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This paper deals with analysis and comparison of the equivalent plastic strain 
and temperature fields in the aluminium alloy 2024 T3 (AA2024 T3) welded joint, with 
macro/microstructure appearance and hardness profile. In the alloys hardened 
by heat treatment, grain size and particle size of the precipitate are functions of 
equivalent plastic strain, strain rate and temperature. By analysing the equiva-
lent plastic strain fields and temperature fields it is possible, to some extent, to 
capture the effect of welding parameters and thermo-mechanical conditions on 
grain structure, and therefore hardness and strength in the welded joint. A cou-
pled thermo-mechanical model is applied to study the material behaviour during 
the linear welding stage of friction stir welding. The 3-D finite element model has 
been created in ABAQUS/EXPLICIT software using the Johnson-Cook material 
law. The values of thermo-mechanical quantities during the welding stage are 
obtained from the numerical model and shown as distributions across the joint. 
The obtained values of these quantities are related to the microstructure of the 
joint zones and hardness distribution, and this relation is discussed.  

Key words: AA2024 T3, friction stir welding, numerical simulation, equivalent 
plastic strain field, temperature field, hardness, microstructure 

Introduction 

The basis of the physical process of friction stir welding (FSW), fig. 1, is stirring of 
the material near the edges of two metal pieces in contact, at sufficiently high temperature. 
The working part of the welding tool consists of two parts: the cylinder and the pin (the pin is 
positioned under the cylinder). One of the tool movements is rotation, with prescribed rotation 
speed, but the tool is also exposed to additional vertical plunging force. This means that the 
contact with the working material is established, and the friction at this contact area leads to 
the heat generation. This heat must be sufficient to create conditions for thermo-mechanical 
solid state processing, without melting. This way, the conditions for joining (mixing) of the 
materials from the two metal pieces are established in the significantly heated zone. As a con-
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sequence of the action of the tool, i.e. both 
tool shoulder and pin, the joint of the two 
pieces is obtained. Also, significant plastic 
deformation occurs during the stirring pro-
cess, therefore, this process consists of all 
elements which form the basis of high-
temperature thermo-mechanical processing. 
During the deformation and recrystallization 
(static and/or dynamic), a very intensive de-
crease of grain size occurs in the welded 
joint microstructure, [1, 2]. Hence, the weld-
ed joint is often not a critical spot in the 
welded structure, because the microstructure 
which is formed does not contribute to the 
initiation of the cracks which are critical for 
welds: hot cracks, cold cracks, lamellar tear-

ing or cracks caused by subsequent thermal treatment. Due to the lack of the liquid phase, no 
significant ductility reduction due to the presence of the rough dendrite structure in the weld 
metal or defects related to solidification are expected. Microstructure of the friction stir weld-
ed joints has been considered in numerous studies, e.g. [3, 4] for the similar joints (same base 
metals) and [5, 6] for dissimilar joints (different base metals). In addition to the microstruc-
ture of the joint zones, residual stresses also affect the integrity and load carrying capacity of 
the joint, as shown in [7, 8].  

The conditions during the FSW are very complex, and include pronounced defor-
mation (with an emphasis on plastic strains), high temperatures and flowing of the heated and 
softened material, as considered in many studies, including [10-19]. Knowledge about these 
conditions, which includes analytical and numerical calculations, can significantly decrease 
the amount of experimental work and enable optimization of the FSW process on a wide 
range of materials. Previous publications of the authors deal with different aspects of the line-
ar welding stage of FSW, including the material properties effect [20] and velocity fields 
which occur in the material [21]. Also, the evolutions of force and temperature values during 
the welding are considered in [22]. Influence of welding parameters on the process itself or 
the joint properties is shown in [16, 23-25], while the effect of heat input, as another im-
portant topic for FSW, is considered in [26, 27].  

Each welding process can result in some defects in the material and change of mi-
crostructure, with respect to this, FSW is advantageous in comparison with the melting pro-
cesses. Also, one should take into account that welding is not always the last fabrication pro-
cedure during the production of some mechanical element. For example, cutting of the joint 
can cause additional surface defects, which is considered in [28] for water-jet cut joints. Also, 
the exploitation conditions affect the initiation and development of defects, which is analyzed 
on the example of wear in [29]. The authors report that the wear resistance of the joint zone is 
higher in comparison with the base metal. Pang et al. [30] studied the influence of defor-
mation on another damage mechanism – corrosion of the FSW joint, through tensile testing 
procedure. Tensile testing was also the base for optimization of the FSW parameters in [31], 
where Taguchi method has been utilized on experimentally obtained results.  

