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Abstract.

The friction stir process (FSP), which is widely used on plate-type materials, was applied to AA5754 alloy,

commonly used in engineering applications, under three different parameter settings. The effects of this process on the strength
and elongation values were then evaluated. In the next stage, the material properties of the contact problem were designed using
finite element-based (FEM) modeling techniques, and the effects of the changes in the strength and elongation values of the
material on the contact stress and distance were determined. As a result of the examinations, it was determined that in all the
changing parameters, the strength values increased compared to the initial state of the material after FSP. The elongation values
may decrease or increase depending on the specific FSP parameters used. Regarding the contact stress and contact distance
values, it was determined that the contact stress values increased in direct proportion to the strength of the material. It was
determined that the changes in the elongation values of the material were more effective in the change of contact distances.
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1. Introduction

Aluminum alloys are commonly used in many
engineering applications because of their low weight, ease
of machining, and strong corrosion resistance. While a
variety of aluminum alloys are employed in engineering, it
is known that AA5754 alloy is often preferred, especially
for its high strength, good formability, and excellent
corrosion resistance (Das et al. 2020).

As is known, parts used in engineering applications are
often used in contact with each other. It is also highly
critical to understand the contact pressure and contact areas
that occur at the time of contact to prevent any issues in
case of contact problems. It is well known that the
material’s strength and ductility significantly influence both
the contact pressure and contact area during loading (O ner
2021a, b, 0 ner and Birinci 2014, 2020). However, it is also
known that the studies carried out to reveal the effects of
the changes in strength and elongation in materials on
structures in contact are extremely limited (Pointner 2008,
Ghaednia et al. 2017). Recent research has shown that
contact mechanics, which involves the direct interaction of
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surface asperities, plays a vital role in local deformation,
frictional response, and wear development at metallic
interfaces (Ammarullah et al. 2025). Simultaneously, new
research using computational and experimental methods,
such as discrete element modeling, has emphasized the
significance of material behavior under complex loading
and contact conditions (Fu et al. 2025a, b, Haeri and
Sarfarazi 2016, Sarfarazi et al. 2017).

It is possible to divide the methods that can be applied
to simultaneously change the strength and elongation values
of materials into two: heat treatments and severe plastic
deformation (SPD) methods. SPD methods are advantageous
over heat treatments in terms of their effect on mechanical
properties. On the other hand, among the SPD methods, the
friction stir process (FSP) stands out in terms of its
applicability to various material types, including plate-type
materials (Mishra et al. 2014, Leal et al. 2015, Aktarer et al.
2017, Padhy et al. 2018, Wang et al. 2020, Singh et al.
2023, Sekban 2024). It is known from the literature that
FSP has significant effects on the strength and elongation
values of various material groups (Starink et al. 2008,
Surekha and Els-Botes 2011, Guru et al. 2015, Khodabakhshi
et al. 2017, Kumar et al. 2017, Chaudhary et al. 2018, Yang
et al. 2024). When these effects were examined, it was
determined that strength values generally improved and
elongation values decreased as a result of grain refinement
after FSP (Yadav and Bauri 2012, Sekban et al. 2015,
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FSP & Tensile Tests
Fig. 1 Schematic representation of the working flow

Material Supply

Table 1 Parameter codes and FSP parameters used in the
study

Parameter Code Feed Rfi'[e Rotational Tool Pressure
(mm/min) Speed (rpm) (kg)
FSPed P1 115 1250 700
FSPed P2 210 1250 700
FSPed P3 400 1250 700

Aktarer et al. 2019, Singh et al. 2020). On the other hand,
the literature indicates that the parameters used during FSP
are highly effective in obtaining the mechanical properties
(Surekha et al. 2009, Karthikeyan and Senthil Kumar 2011,
Vaira Vignesh and Padmanaban 2018, Abrahams et al.
2019, Zhao et al. 2019).

