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Abstract.

In this study, the friction stir process (FSP), which can be successfully applied to plate-type materials, was applied to

DP800 steel in a varying number of passes (1, 2, and 3 passes), and the effects of the FSP on the microstructure, hardness, and
strength values of the steel were examined. In addition, the changes in the strength values after the FSP were transferred to the
finite element (FEM) and artificial neural network (ANN) based contact problem models, and the changes in the contact stress
and areas were determined comparatively. As a result of the examinations, it was determined that there were significant
reductions in grain sizes in the microstructure compared to the pre-processed material at all pass numbers after FSP. As a result,
the hardness and strength values of the steel increased after FSP. FEM and ANN analyses revealed that maximum contact stress
values increased after FSP due to higher strength, while contact area values decreased proportionally.

Keywords:

contact problem; DP800 steel; friction stir process; mechanical properties; microstructure

1. Introduction

Although many different types of steel are used in the
literature for different applications (Chandra et al. 2024,
Tlija et al. 2024), the use of dual-phase steels is rapidly
increasing due to the advantages they provide (Kiigiikdmeroglu
et al. 2017, Darabi et al. 2017). Dual-phase (DP) steels are
advanced high-strength steel created through regulated
heating and cooling operations, with ferrite and martensite
in the microstructure. It has good formability and high
strength because it comprises ferrite and martensite phases
in its microstructure. Because of these features, the usage of
DP steels has grown in various industries, including
machine components, building materials, automotive, and
shipbuilding, particularly in recent years.

Increasing the strength value in DP steels is generally
possible by increasing the ratio of martensite form in the
structure. However, it is also known that this structure
change negatively affects steel properties such as formability
and weldability. Therefore to increase the strength values of
such steels, using secondary severe plastic deformation
(SPD) methods instead of increasing the ratio of the
martensite phase is considered a good option. Severe plastic
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deformation (SPD) methods are applied to improve
materials’ mechanical and physical properties by reducing
the grain size to the nanometer scale. Many different SPD
methods are used in the literature to increase the strength
values of steels (Wetscher et al. 2006, Huang et al. 2008,
Hazra et al. 2011, Jamaati et al. 2014, An et al. 2016, Xue
et al. 2016, Ghalehbandi et al. 2018, Miller et al. 2019,
Demirtas and Sekban 2021, Sekban et al. 2024a). However,
considering its applicability to high-strength steels and
plate-type materials, it can be said that the friction stir
process (FSP) process stands out among other SPD methods.
FSP is a severe plastic deformation method in which a
rotary tool applies heat and plastic deformation to the
material’s surface by friction to refine the microstructure.
This method is used especially in surface modification and
material improvement processes to reduce the material’s
grain size and improve its mechanical properties. It is
known from the literature that many variables, such as tool
parameters, number of applied passes, and tool geometry,
significantly affect the structure formed after FSP
(Amirafshar and Pouraliakbar 2015, Hashemi and Hussain
2015, Rathee et al. 2015, Adetunla and Akinlabi 2018,
Senthilkumar et al. 2019, Tonelli et al. 2019, Bagheri and
Abbasi 2020, Farooq et al. 2020).

In the literature, empirical formulas, finite element-
based models, artificial neural networks (ANN)-based
models, and experimental investigations are frequently
carried out to solve material-based engineering problems
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(Kolahchi et al. 2016, 2019, Al-Furjan et al. 2022a, b, c,
Hajmohammad et al. 2021, Motezaker et al. 2021, Sekban
and 0 Imez 2021, Sekban et al. 2024b, Furjan et al. 2024a, b,
2025, Shan et al. 2025). On the other hand, FEM and ANN
methods offer significant advantages due to their low cost,
fast analysis capacity, and ability to obtain results consistent
with experimental results (Ammarullah et al. 2023,
Ammarullah 2025). When the literature is examined, it is
seen that FEM analyses are used in many different
engineering problems and are also frequently used in
contact problems (Salaha et al. 2023, Tauvigirrahman et al.
2023, Lamura et al. 2024). Similarly, it can be seen that
ANN is used in many fields (Keerthiveettil Ramakrishnan
et al. 2024, Sen et al. 2024, Saravanan et al. 2025, Yilmaz
et al. 2022).

