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Abstract:  
This paper presents a novel technique for repairing corrosion in aluminium 
plates, leveraging the principles of friction stir technology. The process 
employs a rotational speed of 1000 rpm and a traversal speed of 50 
mm/min. The method involves applying a filling material to areas affected 
by pitting corrosion. A rotating tool generates frictional heat between the 
tool shoulder, filling material, and workpiece for a dwell time of several 
seconds, ensuring the softening of the material. As the tool traverses the 
corroded zone, the material is plastically deformed and deposited onto the 
damaged area. Additionally, a finite element simulation using a coupled 
Eulerian-Lagrangian approach predicts temperature distribution and 
mechanical deformation during the repair process for AA2024 aluminium 
plates, with all stages (plunging, dwelling, and mixing) simulated using 
ABAQUS/Explicit software. The results demonstrated that the repair 
method effectively filled all pitted areas on the corroded plate, achieving 
an excellent surface condition. The model accurately predicted the 
temperature distribution and the maximum temperature during the repair 
process, with the highest temperatures, up to 453°C (90% of the melting 
point of aluminium 2024), occurring directly under the tool shoulder. 
Additionally, the analysis revealed a maximum concentration of plastic 
strain in the same region, highlighting the localized impact of the repair 
technique. 
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1. INTRODUCTION  
 

Friction stir technologies have a long 
application history in both materials joining and 
processing [1-3]. Recent research is heavily 
focused on leveraging its proven effectiveness for 
defect repair in structural components [4, 5]. By 
leveraging the same principles of frictional heat 
generation, friction stir techniques can effectively 
repair defects like cracks, pores, inclusions, 
through holes, and grooves [6-8]. This innovative 
application has the potential to significantly 
improve the integrity and functionality of 
components in automotive, aerospace, and 

shipbuilding, making it a valuable method for 
defect repair [9, 10]. 

Friction stir welding has been considered the 
most significant development in metal joining in a 
decade. Friction stir processing (FSP) was recently 
created to modify the microstructural properties 
of metallic materials. In research by Mishra and 
Ma [11], friction stir processing (FSP) was 
investigated as a technique to modify the 
microstructure and enhance the mechanical 
properties of aluminium alloys. Based on their 
analysis, it was found that FSP's refined grain 
structure and modified precipitation state 
resulted in significant improvements in the 
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strength, hardness, and ductility of the aluminium 
alloys. Ultimately, their research demonstrated 
that friction stir processing is a useful technique 
for microstructural modification and performance 
enhancement of aluminium materials. 

The research in [12] contributed to a better 
understanding of how FSP parameters influence 
processed materials' microstructure and 
mechanical properties, benefiting industries 
aiming to enhance surface properties without 
melting metals. Similarly, Elmetwally et al. [13] 
investigated the impact of friction stir welding 
(FSW) tool pin geometry on Al-Cu joints, 
demonstrating that a squared pin tool produced 
the strongest and most defect-free welds, while a 
triangular pin led to structural defects and brittle 
fractures. Their findings highlight the critical role 
of tool design in optimizing joint strength and 
microstructural integrity in solid-state welding 
processes. 

Friction stir processing (FSP) was investigated 
as a technique to repair cracks in 304L stainless 
steel in a study by Miles et al. [14]. Their research 
demonstrated the effectiveness of FSP in repairing 
a tapered crack and a series of randomly 
sequenced cracks with different widths. They also 
investigated how the process affects the repaired 
area by testing its mechanical strength, hardness, 
and corrosion resistance. This study confirms that 
FSP can repair cracks. 

In another study, friction stir processing (FSP) 
was examined by Ren et al. [15] for its ability to 
repair cracks in 2024 aluminium alloy. They 
combined experiments with simulations to 
analyse temperature, material flow, 
microstructure, and strength in the repaired zone. 
Their findings show that FSP repairs cracks in the 
solid state (without melting) by manipulating 
material flow and refining the grain structure. This 
leads to significant improvements in the tensile 
strength of the repaired area. 

