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Abstract: This paper investigates the effects of Friction Stir Processing (FSP) parameters on the micro-
structure and mechanical properties of an Al-Si7Mg0.2 alloy. The study’s findings indicate that aug-
menting the rotational velocity of the tool in the context of Friction Stir Processing can reduce grain
size and enhance the alloy’s mechanical properties. The optimization of process temperature plays a
vital role in managing the thermal profile and preventing undesirable consequences such as overheat-
ing or excessive cooling. These adverse effects can significantly impact the microstructure and proper-
ties of the alloy. The finer grain size of the FSPed samples resulted from the intense plastic deformation
and dynamic recrystallization during the process. This grain refinement improved hardness, wear,
and corrosion resistance. The temperature distribution during FSP using finite element simulation was
highly dependent on the process parameters, such as the rotational speed and the dwell time. The
results of this study are employed to develop a fitting model to predict the temperature distribution
along the workpiece during the dwelling stage, which can be used to optimize the process parameters
for different applications. The optimization of the heat generation inside the stirred zone plays a vital
role in managing the thermal profile and preventing undesirable consequences such as overheating or
excessive cooling. These adverse effects can significantly impact the microstructure and properties of
the alloy.

Keywords: Al-Si; corrosion rate; wear resistance; fiction stir processing; surface modification;
numerical simulation

1. Introduction

Friction Stir Processing (FSP) has emerged as a solid-state technique that has attracted
considerable interest in recent times owing to its potential to modify the microstructure and
improve the mechanical characteristics of different alloys. One particular alloy that has been
the focus of numerous investigations is the Al-Si alloy. This alloy is widely used in industries
such as automotive and aerospace due to its desirable combination of strength, corrosion
resistance, and lightweight properties. Friction Stir Processing has shown promising results
in improving the microstructural, tribological, and corrosion behavior of the AlSi7Mg0.2
alloy. The microstructural modification achieved through Friction Stir Processing is a key
factor in enhancing the alloy’s mechanical properties and corrosion resistance. By subjecting
the alloy to severe plastic deformation, FSP promotes grain refinement and homogenization
of the microstructure [14]. Implementing Friction Stir Processing on cast aluminum and
magnesium alloys led to the fragmentation of large dendrites and secondary phases and the
reduction in the size of matrix grains, dissolution of precipitates, and removal of porosity.
As a result, the mechanical characteristics of the castings were notably enhanced [5-7]. The
frictional heat generated by the tool causes the material to deform, which refines the grain

Coatings 2023, 13, 1667. https://doi.org/10.3390/coatings13101667

www.mdpi.com/journal/coatings



Coatings 2023, 13, 1667

2 of 18

size and introduces residual stresses plastically. These changes in the microstructure im-
prove the material’s strength, ductility, and fatigue resistance [8-10]. The refined micro-
structure contributes to better tribological performance by reducing friction and wear [11-
13]. Moreover, Friction Stir Processing has been found to enhance the corrosion resistance
of the AlSi10Mg alloy by creating a more compact and less corrosion-susceptible microstruc-
ture [14,15]. Various studies have consistently observed the improvement in mechanical
properties and corrosion resistance observed in the AlSi10Mg alloy after Friction Stir Pro-
cessing [16,17]. For example, a study by Szymczak et al. demonstrated that FSP significantly
increased the hardness and tensile strength of the AlSi7Mg0.3 alloy. Furthermore, FSP re-
duces the size of secondary dendrite arm spacing (SDAS) and enhances the mechanical
strength characteristics. It also resulted in a more uniform distribution of intermetallic
phases and reduced porosity, which further improved the mechanical properties of the alloy
[18]. In addition to the experimental investigations, simulation studies have also been con-
ducted to understand the Friction Stir Processing and heat generation mechanisms involved
in modifying the microstructure and enhancing the mechanical properties of alloys [19].
Optimizing aluminum alloy’s Friction Stir Processing parameters for enhanced mechanical
and tribological properties was investigated by many authors [20-24]. Taguchi’s experi-
mental design was employed to optimize the parameters of Friction Stir Processing for
AA6061/SiC surface composites; the study found that the highest microhardness was ob-
tained when using a tool rotational speed of 1400 rpm, a traverse speed of 50 mm/min, and
a tilt angle of 2.5 degrees [25].