The literature shows that the FSP process applied to
many different steels generally causes a reduction in grain
size and, as a result, increases in properties such as strength
and hardness (Costa et al. 2014, Xue et al. 2016, Nene et al.
2017, Sekban et al. 2017, Arora et al. 2019, Abubaker et al.
2020, Merah et al. 2020). When examined specifically for
DP steels, it was determined that the studies on increasing
the strength of this steel with FSP were quite limited
(Gotawala et al. 2020, Aktarer et al. 2019, 2024, Yilmaz et
al. 2024). In addition to increasing the mechanical
properties of steels, it is critical to understand how changes
in steels used in structural parts that come into regular
contact, such as DP steels, affect contact mechanics. No
study in the literature investigates the changes in qualities
such as contact stress and contact distances caused by
modifying the mechanical properties of DP steels in the
structures in contact. In this way, the study aimed to reveal
the effect of multi-pass FSP on the mechanical properties of
DP 800 steel, which has no example in the literature, and
also to reveal the effects of changing mechanical properties
on contact mechanics. In this study, FSP was applied to
DP800 steel with varying numbers of passes (1, 2, and 3
passes) to investigate the effects on microstructure,
hardness, and strength. Also, the changes in strength values
were transferred to the finite element-based contact problem
and these changes’ effects on maximum contact stress and
contact areas were examined comparatively. As a result of
the examinations, it was determined that the hardness and
strength values of the steel increased compared to the base
material as a result of the/due to refining of the grain
structure in all the changing pass numbers. On the other
hand, while close hardness and strength values were
reached after 1 and 2 passes of FSP, it was observed that
after 3 passes, there was a significant increase in the
hardness and strength values of the structure, and the
elongation values decreased. In the finite element-based and
ANN-based contact problem, where the changes in
mechanical properties are transferred, it was determined
that the maximum contact stresses increased in all cases
after FSP, and the highest maximum contact stress was
obtained in the model created with steel properties after 3
passes of FSP. Also, it was determined that the contact area
values decreased slightly after FSP, and the lowest contact
area values were reached in the structure modeled with steel,
to which 3 passes of FSP were applied.

2. Experimental procedure
2.1 Material and friction stir process

This study used hot-rolled DP800 steel with a chemical
composition of 0.062% C, 1.927% Mn, 0.132% Si, 0.02%
Al, 0.018% Cu, 0.25% Cr, 0.02% Ni, 0.015% Mo, and the
remainder Fe was used. FSP was applied to DP800 plates
with dimensions of 200 mm x 50 mm x 1.5 mm in multi-
pass (1, 2, and 3 passes), as shown in Fig. 1. During FSP, a
tool made of WC with a 14-flat shoulder and a cylindrical
stirrer pin with a diameter and length of 5 mm and 1.3 mm,
respectively, was used. While 1600 rpm was selected as the
tool rotation speed, the tool traverse speed was determined
as 170 mm per minute. During FSP, the shoulder inclination
angle of the tool was set to 2°, and the tool pressing force
was kept constant at 6 KN. The peak temperature during
FSP was measured at two points corresponding to the stir
zone (SZ) and the heat-affected zone (HAZ) using a K-type
thermocouple. The two thermocouples were placed in small
holes drilled into the middle of the plate thickness. Time-
temperature austenitization diagram predictions have been
conducted wusing the JMatPro software (Java-based
Materials Properties). An optical microscope (OM) and
scanning electron microscope (SEM) were used to observe
the microstructure of the samples before and after FSP.
Metallography samples were removed perpendicular to the
machining direction (Fig. 1), polished with standard
techniques, and then etched in 2% Nital (2 ml. HNO3 + 98
ml. C2H60) for 20 seconds. Hardness and tensile test
samples were taken from the base material and the plate to
which FSP was applied in varying pass numbers, as seen in
Fig. 1. Vickers hardness measurement method was used in
hardness tests which were carried out at room temperature
using a load of 200 g and a waiting time of 10 s. Hardness
measurements were made in horizontal and vertical
directions in 250 um steps on the plate where FSP was
applied in wvarying pass numbers, and a hardness
distribution map was prepared after FSP. In order to
determine the effect of changing number of passes after FSP
on strength and elongation values, tensile test samples with
dimensions of 1.4 mm x 3 mm x 8 mm were removed from
the plate in the positions shown in Fig. 1 and were subjected
to tensile testing at room temperature at a strain rate of
5x10-4 s*. The average stress-strain values obtained as a
result of tensile tests performed at least 3 times are given in
the study.