As mentioned previously, microstructure of the FSW joints has been previously con-
sidered in the literature, e.g. [1-6]. In most cases, experimental examinations are performed. 

 
Figure 1. Schematic illustration of FSW process [9] 
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However, there are also studies where combined techniques are employed to predict the mi-
crostructure of the joint, such as [32] where cellular automaton model has been applied along 
with numerical model to predict the microstructure of the FSW joint, or [33] where spot fric-
tion stir weld has been considered. In this work, we present a correlation between the numeri-
cal results, expressed through the temperature and plastic strain fields, and the obtained mi-
crostructure and hardness across the joint. This enables a better insight into the thermome-
chanical state of the material, numerical results can be used to optimize the welding parame-
ters and obtain the weld with appropriate microstructure. Analysis of the influence of the 
welding parameters to the joint strength, hardness and microstructure and comparison with the 
temperature, generated heat and plastic strains obtained from the numerical model contributes 
in predicting the weld properties with minimized experimental examinations. Also, the ob-
tained temperature fields are an initial but important point for further analysis of the cooling 
process to the room temperature, which gives the residual stress fields in the welded joint.  

Experimental work 

The work pieces (plates prepared for welding) were produced from aluminium alloy 
EN AW 2024 T3, with thickness 3 mm and dimensions 180 × 65 mm, the fabrication of the 
joint was previously shown in [16, 34]. Basic material properties are given in tabs. 1 and 2. 
Alloy 2024 is one of the most often used high-strength aluminium alloys. Due to its high 
strength and excellent fatigue resistance, it is used for fabrication of mechanical parts which 
require a good strength-to-mass ratio. It is convenient for mechanical processing, but it is al-
most impossible to be welded by conventional welding processes with melting in the welding 
zone. It is commonly used in airspace engineering, transport industry and production of arms.  

Table 1. Chemical composition of the base material [35] 

Table 2. Material properties of Al 2024 T3 [35, 36] 

An adapted version of the CNC milling machine, Prvomajska AG400, 12 kW, is 
used for formation of the joints, [16, 34]. This was possible due to the similarity of the kine-

Alloy 
Content of element [w.t%] 

Cu Mg Mn Fe Si Zn Ti Al 

2024 T3 4.80 1.41 0.72 0.28 0.13 0.07 0.15 bal. 

Material properties Value 

Young's Modulus of Elasticity [GPa] 73.1 

Poisson’s Ratio [–] 0.33 

Thermal Conductivity [Wm–1K–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 [°C] 502 

Liquidus [°C] 638 
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matics of the FSW and the milling process, with two main movements: rotation of the tool 
around the vertical axis and translation of the working table. Additionally, the vertical relative 
movement during the plunge stage is performed through the vertical upwards movement of 
the working table. The tool material is 56NiCrMoV7 tool steel, fig. 2. Left-hand thread on the 
tool pin stirs the plate material at the joining line, but it also pushes the material downward to 
the weld root,  forces the material to remain in the welding zone. Analysis of the influence 
of the tool pin geometry on the joint properties can be found in [37, 38].  

  
Figure 2. The FSW tool 

Figure 3 shows the equipment and plates. 
Welding parameters are: tool rotation speed nrot 
= 400 rpm, tool welding speed v = 40 mm per 
second. 

After the plates had been successfully 
welded, the samples were cut in transversal di-
rection (perpendicular to the joining line). 
These samples were subsequently used for ex-
amination of macrostructure, microstructure 
and hardness of the joint cross section (BM, 
HAZ – heat affected zone, TMAZ – thermo-
mechanically affected zone, and the nugget), 
[16]. After polishing and etching, rinsing of the 
sample under water stream and submerging into 

alcohol, microstructure and macrostructure were examined. After that, the same sample was 
subjected to hardness measurement, by using the Vickers method (HV10), from retreating to-
ward advancing side of the joint.  

Numerical model 

Numerical simulation is performed through finite element analysis, where joining of 
two plates with size 100 × 50 × 3 mm is considered. Having in mind that the plate material is 
the same, they are represented as a single working plate with size 100 × 100 × 3 mm. The axis 
of symmetry coincides with the joining line. The model is shown in fig. 4, where the working 

 
Figure 3. Welding equipment 
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plate is given in longitudinal cross-section. The tool and the backing plate are modelled as rig-
id surfaces with three translation and three rotation freedom degrees, but without the thermal 
ones. The welding tool model has a cylindrical pin, which is an often used simplification in 
published studies dealing with FSW. The model (and different groups of the results, as men-
tioned in the Introduction section) are described in [13, 20-23], and some main notes are given 
here. 