The utilization of the CEL model can serve as a robust computational instrument for
emulating intricate process mechanics and enhancing the FSP process parameters in the
context of industrial implementations [26]. These simulation studies aim to provide insights
into the complex thermal and mechanical interactions that occur during Friction Stir Pro-
cessing. They help predict temperature distribution, material flow, and microstructure evo-
lution [27,28]. These simulation studies have confirmed that the generation of frictional heat
and the stirring action play a crucial role in achieving the desired microstructural modifica-
tions. Furthermore, the simulation studies have also revealed that process parameters such
as rotational speed, traverse speed, and tool geometry significantly influence the alloy’s mi-
crostructural evolution and mechanical performance during Friction Stir Processing [29,30].
For instance, increased rotational speed leads to higher heat generation and more severe
plastic deformation, resulting in finer grain refinement.

Furthermore, a higher traverse speed can promote better mixing of the material and
prevent excessive heat accumulation, which can be detrimental to the desired microstruc-
ture modifications [31]. The research conducted on Friction Stir Processing has consistently
shown that it is an effective method for improving alloys’ mechanical properties and corro-
sion resistance [1,32]. The microstructural modifications achieved through Friction Stir Pro-
cessing, such as grain refinement and homogenization, have been proven to increase various
alloys” hardness and tensile strength [33,34].

Furthermore, the uniform distribution of intermetallic phases and reduced porosity
achieved through Friction Stir Processing also improve mechanical properties. The imple-
mentation of Friction Stir Processing has demonstrated advantageous outcomes in terms of
enhancing both hardness and wear resistance [35]. The study demonstrates that the corro-
sion performance of Al-Sil2 alloys fabricated through selective laser melting (SLM) can be
enhanced by subjecting their surfaces to Friction Stir Processing (FSP) [36]. The tool pos-
sessing a greater shoulder region facilitated increased plastic deformation on the micro-
structure, thereby producing a microstructure that is better suited for high-temperature de-
formation [37]. The rotational velocity significantly impacts the corrosion rate [38]. The mi-
crostructure of an AlSi10Mg alloy, produced through laser powder bed fusion, was modi-
fied using Friction Stir Processing to enhance its corrosion properties [39]. The optimum FSP
parameters for AlSi7Mg0.2 alloy will depend on the specific application. For example, the
tool rotational speed should be high enough to generate a high-temperature and high-pres-
sure zone but not so high that the workpiece overheats. The feed rate should be high enough
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to ensure the tool moves smoothly through the workpiece but not so high that the recrystal-
lized microstructure is not fully developed. The current work aims to optimize the pro-
cessing parameters to achieve multiple goals, such as minimizing grain size, wear rate, and
corrosion rate. The best tool design will be the one that achieves these goals simultaneously.
To achieve this, experimental work was conducted to fabricate the advanced surface. Cor-
rosion and wear rate tests were also performed, followed by optimization and simulation
modeling.

2. Materials and Methods

The present study aimed to examine the A356 (AlSi7Mg0.2) cast aluminum alloy,
which possesses a chemical composition as listed in Table 1. The cast ingots, as received,
were sectioned into plates of 300 x 50 x 10 mm? in size.

Table 1. The nominal chemical composition of the investigated alloy (wt.%).

Element Si Mg Fe Ti Al
wt.% 7.1% 0.19% 0.1 0.09% rest

2.1. Friction Stir Processing

The FSP procedure was conducted on a vertical CNC milling machine (Knuth-VFMS5,
Knuth, Wasbek, Germany). The process involved a single pass and utilized two different
types of pin tools: a cylindrical pin profiled tool (CP) and a triangular pin with cylindrical
corners pin tool (TP), as depicted in Figure 1. Both tools possess an identical cylindrical
shoulder with a diameter of 22 mm. Figure 2 depicts the schematic representation of the
processing tools along with their basic dimensions. The processing conditions and their cor-
responding levels are listed in Table 2.
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Figure 1. The used FSP tools: (a) triangular pin (TP) profile, (b) cylindrical pin, (CP) profile.
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Figure 2. FS processing via an automatic milling machine.

Table 2. The levels of the Friction Stir Processing parameters used in the current work.