Avery et al. [16] demonstrated the 
effectiveness of additive friction stir deposition 
(AFS-D) as a solid-state repair method for high-
strength aluminium alloys, highlighting its ability 
to restore mechanical integrity despite some 
variability in elongation and fatigue life. Building 
on the advancements in AFS-D, Mishra 
investigated the optimization of deposition quality 
using unsupervised machine learning [17]. By 
applying clustering algorithms such as k-means 
and autoencoders, the study identified intrinsic 
patterns in process parameters without requiring 
labelled data. The findings demonstrate that data-

driven approaches can enhance process control in 
AFSD, improving quality and consistency, which is 
crucial for advancing solid-state additive 
manufacturing and repair techniques. 

Friction stir technology is particularly 
advantageous for aluminium alloys commonly 
used in marine, automotive, and aerospace 
applications. In these industries, it is necessary to 
use materials that are strong, lightweight, and 
have excellent corrosion resistance. The 2024 and 
2017 alloys from the 2xxx series are some of the 
most popular aluminium alloys because of their 
exceptional strength-to-weight ratio. However, 
they have a slightly lower corrosion resistance 
than other aluminium alloys. 

Based on the basic principles of friction stir 
technology, a new technique for repairing 
corrosion has been developed. By applying filler 
material to the corroded area, the rotating tool 
generated heat through friction, fusing the filler 
material with the base metal. 

In this study, a friction stir technique for 
repairing corrosion, which was a variant of the 
friction stir technologies, was proposed to repair 
the corrosion defects. We used a finite element 
simulation with a coupled Eulerian-Lagrangian 
formulation to predict the temperature 
distribution and mechanical deformation during 
the friction stir process for repairing the corrosion 
of 2024 aluminium plates. 

 

2. MATERIAL AND METHODS 
 
The repair process for pitting corrosion 

involves several steps, as illustrated in the 
schematic in Fig. 1. A conventional milling machine 
was used to perform the experiments of the 
friction stir technique for corrosion repair. The 
Workpiece material used in the present study was 
aluminium alloy AA2024 with a dimension of 
140x60x3 mm3 (Fig. 2). The chemical composition 
(%wt) of the alloy is as follows: silicon (Si) at 0.5%, 
iron (Fe) at 0.5%, copper (Cu) ranging from 3.8% to 
4.9%, manganese (Mn) between 0.3% and 1.0%, 
magnesium (Mg) from 1.2% to 1.8%, chromium (Cr) 
at 0.1%, zinc (Zn) at 0.25%, titanium (Ti) at 0.15%, 
and aluminium (Al) in balance [18]. The plates are 
immersed in a 10% sodium chloride (NaCl) 
solution for 25 days to perform a corrosion test on 
the aluminium. The plates were regularly 
inspected for signs of corrosion. The number of 
pits increases over time, showing the propagation 
of pitting corrosion. The depth of the pits also 
increased, with the average pit depth reaching 0.3 
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mm. The repair method utilizes a pinless tool 
crafted from H13 steel with a shoulder diameter 
of 12 mm (Fig. 3) and a specific chemical 
composition as specified in [19, 20]. According to 
these references, H13 contains 0.32–0.45 wt% 
Carbon (C), 0.20–0.50 wt% Manganese (Mn), 
0.80–1.20 wt% Silicon (Si), 4.75–5.50 wt% 
Chromium (Cr), a maximum of 0.30 wt% Nickel (Ni), 
1.10–1.75 wt% Molybdenum (Mo), and 0.80–1.20 
wt% Vanadium (V) [19, 20]. ER4043, with a 
diameter of 3 mm, was selected as the filling 
material, and its chemical composition is specified 
in [21]. ER4043 consists primarily of Aluminium (Al) 
at 93.43 wt%, with Silicon (Si) at 5.25 wt%, Iron (Fe) 
at 0.80 wt%, Copper (Cu) at 0.30 wt%, Manganese 
(Mn) at 0.05 wt%, Magnesium (Mg) at 0.05 wt%, 
Zinc (Zn) at 0.10 wt%, and Titanium (Ti) at 0.02 wt% 
[21]. The process employs a rotational speed of 
1000 rpm and a traversal speed of 50 mm/min. 
Plunging, dwelling, and mixing were all steps in the 
repair procedure. 

