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The heat generated during friction stir welding process depends on plastic defor-
mation of the material and friction between the tool and the material. In this work, 
heat generation is analysed with respect to the material velocity around the tool in 
Al alloy Al2024-T351 plate. The slip rate of the tool relative to the workpiece ma-
terial is related to the frictional heat generated. The material velocity, on the other 
hand, is related to the heat generated by plastic deformation. During the welding 
process, the slippage is the most pronounced on the front part of the tool shoulder. 
Also, it is higher on the retreating side than on the advancing side. Slip rate in the 
zone around the tool pin has very low values, almost negligible. In this zone, the 
heat generation from friction is very low, because the material is in paste-like state 
and subjected to intensive plastic deformation. The material flow velocity around 
the pin is higher in the zone around the root of the pin. In the radial direction, this 
quantity increases from the pin to the periphery of the tool shoulder.
Key words: friction stir welding, numerical simulation, material velocity, slip 

rate, heat generation, equivalent plastic strain

Introduction

Friction-stir welding (FSW) is a modern welding process which can be used for 
joining different materials and their combinations: aluminum and its alloys, copper and its 
alloys, magnesium, zinc, titanium and its alloys, mild steel, etc. There are two main stages of 
FSW-plunging of the tool into the material (plunge stage) and welding stage (often called linear 
welding stage). During the plunge stage, the welding tool, fabricated from much stronger and 
harder material, penetrates into the plates positioned for welding. FSW process has been previ-
ously considered in the literature [1-15], from the point of view of manufacturing, modelling, 
as well as testing of the specimens cut from the welded joints. In the papers [3, 4], numerical 
modelling of the plunge stage and linear welding stage is presented by the authors. In the paper 
[5], the authors have analysed the heat generation during the plunge stage of FSW; this is im-
portant because the thermo-mechanical conditions which exist during the linear welding stage 
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are initiated during the plunge stage. Heat generation is also considered in some other studies, 
using experimental [10] or numerical [12] examination. 

During the linear welding stage of FSW, the energy is generated by two processes: 
friction between the tool and welded material, and intensive plastic deformation of the material. 
Both of these energy components (which summed give total energy) heat the plates which are 
being welded, and the joint is accomplished at temperature values below the melting point. In 
the early welding stage, the amount of generated heat is not balanced with the dissipated heat; 
this balance is established later during the linear welding stage. Having in mind the movement 
of the tool, i. e. rotation and translation, the friction between the welded material and the tool 
depends on the slip rate – relative velocity of the tool with respect to the material. The relevant 
tool velocity is circumferential velocity, which depends on the rotation angular velocity and 
distance from the rotation axis. The material is also in motion, and this is expressed through 
material velocity – of course, this quantity is related to plastic deformation, and therefore in-
fluences the heat generation due to plastic deformation. Slip rate at a certain contact point is 
therefore obtained as the difference between the circumferential velocities of the tool and ma-
terial at that point. 

This paper deals with the heat generation during FSW of aluminum alloy Al2024-T351; 
both amount and rate of heat generation have been considered. Having in mind that the friction 
at the contact surfaces of the tool and the plates is a consequence of the relative movement, 
analysis of their velocities reveals valuable data about this contact interaction. First of all, 
distribution of slip rate at the contact surfaces is tracked, in order to determine the friction in-
tensity. On the other hand, material flow velocities are analysed due to their influence on plastic 
deformation. 

Material

Chemical composition of 2024-T351 aluminum is as follows: aluminum (Al)-Bal-
ance, Cu-4.52, Mg-1.60, Mn-0.65, Fe-0.28, Si-0.12, Zn-0.09, Ti-0.16, Cr-0.01, other,  
total-0.02% [16]. Other properties of this alloy are given in tabs. 1 and 2. 