Levels
Level 1 Level 2 Level 3 Level 4 Level 5

Processing Considerations *

Tool rotational speed

355 450 560 710 900
[rpm]
Traverse sPeed 10 20 40
[mm/min]
Tool geometry cr TP

* All processed samples have a constant 2° tilt angle.

2.2. Microstructure Analysis

The specimens went through metallographic analysis following standard procedures,
which involved mechanical grinding and polishing using a Struers La-boPoll5 (Struers APS,
Ballerup, Denmark) polishing machine. Subsequently, the specimens were subjected to
etching using Keller’s reagent, which consisted of 190 mL H20, 5 mL HNOs, 3 mL HCl, and
2 mL HF, for a duration ranging from 5 to 120 s at room temperature. Microstructure char-
acterization was carried out on the samples using an optical microscope (OM) Zeiss Axio-
vert 200 M (Carl Zeiss, Oberkochen, Germany) and scanning electron microscope (SEM)
Tescan-VEGA3 LMH (Tescan Brno s.r.o., Kohoutovice, Czech Republic). Microstructural
analysis was performed using image analysis software.

2.3. Hardness Measurements

The Vickers microhardness test was performed in the stirred zone using a Zwick/Roell
hardness tester (Zwick/Roell, Kennesaw, GA, USA) with a 100 g load and a 10 s shutter
speed, as specified by the ASTM E-384-17 standard [40]. At least 10 measurements for each
FSP condition were recorded and the hardness contours were constructed.

2.4. Wear Behavior Testes

Wear tests were conducted on the as-cast and FSPed specimens in a dry sliding condi-
tion utilizing a pin-on-ring machine tester (TNO, Delft, The Netherlands) following the
ASTM G99-04A standard [41] at ambient temperature. The wear specimens possess dimen-
sions of 10 mm x 10 mm x 10 mm. The wear tests were conducted for 20 min under a load
of 50 N and at a consistent rotating speed of 100 rpm. The counter face cylinder used in the
experiment had a diameter of 200 mm and was composed of 316 stainless steel. Before each
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test, the cylinder was subjected to a cleaning process using acetone to eliminate any potential
surface contaminants. The wear rate was calculated by measuring the weight of the speci-
men before and after conducting wear tests using an electronic precision balance with a res-
olution of 0.1 mg, as described by Equation (1):

AW
wear rate () = == M

where, AW is the weight loss (g), and A is the area of exposed surface to the friction (cm?)

2.5. Corrosion Behavior Tests

The investigation of corrosion behavior was conducted by employing potentiodynamic
polarization techniques on both friction-stirred zones and as-received alloys. The corrosion
experiments were conducted using the workstation Autolab PGSTAT 302 N (Metrohm, He-
risau, Switzerland)—a high-performance potentiostat/galvanostat instrument. The experi-
ments were controlled using the NOVA 1.10 software (Metrohm Autolab B.V., Utrecht, The
Netherlands). The NOVA software package has been specifically developed to effectively
manage Autolab instruments with a USB port. The studies were conducted utilizing three
typical electrode cells, including a reference Ag/AgCl electrode, a working electrode, and a
platinum rod serving as a counter electrode. The specimens were submerged in a solution
containing 3.5% sodium chloride (NaCl) at ambient temperature. Polarization measure-
ments were conducted within a voltage range of -1.5 V to 1.5 V (SCE) using a scan rate of 2
mVs™. The technique of Tafel extrapolation was employed to make estimations of the re-
sistance polarization (Rp) and the corrosion rate through the analysis of the cathodic and
anodic polarization curves associated with the corresponding corrosion phenomena. Before
conducting the electrochemical experiments, all exposed surfaces underwent wet polishing
using emery paper with a grit size of 1200. Subsequently, the surfaces were cleaned in ace-
tone, washed with distilled water, and dried using a dryer.