 

 
Fig. 1. Schematic of the repairing corrosion process 

 

 
Fig. 2. Geometry of the workpiece 

 
Firstly, the metal surface should be clean. 

Second, the filling material is applied to the area 
affected by pitting corrosion (as shown in Fig. 1a). 
The rotating tool exerted frictional heat on the 
filling material and workpiece for a dwell time of 
several seconds (Fig. 1b), this produces the 
frictional heat between the tool shoulder, filling 
material, and workpiece, ensuring softening of the 
material. Then, the tool traverses along the 

corrosion-affected zone, the material is plastically 
deformed, and it starts getting deposited on the 
corroded zone (Fig. 1c). In the end, the pitting 
corrosion defect was repaired, and the tool was 
retracted (Fig. 1d). 

During the experiments, the temperature was 
measured to ensure sufficient melting of the filler 
material for bonding with the base metal. The 
initial temperature of the tool and workpiece was 
25oC.  

 

 
Fig. 3. Geometry of the tool 

3. FINITE ELEMENT MODEL 

 
The Coupled Eulerian-Lagrangian (CEL) 

technique available in ABAQUS was used to 
predict the temperature distribution during the 
friction stir repairing corrosion of AA2024 plates. 
The model consists of a stationary (140x60x3 mm3) 
plate of AA2024 and a moving FS tool.  
 
3.1 Material Model 

 
A three-dimensional coupled thermo-

mechanical finite element model based on the 
Coupled Eulerian-Lagrangian (CEL) approach using 
an explicit algorithm has been developed in 
ABAQUS to simulate the friction stir process to 
repair corrosion (plunging, dwelling, and mixing 
steps) and predict thermal history. 

Friction stir repairing corrosion is a large 
material deformation technique that is difficult to 
solve using the Lagrangian and Eulerian methods. 
Consequently, the workpiece is considered as a 
coupled Eulerian and Lagrangian body, while the 
tool is defined as a Lagrangian body. 

The 3D part model of the aluminium alloy 2024 
plate with dimensions 140mm x 60mm x 3mm and 
H13 tool steel have been drawn for the friction stir 
repairing corrosion simulation, as shown in Figs. 4 
and 5. 
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The Eulerian domain geometry was simulated 
as a local domain with dimensions 140mm x 60mm 
x 8mm. The local domain consisted of two regions, 
as shown in Fig. 6. The bottom region is the 
material region (blue colour), with a thickness of 3 
mm (equal to the plate thickness used in the 
experimental work) and assigned the properties of 
the base metal (AA 2024). The upper region is the 
material-free region (green colour), which has a 
thickness of 5 mm and is left empty with no 
material properties. 

The material properties of AA2024 and H13 
tool steel for the FE simulation are specified in [22, 
23]. According to these references, AA 2024 has a 
density of 2700 kg/m³, a thermal conductivity of 
190 W/m·K, a Young's modulus of 70 GPa, a 
Poisson’s ratio of 0.3, and a specific heat of 900 
J/kg·K [22]. H13 tool steel has a density of 7800 
kg/m³, a thermal conductivity of 24.5 W/m·K, a 
Young's modulus of 210 GPa, a Poisson’s ratio of 
0.3, and a specific heat of 278 J/kg·K [23]. The 
Johnson Cook material model [24], which depicts 
the flow stress of material as a function of 
temperature and rate of deformation, has been 
used to define the plasticity behaviour of materials, 
as shown in Eq. (1). 