Although it is applied to many different material groups,
studies on the application of FSP to AI5754 alloy are
minimal (Serio et al. 2016, Tosun et al. 2020). On the other
hand, a study examining the effects of changes in the
strength and elongation values of the FSPed Al 5754 alloy
on contact pressure and contact areas has not been
conducted yet. In this study, FSP was applied to Al 5754
alloy in three changing parameters, and the changes in the
strength and elongation values of the material after FSP
were examined in comparison with the situation before the
process. In the next phase of the study, the changing
strength and elongation values were transferred to finite
element (FEM) analysis to reveal the effects of these
changes on the contact stresses and distance values of the
structures in contact. As a result of the examinations, the
strength values of Al 5754 increased in all parameters after
FSP. The elongation values could be higher or lower than
the main structure according to the changing parameters. As
a result of FEM analysis, it was determined that contact
stresses increased with the strength of the material in all
changing input parameters, such as external load, circular
punch radius, and quarter plane spacing distance, and the
changing elongation values of the materials were more
effective on the contact distances. Although friction stir
processing (FSP) has been extensively studied for various
aluminum alloys (El-Sayed et al. 2025, Naumov et al. 2025,
Wang et al. 2025), its specific influence on contact
mechanics—especially regarding the modification of
mechanical properties like strength and elongation—has not
been thoroughly explored for the AA5754 alloy. This
research fills that gap by analyzing how changes in these
properties, caused by different FSP parameters, impact
contact stresses and contact distances within a two-body
contact model based on finite element analysis. The goal is

FEM and ANN Analysis Visualization of Data

to offer insights into how mechanical improvements from
FSP can be intentionally used to enhance contact
performance, particularly in surface-focused mechanical
systems where factors such as contact pressure distribution,
wear resistance, and stress concentration are crucial.

2. Experimental procedure

2.1 Material and FSP

In the study, a 6 mm thick AA 5754 alloy, which is
commonly used in the automotive, aviation, construction,
and marine industries, was used. After tensile tests
determined the strength and elongation values of the
material subjected to FSP with three varying parameters,
the effects of these changing material properties on contact
pressure and areas were comparatively examined through
FEM analyses. The working systematics is shown
schematically in Fig. 1.

FSP processes were applied to the material used in the
study at three different feed rates (115 mm/min, 210
mm/min, and 400 mm/min) and a rotational speed of 1250
rpm, as shown in Table 1. During FSP, a mixer set made of
WC material with a length of 5.7 mm, a pin diameter of 8
mm, and a shoulder diameter of 16 mm was used. The tool
inclination angle was determined as 30, and a constant tool
pressure load of 700 kg was selected as the tool pressing
force.

To determine the changes in strength and elongation
values of the material after FSP, tensile tests were carried
out at room temperature using an Instron 3382 brand
device. The force-elongation values measured during the
test were transferred to the computer, and stress-strain
curves were drawn. The samples used in the tests were cut
in 1.4 mm x 3 mm x 8 mm dimensions using a wire erosion
cutting device, in the direction of FSP, within the area
where FSP was applied, as seen in Fig. 2. For each case, at
least three samples were tested and the averages of the
values obtained were included in the study.

2.2 Finite element analysis

The finite element method is advantageous for examining
the behavior of theoretical designs under specified boundary
conditions before experimental studies (Guvercin et al.
2025, Yemenoglu et al. 2025, Yaylaci et al. 2025, O ner et
al. 2025, Wu 2023, Wang et al. 2023, Turan et al. 2025). In
addition to its flexibility in modeling complex geometries,
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Fig. 2 Schematic representation of the FSP and tensile test
specimen

(b)

Fig. 3 (a) Contact problem geometry and (b) 2D analysis
model

Table 1 Parameter codes and FSP parameters used in the
study

Parameter Code Feed Rgte Rotational Tool Pressure
(mm/min) Speed (rpm) (kg)
FSPed P1 115 1250 700
FSPed P2 210 1250 700
FSPed P3 400 1250 700

FEM offers significant advantages in terms of reduced
experimental cost and time efficiency compared to full-
scale testing and analytical solutions (Ammarullah 2025,
Hidayat et al. 2024). It minimizes the material burden
arising from experimental studies and prevents the loss of
time by allowing the change and application of different
boundary conditions in a short time. In the finite element
method, the analysis model is divided into a finite number
of small parts, the behavior of these elements during loading
is calculated, and the model’s behavior is determined. Since
the finite number of parts called elements shows the same

mechanical properties as the model in every region, the
simulation gives realistic results (Kiarasi et al. 2021, EI-
Ashmawy and Xu 2022, Zheng 2022, Moulgada et al. 2024,
Benouis et al. 2024, Fuyad et al. 2024, Sekban et al. 2024a,
b, Selvamani et al. 2024). The key steps for analysis—Ilike
modifying loadings in the model, changing materials, and
reviewing various result parameters—are straightforward to
organize. The chosen FEM model was selected for this
study because of its proven reliability and efficiency in
simulating contact problems with varying material
properties. Its capacity to quickly incorporate different
boundary conditions and material inputs makes it well-
suited for evaluating the mechanical effects of friction stir
processing within contact mechanics models.