3. Results and Discussion
3.1. Microstructural Characterization

Figure 3 shows the macro-/micro-graphs of the processed sample at a rotational speed
of 450 rpm and a transverse speed of 20 mm/min using the TP tool, showing the microstruc-
ture of the different regions obtained after the FSP, as an example. The processed samples
exhibit typical regions obtained after both frictions stir welding or processing (Figure 3a),
unaffected base metal BM (Figure 3b), heat-affected zone HAZ (Figure 3c), thermomechan-
ical affected zone TMAZ (Figure 3c), and stirred or nugget zone SZ (Figure 3d,e). As men-
tioned in the materials section, the as-cast A356 alloy was processed; thus, the BM exhibits
a dendritic structure of a-Al' as the alloy matrix, eutectic Al-Si needles? and separated pri-
mary Si® (Figure 3b).
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1- Primary Si

2- Eutectic Al-Si needles
3- a-Al (dendritic)

Figure 3. Macro-/micro-graph of Friction Stir Processed sample processed at a rotational speed of 450
rpm and a transverse speed of 20 mm/min using TP tool. (a)micro-structure of the processed zone, (b)
BM area, (c) TMAZ and HAZ, (d) the bottom of the processed zone, and (e) the center of the SZ.

3.2. Hardness

Figure 4 shows the dependence of the hardness of the processed samples on the rota-
tional speed at different traverse speeds, 10, 20, and 40 mm/min. The hardness value of the
as-received sheets was 43 + 3 HV. After FSP using both tools, the hardness was improved
significantly at all processing conditions. Figure 5 shows the hardness contour of the pro-
cessed samples at different feeds (mm/min) and rotational speeds. Figure 5a,b revealed that
the obtained hardness was maximum when using both tools at lower rotational speeds and
high feed (traverse speed). The TP tool demonstrated higher hardness at lower rotational
speed and high feed compared with CP tool. At a lower rotational speed, 350 rpm, for a
given rotational speed of the tool, a higher traverse feed rate reduces the time the work ma-
terial is subjected to friction-generated heat. This inhibits the growth in grains. As the tool’s
rotating speed increases, the temperature in the stirred zone rises. However, a significant
temperature rise results in grain growth, which softens the material.
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Figure 4. The hardness dependance on rotational speed (rpm) at different traverse speed using (a) CP
tool and (b) TP tool.
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Figure 5. The hardness contour dependence on feed and rotational speed using (a) CP tool and (b) TP
tool.

Speed (rpm)

3.3. Wear Behavior

Figure 6 shows the wear rate contour dependence on the feed (traverse speed) and ro-
tational speed of the samples processed by tools TP and CP. Generally, the as-cast
AlSi7Mg0.2 alloy provided a wear rate of 2.41 + 0.25 g/cm?. After FSP, the wear rate signifi-
cantly decreases due to the microstructure modification, refining in eutectic Si- needles and
primary Si, and distribution of the refined Si- needles and primary Si in the Al matrix. At
high rotational speed and low feed, the frictional heat is high, and the time is enough for
grain growth, resulting in a softening structure and a high wear rate. The wear results are
consistent with the hardness results—a high harnesses corresponds to a low wear rate.
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Figure 6. The wear rate contour dependence on feed and rotational speed using (a) CP tool and (b) TP
tool.

Figure 7 shows the SEM micrographs of the worn surface of the samples at rotational
speeds of 450 and 900 rpm and traverse speeds of 10 and 40 mm/min using tool TP. Figure
8 reveals that high traverse speed or low tool rotational speed resulted in reduced crack
widths and grooves (less damaged and smoother surfaces) than those of high rotational
speed and lower feed on the worn surfaces of FSPed zones (Figure 7b). Delamination and
deep grooves on the worn surfaces, coupled with plastic deformation at the groove edge,
can be observed in the FS-processed sample at 10 mm/min and 900 rpm (Figure 7c). In the
case of 10 mm/min compared to 40 mm/min for the same rotational speed, 450 rpm, the
delamination and deep grooves on the worn surfaces were heavier (Figure 7a,b). This re-
vealed an improvement in wear rate at low rotational and high traverse speeds. The lack of
coarse dendrites throughout the Al alloy and the homogeneous distribution of small Si par-
ticles could have reduced friction between the rotating disc and the pin, leading to a lower
wear rate at lower rotational speeds. When the rotating speed was high and the traverse
speed was low, the amount of heat generated was sufficient for grain growth, leading to
higher friction and wear rate. Thus, large deep grooves and delimitations were observed at
high rotational speeds (Figure 7c,d)
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Figure 7. SEM micrograph with a magnification of 500X of the worn surface of FSP samples using TP

at rotational speeds of (a,b) 400 rpm and (c,d) 900 rpm and transverse speeds of (a,c¢) 10 mm/min and

(b,d) 40 mm/min.
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Figure 8. Potentiodynamic polarization plots of the base alloy and the FSP samples at different rota-
tional speeds and traverse speeds using (a) CP and (b) TP tools.