𝝈𝒇𝒍𝒐𝒘𝒔𝒕𝒓𝒆𝒔𝒔 =  ( 𝐴 +  𝐵 𝜀𝑛 ) [1 + 𝐶 𝑙𝑛 (1 +
�̇�

�̇�0
)] [1 − (

𝑇−𝑇𝑟𝑜𝑜𝑚

𝑇𝑚𝑒𝑙𝑡−𝑇𝑟𝑜𝑜𝑚
)

𝑚
]       (1) 

where are: 

flowstress - is a flow stress, 
𝜀̇, 𝜀̇ and 𝜀0̇ - represent effective strain, strain rate 
and reference strain rate, respectively, 
A - represents the material yield stress, 
B - represents the strain factor, 
C - represents strain rate factor, 
n - represents strain exponent, 
m - represents Temperature exponent, 
Tmelt, Troom and T represent the melting 
temperature, room temperature and transition 
temperature, respectively. 

The Johnson-Cook material properties for AA 
2024 are specified in [22]. According to this 
reference, the yield stress constant (A) is 352 MPa, 
the strain factor (B) is 440 MPa, the strain rate 
factor (C) is 0.0083, the temperature exponent (m) 
is 1.7, and the strain exponent (n) is 0.42. 
Additionally, the melting temperature (Tₘₑₗₜ) is 775 
K, and the room temperature (Tᵣₒₒₘ) is 293 K [22]. 

After part modeling, the simulation method 
(dynamic temp displacement), simulation time, 
and simulation steps such as plunging, dwelling, 
and mixing have been fixed. The Fourier rule of 
heat conduction governs the heat produced at the 

frictional contact of the tool and workpiece during 
the friction stir modeling, as shown in Eq. (2) [25]. 

 𝑘 [
𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
+

𝜕2𝑇

𝜕𝑧2
] + �̇� =  𝜌𝑐

𝛿𝑇

𝛿𝑡
  (2) 

where are: 
k - is the thermal conductivity, 
ρ - is the density of the material, 
C - is specific heat capacity, 
t - is time, 
q - is heat generation rate. 

 

 
Fig. 4. The 3D part model of aluminum plate 

 

 
Fig. 5. The 3D part model of tool 

 

 
Fig. 6. The 3D part model of Eulerian domain 

 
3.2 Boundary Condition 
 

The boundary conditions play a critical role in 
the finite element study. The thermal and 
mechanical boundary conditions are applied to 
replicate the experimental condition in the 
simulation model, as shown in Fig. 7. The 
boundary conditions used are as follows:  

• During the friction stir process, the workpiece 
was constrained to move in the x, y, and z 
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directions by the appropriate boundary 
condition. 

• Tool rotation speeds of 1000 RPM were 
applied. 

• The three steps of the simulation were divided. 
Step 1 consisted of the plunging period, step 2 
consisted of the dwelling period, and step 3 
consisted of the mixing period. 

• The heat dissipation between the backing plate 
and the bottom surface of the workpiece is 
measured using the convective heat transfer 
coefficient, which has a value of 1000 W/m2oC 
[26]. 

• The heat transfer involved between the 
workpiece and environment has been 
characterized by the convective boundary 
condition on the top and side surfaces of the 
workpiece and the convective coefficient with 
a value of 10 W/m2oC [26]. 

• The temperature distribution to the workpiece 
and tool has been calculated using the 
predefined field boundary condition. 

• A temperature of 25oC was assumed for the 
room throughout the friction stir corrosion 
repair process. This implies that the tool and 
workpiece temperatures were at room 
temperature values during the initial operation 
stage. 

• The general contact algorithm is used to define 
all incorporated contacts between the 
workpiece and tool. Which is defined by a 
friction law for tangential behaviour and a 
"hard contact" for normal behaviour. 

• A frictional coefficient value of 0.4 was 
assumed. 

• Frictional and plastic dissipation energy were 
identified as the sources of heat generation 
during the friction stir technique. 100% of the 
frictional energy dissipation was assumed to be 
converted to heat. 90% of the plastic work was 
considered to be converted to heat. 
 