This study section performed a finite element analysis of
the contact problem in Fig. 3a using the ANSYS Workbench
program.

First, a two-dimensional model of the contact problem
compatible with mathematical reality was created (Fig. 3b).
The mesh strategy was guided by convergence accuracy and
stability considerations, which are congruent with known
techniques in recent contact-based FEM investigations
(Muchammad et al. 2024, Murugesan et al. 2025). Then,
the model was divided into a finite number of pieces, and
the mesh structure was formed. The mesh structure was
generated using the 2D triangular-PLANE183 element,
which is useful for creating finite element models with
various geometric properties and yields remarkable results
in plane-strain analyses. The mesh structure of the contact
region was constructed with TARGE169 and CONTAL72
elements that are quite compatible with each other. The
mesh structure created under the specified boundary
conditions comprises 15892 elements and 32564 nodes
(Fig. 4a).

In the contact problem, the elastic layer sits on two
elastic quarter planes, and it is loaded with a rigid punch. In
the FEM model, all materials were assumed to be
homogeneous, isotropic, and linearly elastic, which is a
common and effective simplification in contact mechanics
studies for metals (Lamura et al. 2024). The thickness of the
elastic layer is determined as h = 100 mm, and its length is
L = 1000 mm. As can be understood from the problem,
there are two contact regions. The first is the elastic layer
with a rigid punch, and the second is the elastic layer with a
quarter plane. All contacts are assumed to be frictionless,
and the effect of gravity is neglected. Thermal effects were
neglected, and the simulations were carried out under
isothermal conditions, as also done in previous similar
studies (Tauvigirrahman et al. 2024). The problem is solved
as a plane strain problem. The stress distribution obtained
from the analysis and the images of the stresses occurring in
the contact regions are given in Figs. 4b and 4c.

3. Results and discussions
3.1 Strength and elongation
The stress-strain curve of the initial state of the material

and after FSP was applied to 3 different parameters is
shown in Fig. 5. Additionally, the strength and elongation
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(c)

Fig. 4 (a) Mesh structure, (b) general stress distribution
obtained as a result of the analysis, and (c) stress
distribution in contact regions
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Fig. 5 (a) Stress-strain curves of samples before and after
FSP

Table 2 Strength and elongation values before and after FSP

Yield Tensile Uniform Total
Condition  Strength Strength  Elongation Elongation

(MPa) (MPa) (%) (%)
AA5754 168104 261+07 147405  27.4+13
P1 FSPed 235+09 314+08 12+0.7 17.6+1.1
P2 FSPed 244413 32712 13.8+0.8 18.4+1.1
P3 FSPed 291+11 37813 21.2+1.4 29.2+1.5

values obtained from this curve are shown in Table 2. As
can be seen, the yield and tensile strength values of the
main structure, which are 168 MPa and 261 MPa,
respectively, increased to 235 MPa and 314 MPa after FSP
in the parameters coded as P1, 244 MPa and 327 MPa after

FSP in the parameters coded as P2, and 291 MPa and 378
MPa after FSP in the parameters coded as P3. In the
literature, it is seen that there is a similar increase in
strength values after FSP is applied to similar materials
(Aktarer et al. 2017, Sun et al. 2019). Dynamic
recrystallization occurring during FSP causes thinning in
the grain structure, which causes an increase in strength
values. However, it was observed that the elongation values
of the main structure (uniform elongation: 14.7% and total
elongation: 27.4%) decreased after FSP in P1 and P2
parameters. On the other hand, after the FSP was performed
on the P3 parameter, both the uniform elongation and total
elongation values compared to the main structure increased
to 21.2% and 29.2%, respectively. The decrease in
elongation values after FSP is generally explained by the
limited dislocation movement following the thinning in the
grain structure (Sekban 2024, Sekban et al. 2024b). Also, it
is stated in the literature that the increase in elongation
values in similar aluminum alloys after FSP is related to the
refining and more uniform distribution of some phases in
the alloy after FSP (WP 5).

These findings indicate that FSP can be used not only to
increase the strength of AA5754 but also to adjust its
ductility by modifying process parameters. This is
especially beneficial in applications that require both
formability and high contact performance, such as
automotive structural panels or marine components.