3.4. Corrosion Behavior

Figure 8 shows the potentiodynamic polarization plots of the base metal alloy and fric-
tion-stirred samples at rotational speeds of 450 and 900 and traverse speeds of 10 and 40
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mm/min using the TP tool. The microstructure, grain size, and uniformity of the Si particles
play a role in the corrosion potential, which differs from one FSPed specimen to another
(Figure 8). The base metal has a corrosion potential of around -0.92. That being the case, the
base metal is always more reactive than the FSPed samples, evidence that FSP improves
corrosion resistance over the base metal samples. Grain refinement during Friction Stir Pro-
cessing, which distributes the silicon-rich eutectics uniformly in the aluminum matrix, may
be responsible for the improved corrosion resistance.

Figure 9 shows the corrosion rate contour dependence on the feed (traverse speed) and
rotational speed of the samples processed by tools TP and CP. In the studied range of the
traverse speed utilizing both tools, there is no significant difference in the corrosion rate at
lower rotational speeds. In contrast, the CP tool showed a higher corrosion rate at an in-
creased rotational speed than the TP tool. The corrosion rate in the base metal was 0.02329
mm/year, which is higher than that of the friction-stirred samples. The decrease in the Si-
particles’” mean size/aspect ratio and SZ’s grain size could cause corrosion resistance im-
provement at lower rotational speeds. The corrosion resistance of the surface of a metal can
be improved to varying degrees by friction stir surface processing (FSP). This is because FSP
can refine the grain size of the surface material, creating a more protective oxide layer [42].
The extent of the improvement in corrosion resistance depends on several factors, including
the processing parameters and the base metal. High-speed Friction Stir Processing effec-
tively improved the corrosion resistance of the FSPed alloy; hence, the results were con-

sistent with [43].
Corrosion rate mm/year Corrosion rale mm/year Corrosion rate mm/vear
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Figure 9. The corrosion rate contour dependence on feed and rotational speed using (a) CP tool and
(b,c) TP tools.

3.5. Numerical Simulation

A coupled Eulerian-Lagrangian approach was used to simulate the movement of the
material and heat transfer through the workpiece during the process. The workpiece was
modeled using the Eulerian approach, while the tool was modeled using the Lagrangian
approach. This allowed for a more accurate and effective simulation of the complex thermo-
mechanical processes involved. In this section, the numerical fitting of the wear rate (WR),
corrosion rate (CR), and average hardness (H) are carried out using both CP and TP profiles.
The aim is to establish a comprehensive understanding of the relationship between the FSP
process parameters and output variables, thereby enabling the optimization of FSP param-
eters.

The experimental study conducted involving the variation of rotational speeds and
feed rate for both CP and TP was used. The rotational speeds considered were 355, 450, 560,
710, and 900 rpm, while the feed rates included were 10, 20, and 40 mm/min. For each com-
bination of rotational and traverse speeds, the experimental measurements of WR, CR, and
H were used in the fitting process, ensuring reliable and accurate data for subsequent anal-
ysis.

The output variables were fitted using the thin-plate spline method to predict the out-
put variables. The thin-plate spline method is a popular mathematical technique used for
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surface modeling and data fitting. It involves fitting a smooth and continuous surface to
input/output data using thin-plate splines, which can provide accurate predictions even for
inputs outside the data range. Figures 10 and 11 show the fitted surfaces for the output var-
iables for both CP and TP profiles. All fitted surfaces had an R? value of 1, which indicates a
perfect fit with the output variables and process parameters.

Wear rate (gm/cm?)

Corrosion rate (mm/year)

35 400 Speed (RPM 30
40 ( ) 35 400
Feed (mm/min) Feed (mnvimin) 40 Speed (RPM)
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3
1
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(©

Figure 10. Fitted thin-plate spine surface for CP profile: (a) wear rate, (b) corrosion rate, (c) hardness.
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Figure 11. Fitted thin-plate spine surface for TP profile: (a) wear rate (b) corrosion rate (c) hardness.