 
Fig. 7. Boundary conditions used in the CEL model 

3.3 Mesh Details 
 
Through contact interaction, the Eulerian body 

is related to the Lagrangian. The Eulerian frame is 
used to discredit the workpieces, and the 
Lagrangian reference frame is used to discredit the 
tool. Coupled Eulerian-Lagrangian (CEL) analysis is 
the term used to describe simulations using this 
kind of interaction (Fig. 8). The Lagrangian mesh is 
attached to the material points. As the material 
deforms, the mesh deforms with it. The Eulerian 
mesh serves as a background grid in contrast. The 
mesh stays the same as the material deforms (or 
flows) inside the mesh. The extent of deformation, 
in this case, is measured when the material 
particle flows across an element node. 

 

 
Fig. 8. The full mesh: a) Workpiece (Reference),  

b) Eulerian domain, c) Tool, d) coupled Eulerian-
Lagrangian 

 
Eulerian analysis is highly effective for 

applications involving extreme deformation, such 
as fluid flow. In these applications, Lagrangian 
analysis methods encounter limitations due to 
significant mesh distortion and resulting loss of 
accuracy. During the friction stir corrosion repair 
process, materials enter a viscous state. This 
viscous state can be efficiently described using 
Eulerian analysis. 

Abaqus/Explicit uses a volume-of-fluid method 
for its Eulerian implementation to track material 
flow through the mesh. This is done by computing 
the Eulerian volume fraction (EVF) within each 
element.  This fraction represents the portion of 
the element filled by the material. Simply put, a 
value of 1 indicates the element is completely full, 
and 0 means it's empty. In our analysis, we employ 
the multi-material, thermally coupled element 
type EC3D8RT. Within the Coupled Eulerian-
Lagrangian Formulation, the volume fraction tool 
uses the parts to be repaired as a volume 
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reference in the Eulerian domain. A key advantage 
of this method is that the parts to be repaired do 
not require meshing, only the Eulerian domain 
needs to mesh. 

The full mesh adopted for the workpiece and 
the tool is shown in Fig. 8. The tool was meshed 
using a four-node linear displacement and 
temperature-coupled element (C3D4T). 
 

4. RESULTS AND DISCUSSION 
 

4.1 Experimental Results 
 

The corroded plate before repair is shown in 
Fig. 9a. The surface exhibits pitting, a type of 
localized corrosion characterized by small holes. A 
filler material was applied to the affected area to 
repair this pitting corrosion. A rotating tool then 
generated heat through friction, fusing the filler 
material with the base metal. 

Precise temperature control was essential to 
ensure the filler material melted adequately for 
bonding with the base metal. The maximum 
temperature of friction stir repairing corrosion at 
the plate interface (420oC) was measured in the 
experimental work in the mixing stage. 

As demonstrated in Fig. 9b, the repair process 
was successful, completely filling the pitted areas 
of the plate, achieving a high-quality surface 
condition. 

 

 
Fig. 9. Corrosion repairing: a) before repairing, b) 

after repairing 
 

4.2 Temperature Distribution 
 

The simulation model results are depicted as 
temperature distributions obtained from the finite 
element simulation of friction stir repairing 
corrosion. In this simulation, boundary conditions, 
mesh generation, and specified material modeling 
are all involved. The cross-sectional views of the 
workpiece's temperature distribution during the 
plunging, dwelling and mixing stages are depicted 
in Figs. 10a, 10b and 10c. In the plunging stage, the 

temperature is low, and during the dwelling and 
mixing stages, it gradually rises. Over time, the 
friction between the tool shoulder and the 
workpiece surface increases, producing more heat 
generation, which is why the mixing stage displays 
the biggest temperature distribution region. 
Additionally, the overall temperature distribution 
of the friction stir repairing simulation in a 3D view 
is illustrated in Fig. 10d, providing a 
comprehensive visualization of the heat-affected 
zone. 