2.2 Finite element method

Contact mechanics is a discipline that studies solids in
contact with each other. Due to the breadth of the study area
and the variety of problems encountered, there are many
studies on this subject. Many different methods have been
used in studies conducted to date. Analytical analysis has an
important place in contact problems. However, in recent
years, it has been observed that numerical analysis data and
modeling have also come to the fore. At the point where
today’s technology has come, it is now possible to obtain
results very close to experimental results by modeling with
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advanced numerical analysis programs. In particular,
software programs that adopt the Finite Element Method
(FEM) provide realistic results by making the solution of
complex engineering problems much more manageable
(Yaylact et al. 20244, b, ¢, Wang et al. 2023, Wu 2023,
0 zdemir et al. 2024, Shen et al. 2024, Giivercin et al. 2025,
Yemenoglu et al. 2025).

FEM is widely used by researchers in different disciplines
to analyze stresses and strains in complex systems. The
method creates a mathematical model for certain boundary
conditions through differential equations. The designed
mathematical model is divided into smaller elements and
creates a mesh structure. Each element is connected with
nodes to create a numerical model of the problem. The
higher the number of elements in the mesh structure, the
better the model behaves during analysis (Drai et al. 2023,
Uzun Yaylact et al. 2023a, b, Trung et al. 2023, Xia et al.
2023, Belabed et al. 2024, Daikh et al. 2024, Lafi et al.
2024, Sekban et al. 2024c).

(b)
Fig. 2 ANSYS Workbench model of the problem: a) Solid model, b) mesh structure

ANSY'S Workbench, a numerical analysis program, was
used in this study. During the study, first, the geometry of
the contact problem was determined, and a mathematical
model was created in the ANSYS Workbench (2023 R1)
program. Then, the element types were determined, and the
material properties that formed the mathematical model
were defined in the program. The contact problem geometry
was studied with a layer and a half plane under the layer.
The problem geometry and loading situation are seen in Fig.
2a. Po, a known distributed load, acts symmetrically on the
y-axis along the length (-a,+a). The layer and the half-plane
are in contact in the (-b, +b) range along the length 2b. The
material properties for the contact problem were determined
as surface width L=1000 mm and surface thickness h=100
m, and all materials used were considered elastic and
isotropic.

In the third stage, a mesh structure model was created
with the selected elements of the mathematical model. The
mesh structure model of the problem is shown in Fig. 2b.



256 Semih Mahmut Aktarer et al.

(a)
Fig. 3 Post-analysis images: a) Deformation shape, b) contact stress

Table 1 ANN test parameters

(b)

a (mm) po (N/mm)

5 10 15 1000 1050 1100
20 25 30 1150 1200 1250
35 40 45 1300 1350 1400
50 55 60 1450 1500 1550
65 70 75 1600 1650 1700
80 85 90 1750 1800 1550
95 100 105 1900 1950 2000

5 10 15 1000 1050 1100

ANSYS Workbench program offers the opportunity to
define mesh structures in different shapes based on the
finite element method. The mesh structure of this contact
problem model was created using the 2D-Quadrilateral -
PLANE183 element with 4 corners and 8 nodes. Since the
PLANE183 element has 2 degrees of freedom, it is very
suitable for complex and irregular mesh structures. As a
result of the experiments, the mesh structure of the problem
was created by connecting 10441 elements with 31969
nodes. 586 CONTA172 and TARGE169 contact elements
were used to define the contact area of the problem.