Finite element model

Numerical simulations could be applied in de-
velopment and optimization of any welding pro-
cess, as given in papers [18-20]. In addition to the 
simulation of the process itself, numerical methods 
are also applied in determining the residual stresses 

in the joints [21], as well as in fracture as-
sessment of the welded structures, [15, 22]. 
The finite element model (FE) of the plates  
(100 × 50 × 3 mm), used in this paper, is 
shown in fig. 1. The model is formed using 
hexahedral 8-noded elements, with trilinear 
displacement and temperature degrees of 
freedom according to [23]. This element, 
denoted in Abaqus software package as 
C3D8RT, has uniform strain and hourglass 
control [12, 13, 23]. The model consists 
of 32298 nodes and 28522 elements. The 

Table 2. Material properties of aluminum  
alloy 2024 T351 [4, 16, 17]

Material properties Value
Young’s modulus of elasticity [GPa] 73.1
Poisson´s ratio [–] 0.33
Thermal conductivity [Wm–1°C–1] 121
Coefficient of thermal expansion [°C–1] 24.7·10 –6

Density [kgm–3] 2770
Specific heat capacity [Jkg–1°C–1] 875
Solidus, liquidus [°C] 502, 638

Table 1. Tensile properties of aluminum  
alloy 2024 Т351 [16]

0.2% yield 
strength Rp0.2  

[MPa]

Tensile 
strength Rm  

[MPa]

Elongation at 
fracture A5  

[%]
324 469 20
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welding tool (fig. 2) and the backing plate are considered as rigid bodies in the numerical 
model. Therefore, the tool and plate have only 6 mechanical degrees of freedom for the entire 
body, and no thermal degrees of freedom at all. Plunge depth of the welding tool shoulder is  
0.2 mm. The geometry of the tool is simplified, which means that the thread is not modelled, 

as it is shown in fig. 2. Such approach is ap-
plied because the thread might lead to ex-
cessive mesh distortion in the plate. 

Thermal analysis

In Abaqus/Explicit, the heat transfer 
equations are integrated using the explic-
it forward-difference time integration rule 
[23]:

 N N N
1 1i i i iT t T T+ += ∆ +  (1)

where TN is the temperature at node N and the subscript i refers to the increment number in an 
explicit dynamic step.

The value of the heat transfer coefficient at the bottom surface of the workpiece is 
3000 W/m2°C, [2, 14]; this value corresponds to the heat transfer through the backing plate. 
Heat convection coefficient on the other surfaces of the workpiece is h = 10 W/m2°C [12, 14]. 
These surfaces are in the contact with the ambient (air), with the ambient temperature 25 ºC. 
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Figure 1. The FE model (а) and mesh (b) of the welding plates, tool and backing plate
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Figure 2. The welding tool model (rigid body)
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Friction interaction between the welding tool and the material is characterised by the value of 
friction coefficient 0.3. 

Mechanical analysis

The equation for mechanical response of the material is [23]:

 p u kuρ= +
 

 (2)

where ρ is the density, k – the stiffness coefficient, p – the body force and u


 – the displacement vector.
Johnson-Cook material law, which is used to model the dependence of yield stress on 

strain rate and temperature, is given by [24]:
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where Tmelt = 502 °C is the melting point or solidus temperature, Troom = 20 °C – the ambient tem-
perature, T [°C] – the effective temperature, A = 265 MPa – the yield stress, B = 426 MPa – the 
strain factor, n = 0.34 – the strain exponent, m = 1 – the temperature exponent, and C = 0.015 
– the strain rate factor. A, B, C, n, Tmelt, Troom and m are material constants for the Johnson-Cook 
law for the examined alloy Al 2024 T351 [24, 25].