In order to determine the optimal speed and feed values that minimize the wear rate
and corrosion rate while maximizing the average hardness value, a multi-objective optimi-
zation routine was carried out using MATLAB’s fminimax function as follows Equation (2)

min(max(10* x WR, 100 X CR, —H)) 2

The corrosion rate was given a higher weight of 104 while the wear rate was given a
lower weight of 100, and the hardness was given a negative weight of —1. This ensures that
each objective’s magnitude does not dominate the optimization process. Using this function,
the minimum value of the maximum of the objective functions was calculated for different
speed and feed values. The optimization results yielded an optimal feed speed of 19.5
mm/min and a rotational speed of 398.65 rpm for the CP profile. As for the TP, an optimal
feed speed of 12 mm/min and a rotational speed of 421.8 rpm were obtained. These opti-
mized values reflect the balance between the minimization of the wear and corrosion rate,
as well as the maximization of the hardness value, based on their respective weights. There-
fore, this process can be used as a guide to optimize process parameters for the two different
tools to ensure the best possible outcomes in terms of the properties of the final product.

3.6. FEA Simulation

The objective of the FE simulation is to create a fitting model to predict the temperature
distribution along the workpiece during the dwelling stage as a function of time (t), location
from distance from the tool (x), and speed (w). Various speeds were used in the simulation
(450, 600, 800, 900, 1000, 1100, and 1200 rpm) to plot the temperature distribution when the
tool dwells up to 5 s. An explicit thermo-mechanical analysis was conducted to accurately
and effectively simulate complex thermo-mechanical processes. Furthermore, a coupled Eu-
lerian-Lagrangian approach was utilized to simulate the movement of the material and heat
transfer through the workpiece during the process by modeling the workpiece using the
Eulerian approach and the Lagrangian approach for the tool, as shown in Figure 12. This
approach allows for a more accurate simulation of the complex deformation and flow of the
material during the Friction Stir Processing.
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Tool

- Eulerian
Workpiece domain

¥

Figure 12. FE model showing the tool (Lagrangian) and the workpiece (Eulerian domain).

Moreover, the tool was modeled as a rigid, straight cylindrical shape to simplify and
improve the computational efficiency of the simulation. The tool pin has a diameter of 4.8
mm and a length of 4 mm, while the shoulder has a diameter of 15 mm and a thickness of
2.7 mm. The alloy was modeled using the Johnson—Cook material model shown below
Equations (3) and (4):

o=[A+B(g,)"](1-8m) (3)
0 for 6 < Br00m
A (9 B eroom)
0={————= for0 <6<90 4
(emelt - eroom) room melt @
1 for 8 > Ber

where A =224 Mpa is the initial yield strength of the material, B = 670 Mpa is the strain
hardening stress coefficient, n =0.14 is the strain hardening exponent, m = 0.02 is the thermal
softening coefficient, 6 is the material temperature, 6,y = 656 °C is the melting tempera-
ture, B.5om is the room temperature, and g, is the plastic strain. These parameters were
obtained experimentally. The model was simplified by excluding the dependence on strain
rate.

The Eulerian domain was set to be 40 x 40 x 7 mm?, with the workpiece filling up to 5
mm of the domain thickness, as shown in Figure 12. At the welding location, where the tool
makes contact with the workpiece, Eulerian elements of size 0.5 mm were generated. In con-
trast, the regions further away from the workpiece used elements of a larger size, as shown
in Figure 13. The total number of elements generated was 35,000. The workpiece was fixed
from two sides (sides A and B, as shown in Figure 13), and the initial temperature was set
to 25 °C. Additionally, a convection boundary condition was specified over the workpiece
with an ambient temperature of 25 °C and a convection coefficient of 2.5 w/m2k. This
boundary condition represents the cooling effect of the surrounding air on the workpiece
during the process.

Figure 13. Generated FE mesh of the workpiece and tool.
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Figure 14 shows the temperature contour plot on the workpiece after the tool has
dwelled for 5 s. To analyze the temperature distribution in the workpiece, the temperature
profile along the red line shown in the figure was plotted for the speeds mentioned, as
shown in Figure 15. The maximum temperature near the tool side reached approximately
280 °C and 590 °C for 450 and 1200 rpm, respectively, when the tool dwelled for 5 s.