After creating the mesh structure, boundary conditions
were determined, and loadings were defined en/in the
model. The deformation shape in the ANSYS Workbench
model is seen in Fig. 3a. The contact problem was solved
by determining the solution options. The results were
examined using the determined boundary conditions, mesh
structure, and element types. In the contact problem, the
contact of the layer and half plane with the surface was
studied. The friction between the punch and the surface was
neglected, which was designed as a plane-strain problem.
Fig. 3b shows the general contact stress image and focused
image of the contact elements as a result of the ANSYS
Workbench solution.

2.3 Atrtificial neural network

Artificial neural network-based techniques are used to
solve nonlinear and complex relationships between data as
an alternative to traditional regression models (Uzun
Yaylac1 2024). In this study, the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) training algorithm was used with a feed-

forward multilayer perceptron (MLP) to predict the contact
stress and contact area. The training set for ANN was
obtained from theoretical solutions (Table 1). The input
layer of the network consists of two different parameters.
These are as follows,

a (mm): Length of distributed load

p0 (N/mm): Applied distributed load

The output layer of the network consists of two
parameters. This is as follows,

b (mm): Contact area

Pmax (MPa): Maximum contact stress

ANN model was employed in Statistica software 12
using the neural network module. The number of hidden
layers and neurons were calculated by trial and error. The
weights were assigned random values between 0.0001 and
0.001. Identity, logistic sigmoid, hyperbolic tangent,
exponential, softmax, and Gaussian activation functions
were tested, and 10000 networks were trained/retrained.

3. Results and discussions
3.1 The Temperatures in the FSPed Region

Temperatures in the processed region during FSP were
monitored using thermocouples embedded in the plate. The
peak temperatures in the SZ and HAZ reached 874°C and
400°C, respectively (Fig. 4a). SZ experienced heating rates
of 170°C/s and cooling rates of 65°C/s. As shown in the
TTA diagram in Fig. 4b, during FSP, the SZ is exposed to a
temperature above the A3 temperature line. Therefore, the
SZ was austenitized during FSP.
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Fig. 4 (a) Temperature vs. time curves for the stir zone (SZ) and heat-affected zone (HAZ) during FSP, and (b) the time-
temperature austenitization diagram (TTA) along with the corresponding heating rate (HR) during FSP
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3.2 Microstructure

Optical and SEM micrographs showing the micro-
structures of DP800 steel plates are presented in Fig. 5. The
initial microstructure of the DP800 steel sheet consists of
ferrite (F) grains elongated in the rolling direction and
martensite islands (MI) distributed along the ferrite grain
boundaries. The average ferrite grain size is 4 um, and the
martensite volume fraction is approximately 44%. The
martensite islands appear dark in the optical micrograph
(Fig. 5a) and bright in the SEM image (Figs. 5b and 5c).

The optical micrograph of the region with multi-pass (M)
-FSP is shown in Fig. 6a, and traces of the side-by-side pass
are visible. After M-FSP, the heat-affected zone (HAZ), the
thermomechanical-affected zone (TMAZ), and the stir zone
(SZ) were typically observed in the processed zone (PZ).
The microstructure of the first pass heat-affected zone is
depicted in Figs. 6b and 6bl exhibit a typical tempered
martensite appearance partially decomposed into cementite
and ferrite. Since the end of the TMAZ is the beginning of
the HAZ, the lowest temperature of the TMAZ is the
highest temperature of the HAZ. Therefore, it should be
noted that the temperature in the HAZ is between the
TMAZ temperature and approximately 400°C. The TMAZ
temperature was not measured in this study, but it is known
that the TMAZ temperature is slightly lower than the SZ
temperature (Aktarer et al. 2019). Figs. 6¢ and 6c1 show the
TMAZ of the first pass. The TMAZ consists of a very low

