temperature on the results of modelling tem-
perature distributions during FSW of magnesium al-
loy plates was also investigated. Figure 11 shows the 
thermal cycles during FSW of plates of 300×300 mm 
and with a thickness δ = 2 and 8 mm in points at some 
distance from the weld axis y = 0; 15 and 30 mm ac-
cording to different data on the dependence of the 
friction coefficient on temperature, namely at a con-
stant value µ = 0.4 and at a dependence of µ = f(T) 
(Table 4) [12]. According to the thermal cycles pre-
sented in Figure 11, at a constant value of the friction 

coefficient, higher values of maximum temperatures 
were obtained.

Conclusions
1. In finite element analysis of heat conductivity prob-
lem during FSW of thin 2 mm thick magnesium alloy 
plates, neglecting of heat dissipation into the working 
tool and fixing tools leads to significant errors in the 
maximum temperature values (above 40 %) and for 
thick plates with a thickness of 8 mm, this error is no 
longer so critical (up to 15 %).

2. With a limited size of a butt joint model of 
100×100 mm, heat accumulation and excessive heat-
ing of the entire model are observed, which leads to 
a significant error in the results of the thermal cycle 
at all its stages — heating and cooling, especially for 
points at some distance from the weld axis. This ef-
fect is also enhanced for thicker plates (8 mm). For 
the considered case of FSW parameters, it is possible 
to use a model with sizes of 200×200 mm to deter-
mine the temperature distributions, but in the case of 
welding with higher heating power values, a model 
size of 300×300 mm will be more optimal in terms of 
ensuring the accuracy of the temperature field results.

Figure 10. Thermal cycles during FSW in points at some distance from the weld axis y = 0; 15 and 30 mm and according to various 
data on thermophysical properties (300×300 mm plates): a — thickness of 2; b — 8 mm

Figure 11. Thermal cycles during FSW in points at some distance from the weld axis y = 0; 15 and 30 mm according to various data on 
the dependence of friction coefficient on temperature (300×300 mm plate): a — thickness of 2; b — 8 mm

Table 4. Dependence of friction coefficient on temperature [12]

T, °C μ

20 0.4
100 0.4
200 0.4
250 0.4
300 0.35
400 0.25
500 0.09
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3. Variations in the values of thermophysical prop-
erties of the material can lead to errors in the results of 
mathematical modelling of heat conductivity process-
es during welding heating in FSW, but this error, as a 
rule, does not exceed the deviation of the properties 
themselves. The dependence of the friction coefficient 
on the material temperature is important for ensuring 
the accuracy of calculating temperature distributions 
during FSW, since its value determines heat genera-
tion power during FSW.
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