I-’N le >

0 Temperature distribution x=18
location

X

Figure 14. Temperature contour plot in the workpiece when the tool dwelled for 5 s.

(a) (b)

"m MAX
—8— 1200RPM — B = 1100RPM 497 8

600 —8— 1000RPM = & =900 RPM

—a— BODRPM = — =600 RPM

— 50 RPM

Temperature {C%)

Distance {mm)

Figure 15. Temperature distribution along the workpiece: (a) prediction model, (b) typical thermal
image at 900 rpm tool rotation speed with 40 mm/min traverse speed.

In order to find a suitable function for the fitting process, the temperature variation
with the process parameter was investigated. Upon analyzing the temperature graphs, the
variation of temperature along the workpiece at different speeds was found to resemble a
sigmoidal function, indicative of a gradual increase in temperature followed by a plateau.
Furthermore, the correlation between the temperature and the rotational speed demon-
strated a quadratic relationship, implying that the temperature increased more rapidly with
higher rotational speeds. This behavior was consistent when observing the temperature var-
iation concerning time, especially near the tool side (Figures 16 and 17).
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Figure 17. Temperature distribution as a function of time and speed at (a) 0 s and (b) 5 s.

Based on the previous results, MATLAB was used to develop the fitting function below
to describe the modeled behavior of the workpiece temperature Equation (5).

105.2311

X \2

[1 + (tour1) ]

The fitted function had an R-squared value of 0.934 with an RMS of 30, signifying a
good fit and allowing for further analysis of the model’s accuracy. After obtaining the fitting
function, key parameters of the model were determined, enabling a more detailed under-
standing of the relationship between processing parameters and temperature development
during the Friction Stir Processing. These findings are essential in achieving optimized pro-
cess parameters for high-quality welds with minimal defects and distortions. By utilizing
the information derived from the simulation, future research can focus on refining the
model and tailoring the Friction Stir Processing parameters to specific material properties
and requirements.

(2.3786 — 0.0019w) (35.341 + 3.3532t + 0.41596t2) ©)

0.13998
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4, Conclusions

This study investigated the effect of Friction Stir Processing (FSP) parameters on the

microstructure, hardness, corrosion, and wear resistance of A356 alloy.

O

The results showed that the FSP parameters, such as rotational speed, traverse speed,
and tool geometry, had a significant impact on the microstructure and mechanical
properties of the alloy. The FSPed samples had a finer grain size than the as-received
alloy. This was attributed to the intense plastic deformation and dynamic recrystalliza-
tion that occurred during FSP. The finer grain size resulted in a number of improve-
ments, including:

The hardness of the FSPed samples was increased by up to 50% compared to the as-
received alloy. This was due to the increased dislocation density and grain boundary
strengthening;

The FSPed samples” wear rate decreased by up to 60% compared to the as-received
alloy. This was attributed to the smoother surface and the increased hardness of the
FSPed samples;

The corrosion resistance of the FSPed samples was also improved. This was attributed
to the finer grain size, resulting in a more uniform Si-particle distribution;

The temperature distribution results during Friction Stir Processing (FSP) using finite
element simulation were highly dependent on the process parameters, such as the ro-
tational speed and the dwell time;

The results of this study can be used to develop a fitting model to predict the tempera-
ture distribution along the workpiece during the dwelling stage. This model can be
used to optimize the process parameters for different applications, such as achieving a
desired temperature distribution or minimizing the risk of defects.
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Nomenclature

Fsp Friction Stir Processing

SDAS Secondary dendrite arm spacing
CNC Computer numerical control

TP Triangular pin with cylindrical corners pin tool
OM Optical microscope

AW weight loss (g)

SCE Saturated calomel electrode

BM Base metal, non-affected zone
FEA Finite elements analysis

TMAZ Thermomechanical affected zone
WR Wear rate, g/cm?

H Hardness

CEL Coupled Eulerian-Lagrangian
SLM Selective laser melting

cp Cylindrical pin profiled tool
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rpm Tool rotational speeds, revolution per minute
SEM Scanning electron microscope

A Area of exposed surface to the friction (cm?)
Rp Resistance polarization

HAZ Heat-affected zone

SZ Stirred or nugget zone

CR Corrosion rate
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