£ ¥ . xZDADOGI“,‘
and (c) high magnification SEM

fraction of ferrite lath, and island martensite. The
temperature in this region is probably very close to the A3
temperature. During FSP, a very small volume of this region
is ferrite, with most of it being austenite. Austenite
transformed into martensite islands and lath during the
subsequent cooling process, with ferrite remaining in the
microstructure to a very low extent. Figs. 6d and 6d1 show
the SZ of the first pass, which was influenced by the heat of
the subsequent second pass. During FSP, depending on the
temperature and cooling rate in the SZ, lath martensite is
expected to form first. The microstructure of lath martensite
was transformed into ferrite, martensite, and tempered
martensite by the heat effect of the second pass. The
microstructure shown in Figs. 6e and 6el are lath martensite.
This region initially corresponded to the SZ of the first pass
and then became the TMAZ of the second pass. Figs. 6f and
6f1 show the TMAZ of the first pass, followed by the SZ of
the second pass, resulting in a final microstructure
composed of refined equiaxed ferrite grains and martensite
islands. Figs. 6g and 6g1 show the SZ of the second pass
and the TMAZ of the third pass. The microstructure of this
region is fine lath martensite. Figs. 6h and 6h1 show the SZ
of the third pass, with the microstructure being lath
martensite. In this region, the previous ferrite and
martensite islands were transformed into austenite due to
deformation and heat effect during FSP, resulting in lath
martensite after cooling. Fig. 6i and 6il1 show the TMAZ of
the third transition, with the microstructure of this region
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Fig. 6 (a) Optical micrograph of the cross-sec

tion of M-FSPed sample (b)-(b1) HAZ of the 1st pass, (c)-(c1) TMAZ of

the 1st pass, (d)-(d1) SZ of the 1st pass, (e)-(e1) TMAZ of the 2nd pass, (f)-(f1) SZ of the 2nd pass, (g)-(gl), SZ of the
3rd pass in the advancing side, (h)-(h1) SZ of the 3rd pass, (i)-(i1) TMAZ of the 3rd pass

consisting of ferrite, bainite, and lath martensite. It is likely
that during FSP, this region was exposed to temperatures
just below the A3 temperature line. Some of this regions’
ferrite and previous martensite islands transformed into
austenite. Austenite transformed into lath martensite and
bainite during the subsequent cooling process, while ferrite
remained in the microstructure. Kang et al. reported that
bainite and martensite microstructures can form in FSPed
low alloy high-strength steel at different cooling rates
(Kang et al. 2016). Their results showed that the micro-
structure was composed entirely of bainite at a cooling rate
of 30 °C/s and predominantly martensite at a cooling rate of
70 °C/s. Similarly, Miles et al. reported observing lath
martensite in the SZ of friction stir welded DP590 steel
(Miles et al. 2006). In conclusion, the final microstructure
in M-FSP processing depends on the initial microstructure,
peak temperature, cooling rate, and deformation rate during
the process.

3.3 Hardness

The microstructure image taken from the hardening area,
the hardness distribution map created with the hardness

values, and the hardness values taken both horizontally and
vertically from the sample are shown in Fig. 7. As can be
seen from the figure, the hardness value of 220 Hv in the
base material increased in the areas affected by the tool
after the application of FSP in all changing passes and
reached 440 Hv level in the part of the sample where 1 pass
FSP was applied, 450 Hv level in the part where 2 passes
FSP was applied and 560 Hv level in the part where 3
passes FSP was applied. The hardness values increase
compared to the base material in all the changing passes
because of the grain refinement in the microstructure after
FSP (Sekban et al. 2015). On the other hand, the significant
decrease in grain size after 3 passes compared to 1 and 2
passes caused the hardness values to increase significantly
after 3 passes compared to the FSP in the other passes.
When Fig. 7c is examined, it is seen that in FSP performed
side by side, the hardness values in the 1-2 pass
intermediate zone and 2-3 pass intermediate zones show a
tendency to decrease. This situation is because the grains
tend to be coarse in these regions where the stirrer pin does
not affect them, but the temperature rises. When Fig. 7d is
examined, it is seen that similar hardness values occur in all
pass numbers in part close to the surface. As you go down,
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Fig. 7 (a) Optical microscope image of microstructure formed in the sample removed perpendicular to the multi-pass
FSP direction, (b) hardness distribution map created with the hardness values measured based on this microstructure, (c)
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from the sample surface

Table 2 Tensile properties of base and varying number of passes FSP applied samples

Condition

Base 567+11 829+14
1 pass FSP 803+14 968+18
2 pass FSP 907+13 1038420
3 pass FSP 1221+16 1407422