Through application of the Euler-Lagrange mesh adaptation technique, implemented 
in SIMULIA ABAQUS software package, it is possible to simulate the FSW process despite 
the extremely large plastic strains in the welding zone. The rotation speed and plunge speed of 
the welding tool are prescribed, and the translation of the tool along the welding line is simu-
lated by defining the velocity of the Euler inflow surface. By defining the inflow and outflow 
Euler surfaces (side surfaces of the model, perpendicular to the welding line), the material is 
free to pass through the finite element mesh. The Euler inflow surface has prescribed ambient 
temperature of 25 °C.  

The mesh, fig. 4, consists of 8-noded finite elements (C3D8RT). From this denota-
tion of the element, it can be seen that mechanical and thermal quantities (displacement and 
temperature) have linear interpolation, and that 
reduced integration is applied. This is chosen in 
accordance with SIMULIA ABAQUS docu-
mentation [39], because formation of the Euler-
Lagrange adaptive mesh requires first-order re-
duced-integration elements.  

A temperature and strain rate dependent 
material law (elastic-plastic Johnson-Cook law) 
is implemented, [40]. The parameters of this 
law for the analysed material are [41]: 
Tmelt = 502 °C melting point or solidus tempera-
ture, Troom = 20 °C ambient temperature, A = 369 MPa, B = 684 MPa, n = 0.73, m = 1.7, and C 
= 0.0083 (the last five values are material/test constants for the Johnson-Cook model). 

Since the backing plate is a rigid body and does not simulate the heat conduction, its 
influence is modelled by setting a high value of the heat transfer coefficient at the contact sur-
face of the working plate and the backing one: 3000 W/m2°C1, in accordance with [13, 42]. 
As for the other (free) surfaces of the working plate, exposed to air at temperature 25 ºC, the 
value is h = 10 W/m2°C1 [13, 42].  

Results and discussion 

In the aluminium alloys hardened by heat treatment, grain size and particle size of 
the precipitate are functions of equivalent plastic strain, strain rate and temperature. By ana-
lysing the equivalent plastic strain fields and temperature fields it is possible, to some extent, 
to study the influence of welding parameters on grain structure, and therefore on hardness and 
strength in the welded joint.  

Figure 5 shows a parallel appearance of the macrostructure and microstructure of 
the cross section of the welded joint (weld zone and base metal), equivalent plastic strain 
field, temperature field and hardness profile. Based on all the experimental and numerical 
results given in this figure, an analysis of the weld zones is performed and presented in the 
following text.  

 
Figure 4. The model of the welding plate, tool 

and backing plate 
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After the numerical simulation of the FSW process, where the input parameters cor-
responded to the experiment (material and geometry of the welding plate, welding parameters, 
geometry of the tool and the backing plate, boundary conditions), the cross-section of the 
welded joint is shown alongside the calculated temperature and equivalent plastic strain fields, 
fig. 5. It should be noted that the microphotographs and the hardness are measured after the 
joint has been formed, while the temperature and strain fields are shown during the linear 
welding stage.  

In the weld nugget zone, equivalent plastic strains are the highest, due to which the 
grain size is the smallest. In [43], it is shown that increase of the tool rotation speed leads to 
larger grains in the nugget of AA2024 T3 FSW joint. In relation to the retreating side, the val-
ue of plastic strain is greater on the advancing side, corresponding to the unsymmetrical ap-
pearance of the nugget. Unsymmetrical appearance means that the conditions on the advanc-
ing side differ from those on the retreating side. The difference can be seen by comparing the 
tool translation velocity and the rotational velocity of the tool circumference: they have the 
same direction on the advancing side and opposite direction on the retreating side, fig. 1. An 
almost imperceptible presence of precipitate in the nugget is an indication of completion of 
the thermo-mechanical regime.  

 
Figure 5. Comparison of macro/micro structure, hardness, temperature 
field and equivalent plastic strain field in the cross section of the welded 

joint; Alloy 2024 T3, welding speed v = 40 mm per minute, rotation speed 
n = 400 rpm; a – base material, b – heat-affected zone (HAZ), c – thermo-
mechanically affected zone (TMAZ), and d – weld nugget  
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In the TMAZ, smaller plastic strain is present, so the grains are larger relative to the 
nugget and precipitate is noticeably isolated due to high temperatures. The number of coarser 
precipitate particles increases at the expense of reducing the number of fine particles.  