The simulation results indicate a peak 
temperature of 450oC at the centre of the repair 
zone, corresponding to the interface between the 
tool and workpiece. This temperature gradually 
decreases as the distance from the centre of the 
repair zone increases. 

 

 
Fig. 10. (a), (b) and (c) Cross-sectional views of the 

workpiece's temperature distribution in the plunging 
stage, dwelling stage and mixing stage, respectively, 
(d) Temperature distribution of friction stir repairing 

simulation 
 

4.2.1 Temperature Evolution as a Function of 
Distance 

 

For observing the temperature distribution 
throughout the workpiece, the graphs plot the 
temperature on the y-axis and the distance from 
the centre of the repair zone on the x-axis, as 
shown in Figs. 11 and 13, which shows how the 
temperature varies across the workpiece. 
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The temperature values obtained by 
simulation were taken from nodes placed on a line 
perpendicular to the repair zone (Fig. 12) and on a 
line along the thickness of the plate (Fig. 14). 

Fig. 11 shows the temperature distribution 
along the lateral direction, perpendicular to the 
repair line at the plunging, dwelling and mixing 
stages. The zone directly under the tool shoulder 
experiences the highest temperatures due to 
concentrated frictional heat and plastic 
deformation during the repair process. 
Interestingly, the advancing side (AS) generally 
exhibits a hotter profile than the retreating side 
(RS). This can be attributed to the stirring action of 
the tool, which generates additional friction and, 
consequently, more heat on the advancing side. 
This effect is reflected in the slightly higher peak 
temperature recorded on the AS, reaching up to 
453oC, a value approaching 90% of the melting 
point for AA 2024 aluminium. The temperature 
progressively decreases with increasing distance 
from the repair zone on both sides. This creates 
distinct thermal and mechanical influence zones 
within the repair cross-section. The material 
towards the end of the workpiece experiences 
minimal thermal impact, with temperatures 
approaching ambient levels, signifying minimal 
thermal or mechanical changes in this region. 

 

 
Fig. 11. The temperature distribution along the lateral 

direction 
 

 
Fig. 12. The path of the nodes along the lateral 

direction perpendicular to the repair zone 

 

Fig. 13 shows the temperature distribution 
along the vertical direction at the dwelling and 
mixing stages. The highest temperatures are 
observed directly under the tool shoulder at the 
top surface. This region experiences the brunt of 
frictional heat generation. The temperature then 
gradually decreases as it travels through the 
middle section of the material and finally reaches 
the bottom surface. This observed gradient 
reflects the combined influence of concentrated 
heat generation at the top by the tool shoulder 
and heat conduction through the material. 

 

 
Fig. 13. The temperature distribution along the 

vertical direction 

 
Fig. 14. The path of the nodes along the vertical 

direction 
 

4.2.2 Temperature Evolution as a Function of 
Time 

 

Fig. 15 shows the evolution of the temperature 
as a function of time. The temperature values 
obtained by simulation were taken from a node 
placed at the beginning of the workpiece on the 
repair zone, as shown in Fig. 16. Initially, the 
material has a temperature of 25oC. This is the 
ambient temperature considered in the 
simulation. During the plunging phase, the 
rotating tool contacts the material, creating 
friction and heat. In the dwelling phase, the 
rotating tool remains stationary in the repair zone 
(without traversal), causing a quick increase in 
temperature at the contact surface. During the 
mixing phase, the temperature continues to rise 
until it reaches a peak. The highest temperature 
achieved during friction stir repairing corrosion 
can reach 453oC, corresponding to 90% of the 
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melting point of the aluminium alloy 2024. As the 
tool moves forward, the temperature gradually 
decreases behind it. The rate of decrease depends 
on the heat conduction properties of the 
workpiece material. Heat dissipates into the 
material and surrounding environment as the tool 
advances. 