Yield Strength (MPa) Tensile Strength (MPa) Uniform Elongation (%) Total Elongation (%) Toughness (Joule)

14.9+0.5 23.5+1.1 4.82
6.8+0.7 15.4+0.9 3.49
4.3+0.4 12.9+0.7 3.85
3.2+£0.5 10.9+0.8 4.89

the hardness values where 3 passes of FSP are applied are
obtained higher than the regions where 1 and 2 passes of
FSP are applied. The hardness values in the near-surface
part after 3 passes of FSP are close to those in other passes
because the temperature in these regions increases due to
the impact of the stirring pin and shoulder on the surface
(Sekban et al. 2017). Since there was partial grain
coarsening in the surface region, whose temperature
increased significantly during the 3-pass FSP, the hardness
values remained at a relatively low level. On the other hand,
as one descends from the surface, the grain size decreases
due to the effect of the stirring pin, causing the hardness
values to increase significantly in these parts.

3.4 Strength and elongation

Fig. 8 shows stress-strain curves of the base and a
varying number of passes FSP applied samples. On the
other hand, the yield strength, tensile strength, uniform
elongation, and total elongation values obtained from this
curve for all conditions are given in Table 2. As can be seen,
the yield and tensile strength values of 567 MPa and 829
MPa in the base material increased to 803 MPa and 968
MPa after 1 pass of FSP, to 907 MPa and 1038 MPa after 2

passes of FSP, and to 1221 MPa and 1407 MPa after 3
passes of FSP. On the other hand, the 15% uniform
elongation value obtained in the pre-process samples
decreased to 6.8% after 1 pass of FSP, 4.3% after 2 passes
of FSP, and 3.2% after 3 passes of FSP. The increase in
strength values and decrease in elongation values in all pass
numbers after FSP are related to grain refinement in the
microstructure (Hajian et al. 2015). As it is known, the
decrease in grain size causes an increase in grain boundaries
which prevents the movement of dislocations. Therefore, it
is possible to say that both the increase in strength values
and the decrease in elongation values after FSP are due to
this limitation in the movements of dislocations due to the
decrease in grain size. On the other hand, it can be seen
from the curve and table that the strength values increased
significantly after 3 passes compared to the strength values
obtained after 1 and 2 passes. The main reason for this
situation is that the grain size in the microstructure after 3
passes of FSP decreases significantly compared to after 1
and 2 passes of FSP.

3.5 Contact mechanics analysis with FEM and ANN

Following the implementation of FSP on variable passes,

259
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Table 3 Characteristics of ANNSs that recognize output elements

Network Learning Testing Validation Learning Error Hidden Output
name Error (%) Error (%) error (%) algorithm function activation activation
MLP 2-11-2 0.08 211 0.89 BFGS 435 S0s Exponential Identity
MLP 2-14-2 0 0.56 0 BFGS 273 S0s Logistic Identity
1600 6
—e— DP800 5 max ey, ,0=1.84%
g —— Base s =1.35%
g 1400 ; z::: ::gg 1 pass FSP average ey, ;o=1.3
< 1200 —+— 3 pass FSP | =————— 2passFSP
3 = 3 pass FSP
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Fig. 8 Stress-strain curves of base and varying number of i
passes FSP applied samples
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Fig. 9 Maximum contact stress changing with length of
distributed load

comprehensive finite element method (FEM) and artificial
neural network (ANN), analyses were conducted to
elucidate the influence of varying strength and elongation
parameters of the material on the maximum contact stress
(Pmax) and contact area (b) corresponding to the length of
distributed load (a) and distributed load value (Po). The
average absolute error (average €mae) and maximum
absolute error (max emse) Vvalues, which quantify the
discrepancies between the outcomes derived from FEM and
ANN analyses, were computed by equation number 1
(Nevendra and Singh 2022). The proximity of the emae
values to zero, ranging from 0 to oo, indicates that reliable
and consistent results are achieved between the employed

a (mm)

Fig. 10 Contact area changing with length of distributed
load

methodologies. Throughout all analyses conducted in this
investigation, it is evident that the emee ratios of the results
from FEM and ANN remain below 2%, thereby confirming
that the findings derived from both analytical approaches
exhibit a high degree of consistency.