Results and discussion

Figure 3 shows the field of the slip rate after 2 and 10 s; this is actually relative ve-
locity of the tool with respect to the plates being welded. At the end of the tool plunge, relative 
velocity is the highest at the periphery of the contact between the tool and material, because 
this is the region with less intensive heating of the material, while circumferential velocity of 
the tool is the highest. The field of this quantity (slip rate) is still approximately symmetrical 
with respect to the welding tool axis after 2 s (left-hand side of fig. 3). After 10 s, the slippage 
is the most intensive at the front part of the tool shoulder, on the advancing side. This can be 

Trailing side

Advancing side

Retreating side

Leading
side

Alloy 2024 T351
Plunge speed v = 0.1 mm/s
Rotation speed n = 400 rpm
Welding speed v = 120 mm/min

After 2 s After 10 s

FSLIPR FSLIPR

Figure 3. Relative movement of the tool with respect to the material – slip rate γ  after 2 and 10 seconds
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seen through high slip rate values in the right-hand side of fig. 3 (highest values are located on 
the quarter of the shoulder circumference between the leading and advancing side). This is ex-
pected, because the tool shoulder on its front side comes into contact with the “new” material, 
which is less heated in comparison with the material under the shoulder. Therefore, sticking of 
the material to the welding tool is less intensive. Having in mind that the contact pressure is 
higher in this zone, the friction will also be more intensive. Slip rate in the zone around the tool 
pin is significantly lower. The amount of friction-generated heat is much lower in this zone, 
because the material is in a paste-like state and is exposed to intensive plastic deformation. 

Figures 4 and 5 show the vectors of the material flow velocity, while fig. 6 gives the 
distribution of this velocity around the tool pin and under the tool shoulder. At the end of the 
tool plunge, the material flow velocity around the pin is almost uniform along the entire height 
(of the pin), and the material flow velocity under the shoulder increases linearly with the radius, 
left-hand side of fig. 6. During the welding process, it can be seen that the material flow rate 
around the pin in the root of the pin (under the tool shoulder) is higher in comparison with the 
values near the tip of the pin. Actually, contact pressure in the zone of the root is higher than 
near the tip. This also results in higher contact stresses, because the tool shoulder presses the 
material downwards. This leads to sticking of the material to the tool in the root zone, i. e. 
plastic deformation is more pronounced and material movement is faster. In comparison with 
the material flow at the advancing side, the material flow is faster at the retreating side. Lower 
velocities in the root of the pin at the advancing side can clearly be seen in fig. 5 (as shorter 
arrows). For a good quality of the welded joint, the material has to have a good flow from the 

retreating to the advancing side; otherwise, if the quantity of the material brought to the advanc-
ing side is insufficient, errors in the form of tunnelling can occur. 

In fig. 7a, the amount of heat generated by plastic deformation and friction is shown, 
along with their sum - total heat. Figure 7b presents the corresponding heat generation rates. In 
the beginning of the plunge of the tool shoulder, friction-generated heat is dominant. When a 
certain temperature is reached, i.e. when the material in the contact zone becomes soft enough, 
the conditions for sticking the material to the tool are reached. A large percentage of the contact 

Retreating
side

Advancing
side

After 10 s

After 10 sAfter 2 s

Alloy 2024 T351

Plunge speed v = 0.1 mm/s

Rotation speed n = 400 rpm

Welding speed v = 120 mm/min

Figure 4.  Vector display of the material flow velocity around the tool pin and shoulder on the 
advancing and retreating side (for color image see journal web site)
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surface is in motion (fig. 6), 
so the friction heat generation 
rate suddenly decreases. Tem-
perature on the contact surface 
which corresponds to this state 
cannot exceed 502 ºС, because 
the material loses the plastic 
deformation resistance; this 
is reflected in the expression 
for the Johnson-Cooke mate-
rial law, eq. (3). Therefore, in 
addition to sudden decrease 
of heat generation rate due to 
friction, a gradual decrease 
of heat generation rate due to 
plastic deformation begins. 

The rate of total heat gen-
eration has reached the max-
imum value 3.4 kJ/s, due to 
the high percentage of the 
friction-generated heat. After 
2 ѕ, when the linear welding 
stage begins, the rate of total 
heat generation has decreased 
to 1.9 kJ/s, and after 9 ѕ (when 
the welding regime became 
stationary), it is almost con-
stant at the level around  
1.3 kJ/s. 