3.2 Contact mechanism

The numerical solution input dataset consists of three
different parameters. These are as follows:

P: External load

R: Circular punch radius

¢: Quarter plane spacing distance

The output results of the numerical solution consist of
four parameters. This is as follows:

a: Punch-layer contact distance

b: Layer-quarter plane contact distance

Plmax: Maximum stresses along the punch-layer
contact distance

P2max: Maximum stresses along the layer-quarter plane
contact distance.

3.2.1 Contact stresses

The change of maximum stress along the punch-layer
contact distance with quarter plane gap distance and the
change of maximum stress along the layer-quarter plane
contact distance with quarter plane gap distance are shown
in Fig. 6. As can be seen from the figure, the lowest values
in stresses occurring both along the punch-layer distance
and layer-quarter plane contact distance were obtained in
the structure formed with the material properties obtained
after the FSP application in P3 parameters. The main reason
for this situation is the high strength and elongation values
achieved in the material properties in this case. Thanks to
the higher elongation values, the load is spread over a wider
area during deformation, and thus the stress intensity
decreases and the maximum stress values decrease. On the
other hand, it is seen that the maximum stresses occurring
along the layer-quarter plane distance increase with the
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Fig. 6 (a) Variation of maximum stress along the punch-layer contact distance with quarter plane spacing distance and
(b) variation of maximum stress along layer-quarter plane contact distance with quarter plane spacing distance
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Fig. 7 (a) Variation of maximum stresses along the punch-layer contact distance with the circular punch radius, and (b)
variation of maximum stress along the layer-quarter plane contact distance with the circular punch radius

increase in quarter plane distance in all cases. The reason
for this situation is the decrease in the load-carrying area
and the increase in stress intensity due to the increased
quarter-plane gap distance.

The change of maximum stresses along the punch-layer
contact distance and layer-quarter plane contact distance
with the circular punch radius is shown in Fig. 7. It is seen
that the maximum stresses occurring both along the punch-
layer distance and along the layer-quarter plane distance
decrease with the increase in the elongation properties of
the materials (easier shaping). The main reason for this
situation is that the load is spread over a wider area during
deformation due to the easier shaping of the materials,
resulting in decreased stress values due to the increased
area. On the other hand, the maximum stresses occurring
decrease with the increase in the punch radius for all cases.
As it is known, as the sinking punch diameter increases, the
stress intensity in the contact area decreases, and the

maximum stresses decrease since the load is spread over a
wider area. In parallel with this, the maximum stresses
decrease with the increasing punch diameter for all
conditions.

The change of maximum stresses along the punch-layer
contact distance and layer-quarter plane contact distance
with external load (P) is seen in Fig. 8. As can be seen, the
lowest maximum stresses along both the punch-layer
contact distance and layer-quarter plane contact distance
were obtained when we modeled the model with the
material to which we applied FSP in P3 parameters. The
model with these material properties exhibits greater
resistance to deformation and improved energy absorption
capacity under loading. As a result, the model experiences
lower maximum stresses. Conversely, as the external load
increases, the contact area expands, distributing the load
over a larger region. Therefore, the maximum stresses
decrease with increasing external load in all cases.
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Fig. 8 (a) Variation of maximum stresses along the punch-layer contact distance with the circular external load, and (b)
variation of maximum stress along the layer-quarter plane contact distance with the circular external load
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Additionally, since increased plastic deformation prevents
localized stress concentrations, the maximum stress levels
decline.

3.2.2 Contact distances

The change of punch-layer contact distance and layer-
quarter plane contact distance with quarter plane clearance
distance is seen in Fig. 9. As a result of FEM analysis, it is
seen that the highest punch-layer contact distance and layer-
quarter plane contact distances are obtained in the case
where the model is created with the material to which FSP
is applied in the P3 parameter. The reason for this situation
is that the P3 FSPed material has a higher elastic and plastic
deformation capacity under load due to its high strength and
ductility. In this way, the contact area expands, and both the
punch-layer and layer-quarter plane contact distances increase
compared to the cases modeled with other materials. On the
other hand, when Fig. 9 is examined, it is seen that the

punch-layer contact distance increases in all cases as the
quarter plane clearance distance increases. The reason for
this situation is that the load spreads to a wider area along
the layer as the clearance distance increases. On the other
hand, it was determined that the layer-quarter plane contact
distance decreases with the increase in the quarter plane
clearance distance for the cases modeled with all material
properties. The reason for this is that the deformation in the
part of the layer that touches the quarter plane decreases as
the clearance distance increases.