In the HAZ, the value of plastic strain is negligible. In the vicinity of the TMAZ, 
rough (coarse) precipitate is present due to the impact of high temperatures. The nature of dis-
tribution of precipitate in HAZ is in agreement with the findings in [24] obtained on friction 
stir welds produced from the same material. HAZ is a critical part of the welded joint with 
minimum hardness and tensile strength. With increasing distance from TMAZ, the impact of 
heat is less pronounced, i.e. the temperature drops and the number of larger particles decreas-
es, which increases hardness.  

Finally, we come to the base metal, where heat generated during the welding process 
has no influence on the structure. The structure of the base metal is characterized with a uni-
formly distributed fine precipitate and high hardness.  

Due to the thermo-mechanical treatment of the nugget, i.e. the fine-grained structure, 
hardness of the nugget is greater than hardness of the HAZ, however, it is lower than hardness 
of the base metal. 

Another view on the plastic strains will 
also be given here. In fig. 6, distribution of 
equivalent plastic strain along the joining line is 
shown. It can be seen that the maximum strains 
are obtained behind the tool pin, i.e. between 
the pin and the tool shoulder edge. Therefore, 
the strain distribution will be shown in the 
cross-section at this position, as marked in this 
figure.  

The distribution of plastic strain in the 
cross-section is shown in fig. 7(a). It can be 
seen that the trend of this diagram is rather op-
posite to the hardness profile from fig. 5, i.e. the zones which were exposed to the highest 
strain values develop the lowest hardness. Distribution of temperature is given in fig. 7(b). It 
should be mentioned that the distance in fig. 7 is measured along the cross-section marked by 
white rectangle in fig. 6, which shows one half of the model. 

   
Figure 7. Equivalent plastic strain (a) and temperature and (b) distribution in the cross-section 
(marked in fig. 6) 

 
Figure 6. Equivalent plastic strain distribution 
– section along the joining line  
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Distribution of the stress values (equivalent von Mises stress) in the material is 
shown in figs. 8 and 9. Figure 8 corresponds to the end of the plunge stage, i.e. right before 
the linear welding stage is initiated. Therefore, high amount of heat input concentrated in the 
welding zone decreases the material strength and the stresses are very low.  

During the welding, the stress values behind the tool increase, fig. 9, as the material 
cools down due to the tool translation movement along the joining line (from left to right in 
this figure). The position of the maximum stress is close to the position of the maximum plas-
tic strain from fig. 6. It should be noted that the stresses are shown only during welding here, 
while the residual stresses in the material after cooling will be considered elsewhere.  

  
Figure 8. Equivalent von Mises stress field  
at the beginning of the linear welding stage  
– section along the joining line  

 

Figure 9. Equivalent von Mises stress field 
during the linear welding stage – section  
along the joining line  

 

With analysis of impact of welding parameters on strength and toughness of the 
joints, as well as on grain size and precipitate size in the welding zone, and comparing them 
with the equivalent plastic strain field, temperature field and the length of exposure to certain 
temperatures, conclusions which enable a proper quality assessment of the joints using numer-
ical simulations can be drawn. Also, temperature fields which are shown in this work can be 
used in further simulation of the cooling process to room temperature, leading to residual 
stress fields. This is necessary for proper assessment of the load carrying capacity of the 
welded joint, and will be the topic of further research. 

Conclusions 

In this work, the relation between the microstructure and hardness of the friction stir 
welded joint and the fields of thermo-mechanical variables during the welding is considered. 
Thermo-mechanical variables (temperature and equivalent plastic strain, as well as equivalent 
von Mises stress) are obtained from the numerical model of the welding process. Regarding 
the weld nugget, a hardly noticeable presence of precipitates is an indication of the completed 
thermo-mechanical regime. In this zone, hardness is higher than in the HAZ, but lower than in 
the base metal; the equivalent plastic strain and temperature are the highest in the nugget. 
When the plastic strain is considered on both sides of the weld, higher values are obtained on 
the advancing side (when compared with the retreating side). The transition from TMAZ to 
HAZ results in rougher structure and coarse precipitates. This is the critical spot within the 
joint, characterized by minimal hardness values. The HAZ, where the influence of tempera-
ture decreases with approaching to the base metal, is therefore characterized by finer precipi-
tate and increased hardness.  
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Nomenclature  

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

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

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

h  – heat convection coefficient [Wm-2°Cˉ1] 
m – material parameter of the Johnson-Cook  

model [–] 

n – material parameter of the Johnson-Cook model [–] 
nrot – rotation speed of the tool [rpm] 
Tmelt – solidus temperature [°C] 
Troom – ambient temperature [°C] 
v – welding speed [rpm] 
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