REi - RFEMior MLR,

x100, (i=1,2,3,..,n) (1)

Evne =

E;

In this study, the predictive success of ANN was
compared with the results obtained from FEM. The
application of artificial neural networks to predict contact
stress and contact area was investigated. The ANN
architecture was tested for a single hidden layer and a
varying number of neurons from 1 to 16 in this layer.
Networks with sos error terms produced superior results.
The best of the networks are shown in Table 3. The results
showed that the constructed network successfully estimated
the contact stresses and contact area and provided a fast and
accurate estimation.

Fig. 9 illustrates the fluctuation of maximum contact
stress concerning the length of the distributed load,
specifically in scenarios where the material characteristics
pertinent to the contact problem are conveyed before the
FSP and after the FSP across varying passes. As can be seen,
the maximum contact stress values increased due to the
increasing strength values after the increasing number of
FSP passes. The reason for this situation is the relatively
high carrying capacity and deformation resistance that
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Fig. 12 Contact area changing with applied distributed load

occurs in the structure after increasing material strength
values. On the other hand, higher stress concentrations
occurred in the structure due to the increased distributed
load width, and the maximum stress values also increased.
Fig. 10 depicts the variation of contact area values
relative to the distributed load length, particularly when
material properties relevant to the contact issue are
communicated before and after the FSP. As can be seen
from the figure, the contact area values decreased with
increasing FSP pass. This situation is because the increasing
material strength values after increasing FSP make plastic
deformation difficult. On the other hand, as expected, as the
distributed load length increased, the contact area values
increased due to the increased contact between the surfaces.

Fig. 11 illustrates the maximum contact stress values
concerning the distributed load, especially material
properties pertinent to the contact problem before and after
the FSP. As can be seen, the maximum contact stress values
at all changing distributed load values increased in parallel
with the increasing strength values after FSP. This situation
is because the amount of load the structure can carry
increases with increasing strength values of the material. On
the other hand, as expected, it can be seen from the figure
that the maximum contact stress increases with the
increasing amount of distributed load.

Fig. 12 shows the variation of contact area values with
applied distributed load in cases where the material
properties in the contact problem are transferred before and
after FSP. As can be seen from the figure, increasing
strength values with an increasing number of passes caused
a relative decrease in contact area values. It is thought that
the main reason for this situation is that the plastic
deformation that occurs during contact decreases relatively
after the increasing strength value of the material. On the
other hand, as the applied distributed load increased, the
amount of surface in contact increased as expected during
contact, and as a result, the contact area values increased.

4. Conclusions

FSP was applied to DP 800 steel in varying numbers of
passes (1 pass, 2 passes, and 3 passes), and the effects of
FSP on the microstructure and mechanical properties were
examined. On the other hand, the effects of the strength and
elongation change in the material after FSP on the
maximum contact stress and contact area at changing
distributed load length and distributed load value were
examined with FEM and ANN analyses. The data obtained
as a result of the investigations are summarized below:

1- The maximum temperatures in the SZ and HAZ
attained 874°C and 400°C, respectively, during the FSP.

2- The complex microstructure such as martensite,
ferrite, and bainite formed after multi-pass FSP is
determined by the initial microstructure, peak temperature,
cooling rate, and deformation rate during the process.

3- The hardness value of the base material, which was
220 Hy, increased to 440 Hv after 1 pass of FSP, to 450 Hv
after 2 passes of FSP, and to 560 Hv after 3 passes of FSP.

4- Yield and tensile strength values improved from 567
MPa and 829 MPa in the base material to 803 MPa and 968
MPa after one pass of FSP, 907 MPa, and 1038 MPa after
two passes, and 1221 MPa and 1407 MPa after three passes.
Conversely, the uniform elongation value of 15% in pre-
process samples diminished to 6.8% after one pass of FSP,
4.3% after two passes, and 3.2% after three passes.

5- FEM and ANN analyses revealed that maximum
contact stress values rose with enhanced strength post-FSP,
while contact area values decreased in inverse correlation to
strength increases.
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