The changes in the punch-layer contact distance and
layer-quarter plane contact distance with the circular punch
radius are shown in Fig. 10. As can be seen from the figure,
both the highest punch-layer and the highest layer-quarter
plane contact distances were obtained when the model was
modeled with the material to which FSP was applied in the
P3 parameter. The reason for this is the increase in the
contact area resulting from the higher deformation under
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load, which is a direct consequence of the high strength and
ductility obtained in this parameter. Due to the high strength
and elongation of this material, the load is distributed more
homogeneously as the circular punch radius increases, and
the contact distances increase compared to other conditions.
On the other hand, the reason for the increase in distances
with the increase in the circular punch radius in all cases is
that the spread of the load over a wider area increases the
deformation and causes the distances to grow.

The changes in the punch-layer contact distance and
layer-quarter plane contact distance with external load (P)
are shown in Fig. 11. As can be seen, the highest values in
both the punch-layer and layer-quarter plane distances were
obtained in the model created with the material properties
obtained by applying FSP in the P3 parameter. The reason
for this situation is that the structure modeled with this
material allows more deformation under load, thanks to its

high strength and ductility, which increases the contact
areas. On the other hand, as the applied external load (P)
increases, the punch-layer and layer-quarter plane contact
distances increase because the increasing load causes more
deformation on the material and expands the contact areas.
These findings show that FSP-induced improvements in
strength and ductility can greatly improve contact
compliance and load distribution, which is crucial for
reducing localized damage in contact-based mechanical
systems.

In the study, FEM results were examined using variance
analysis (ANOVA) for contact distances as shown in Fig.
12. The contour plots were created using MINITAB 19
software. While one value is fixed, the effect of the other
two variables can be shown (Uzun Yaylac1 2022, Yaylaci et
al. 2024). The changes in the punch-layer contact distance
(a) according to external load (P), circular punch radius (R),
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and quarter plane spacing distance (c) are summarized in
Fig. 12 (a-b-c). As can be seen, there is an increase in the
punch-layer contact distance values for each case where the
other two values, except for the value kept constant, are
changed. On the other hand, the changes in the layer-quarter
plane contact distance (b) values with variables are shown
in Fig. 12 (d-e-f). As can be seen, when the R variable is
kept constant, the increase in the P value is more effective
in increasing the layer-quarter plane contact distances.
Similarly, when the P value was kept constant, the
increasing R value was more effective increasing the layer-
quarter plane contact distance. It can be seen from the
figure that the increase in both P and R values created an
increasing effect on the layer-quarter plane contact distance
at the fixed c value.

4. Conclusions

In this work, FSP was applied to Al 5754 alloy under
three different settings, and the changes in the material’s
strength and elongation values after FSP were compared to
the situation before the FSP. In the following step of the
investigation, the changing strength and elongation values
were translated to finite element (FEM) analyses to
determine the impact these changes had on the contact
stresses and distance values of the structures in contact. The
data obtained as a result of the study are summarized below:

1- After all the FSPs were made after changing the
parameters, the yield and tensile strengths increased
compared to the base material. The highest yield and tensile
strengths were reached after the FSP was made in the P3
coded parameter with the values of 291 MPa and 378 MPa,
respectively.

2- The elongation values of the main material decreased
after the FSP made in the P1 and P2 coded parameters and

increased after the P3 coded FSP.

3- In the modeled contact problem, the contact stresses
obtained in the system exhibited a decreasing trend with the
increase in material strength and elongation in all the
different input parameters, such as external load, circular
punch radius, and quarter plane spacing distance.

4- In the contact system, the contact distances increased
with increasing strength and elongation values in all the
input parameters that were changed.

As can be seen, the increases experienced together in the
strength and elongation of the materials used in the contact
structures lead to improvements in terms of contact stresses
and distances. On the other hand, the study has observed
that the changes experienced in the strength and elongation
of the materials after FSP can change sharply with the FSP
parameters used. In this context, using the strength and
elongation values of the materials in contact systems by
improving them without experiencing changes in their
chemical composition can be considered as an optimum
solution. Also, the study reveals that the correct selection of
the parameters to be applied during FSP is highly critical in
the mechanics of the contact systems.
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