From this diagram, it can 
be concluded that the amount 
of the friction-generated heat 
is also higher than the amount 
of heat generated by plastic 
deformation after the process 
is stabilised. The relative por-
tion of friction-generated heat 
is around 60% of the total gen-
erated heat, while the remain-
ing 40% comes from plastic 
deformation. In the stationary 
regime (after 9-10 seconds), 
it can be regarded that the 
amount of generated heat is 
equal to amount of dissipated 
heat. 

Advancing side

V, Resultant

Figure 5. Vector display of the material flow velocity around  
the tool pin and shoulder – detailed view of the advancing side 
after 10 s (for color image see journal web site)

After 2 s

After 7 s
Trailing side

Advancing side

After 10 s

Retreating side

V, Magnitude

V, Magnitude

V, Magnitude

Figure 6.  Distribution of material flow velocities around the tool 
pin and shoulder after 2, 7, and 10 seconds
(for color image see journal web site)
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Conclusions 

For good quality of the welded joint, it is necessary that the material has good flow 
from the retreating toward the advancing side; otherwise, if the quantity of the material brought 
to the advancing side, errors like tunnelling can occur. The slip rate is related to the friction-gen-
erated heat, while the velocity of the material is related to the heat generated by the plastic 
deformation. From the presented results, the following conclusions can be drawn.

 y At the end of the tool plunging, the slip rate is the highest at the periphery of the tool – plate 
contact, because the material in this region is less intensively heated, and circumferential 
velocity of the tool is the highest. 

 y During the welding, slippage is the most intensive at the front of the shoulder, at the ad-
vancing side. The tool shoulder on its front side comes into contact with the “new” material, 
which is less heated in comparison with the material under the shoulder – the sticking of the 
material to the tool is less intensive. 

 y Slip rate in the zone around the tool pin is significantly lower. The amount of friction-gen-
erated heat is much lower in this zone, because the material is in a paste-like state and is 
exposed to intensive plastic deformation. 

 y The velocity of the material increases from the tool pin to the periphery of the tool shoulder; 
this increase is approximately linear during the tool plunging and in the beginning of the 
welding stage. 

 y During the welding process, the material flow velocity around the tool pin is higher in at 
the tool root than at the tool tip. Also, this velocity is higher at the retreating side than at the 
advancing side.

 y At the beginning of the linear welding stage, the material is intensively heated and the heat 
is taken away (dissipated) slower than it is generated. Therefore, a decrease of heat gen-
eration rate is obtained. When the balance between the heat generation and dissipation is 
established, this rate becomes approximately constant.
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Nomenclature

A – material parameter of the Johnson-Cook  
  model, [MPa]

A5 – percentage elongation at fracture, [%]
B – material parameter of the Johnson-Cook  

  model, [MPa]
C – material parameter of the Johnson-Cook  

  model, [–]
c – specific heat capacity, [Jkg–1°C–1]
E – Young’s modulus, [GPa]
h – heat convection coefficient, [Wm–2°C–1]
k – stiffness coefficient, [Nm–1]
m – material parameter of the Johnson-Cook  

  model, [–]
nrot – rotation speed of the tool, [rpm]
n – material parameter of the Johnson-Cook  

  model, [–]
p – body force, [N]
Rm – tensile strength, [MPa]

Rp0.2 – yield strength, [MPa]
T – temperature, [°C]
Tmelt – solidus temperature, [°C]
Troom – ambient temperature, [°C]
t – time, [s]
u – displacement, [m]
vplunge – plunging speed of the tool, [mms–1]

Greek symbols

α – coefficient of thermal expansion, [°C–1]
γ  – slip rate, [mms–1]
εp – equivalent plastic strain, [–]

pε  – equivalent plastic strain rate, [s–1]
0ε  – reference plastic strain rate, [s–1]

ν – Poisson’s ratio, [–]
ρ – density, [kg m–3]
σy – current flow stress in the Johnson-Cook  

  model, [MPa]
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