 

 
Fig. 15. The evolution of the temperature as a 

function of time 
 

 
Fig. 16. Position of the node at different times 

 

4.3 Plastic Strain Distribution 
 

Fig. 17 shows a plastic strain distribution as a 
function of distance from the centre of the tool 
(perpendicular to the repair line). Finite element 
analysis (FEA) reveals a concentration of plastic 
strain within the repair zone at the top surface of 
the plate. This localization is attributed to the 
intense material flow and mixing induced by the 
rotating tool. The highest strain level is 
concentrated directly under the tool shoulder, 
where the combination of high pressure and 
torque generates significant heat. This heat, in 
turn, plays a major role in plasticizing the material. 
Interestingly, the analysis shows a clear 
asymmetry in strain distribution, with the 
advancing side (AS) experiencing a greater degree 
of plastic deformation compared to the retreating 
side (RS). This asymmetry is likely a consequence 
of the material deposition process. The plastic 
strain distribution exhibits a significant decrease 
with increasing distance from the repair zone on 
both sides, eventually reaching zero at the 

workpiece edge, which signifies the region 
unaffected by the repair process. 

 

 
Fig. 17. Plastic strain distribution as a function of 

distance from the centre of the tool 

 
5. CONCLUSION  

 
In this work, A recent advancement in friction 

stir technology demonstrates a successful method 
for repairing corrosion defects in aluminium plates. 
This method achieves the repair by using a pinless 
tool and a filler material. Frictional heat is 
generated by the rotating tool on the workpiece 
and filler material. This heat is produced by plastic 
dissipation and friction, which allows the filler 
material to fuse with the base metal to repair the 
corrosion. 

A 3D finite element analysis utilizing the 
Coupled Eulerian-Lagrangian (CEL) method was 
employed to simulate the process response during 
friction stir repair of corrosion defects in Al 2024 
alloy. This comprehensive simulation, 
implemented within ABAQUS/Explicit software, 
encompassed all three stages of the repair process: 
plunging, dwelling, and mixing. Measuring the 
temperature distribution and frictional heat 
generation at the contact between the tool and 
the workpiece, particularly under the shoulder, is 
practically problematic. Therefore, the simulation 
model offers an alternative for predicting 
temperature in this region. Based on this analysis, 
the following conclusions can be drawn from the 
study: 

• From a visual examination of the repaired plate 
in the experimental results, it can be concluded 
that the repair process was successful, 
completely filling the pitted area of the 
corroded plate and achieving a high-quality 
surface condition. 

• The maximum temperature of friction stir 
repairing corrosion at the plate interface 
(420oC) was measured in the experimental 
work in the mixing stage. 

• Finite element analysis results validate the 
model's ability to accurately predict the 
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temperature distribution and maximum 
temperature during friction stir repair of 
corrosion. 

• The temperature rises due to friction between 
the tool and the material. 

• The highest temperatures are observed 
directly under the tool shoulder, and this 
temperature gradually decreases with the 
increasing distance from the repair zone on 
both sides.  

• The temperature gradually decreases from top 
to bottom in the direction of the thickness. 

• The highest temperature achieved during 
friction stir repairing corrosion can reach 453oC, 
corresponding to 90% of the melting point of 
the aluminium alloy 2024. 

• Analysis of plastic strain reveals a maximum 
concentration directly under the tool shoulder, 
with a significant decrease observed as the 
distance from the repair zone increases on 
both sides. This phenomenon is attributed to 
the intense mixing and material flow generated 
by the rotating tool within the repair zone. 

• Analysis revealed an asymmetry in the thermal 
profile, with the advancing side (AS) exhibiting 
a more extensive high-temperature zone 
compared to the retreating side (RS). This 
difference in thermal exposure is reflected in 
the plastic strain distribution, with the AS 
experiencing higher strain values compared to 
the RS. 
The finite element (FE) model with the CEL 

approach successfully captures both thermal 
history and plastic deformation during friction stir 
repair of corrosion, demonstrating its 
effectiveness for simulating multi-physics 
problems. Future research will leverage this FE 
model to optimize the parameters of the friction 
stir process for repairing corrosion. 
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