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Abstract: This work aims to optimize the friction stir processing parameters of recycled aluminum
alloy 6063 for enhanced mechanical and tribological properties. The selected friction stir processing
parameters that were used to produce friction stir processed recycled aluminum alloy 6063 are tool
rotational speeds and feed rates ranging from 1200 rpm to 2000 rpm and 25 mm/min to 45 mm/min,
respectively. The surface microhardness of the friction stir processed samples were measured and
the friction and wear tests were conducted using a pin-on-disc tribo-tester under starved lubrication
conditions. The results show that the optimum friction stir process parameters for recycled aluminum
alloy 6063 are 1200 rpm and 30 mm/min. Friction stir processed recycled aluminum alloy 6063
produced by these parameters led to enhancement of microhardness and the wear resistance by 25%
and 37%, and reduction of friction coefficient and grain size by about 33% and 96%, respectively.

Keywords: friction stir processing; recycled AA 6063; FSP parameters optimization; surface micro-
hardness; tribological properties

1. Introduction

Aluminum alloy is an important engineering material due to its good mechanical
properties and recyclability [1]. It has been recycled since it was first commercially produced
and its quality is not impaired after recycling [2]. The 6XXX aluminum alloy (an aluminum
alloy with major alloying of magnesium and silicon) is heat treatable, has good corrosion
resistance, good extrudability and hence, it has been widely used in furniture, automotive,
structural components, and many more [3–6]. In some applications, material property
enhancement is required and this can be done by refining the grain size of the material [7].
In recent times, there is an energy-efficient and environmentally-friendly technique that can
enhance the material properties by refining the grain size of the material, and this method
is known as friction stir processing (FSP) [8–10]. FSP is a surface engineering technique
that was developed from friction stir welding (FSW) and invented by The Welding Institute
(TWI) in the year 1991 [11,12]. FSP modifies material properties by using a special-designed
friction stir tool to generate friction heat under optimum processing parameters [13,14].
An aluminum alloy that is processed by FSP can be used for ship cradle and journal
bearing. FSP parameters are very important as they may affect the outcomes of this process.
According to previous studies, the most significant parameters that had been studied are
the rotational speed and the feed rate as they control the heat generation that results in
plasticized and material flow during the process [11].

Aluminum alloy 6063 (AA 6063) is good in weldability and has been widely used
in both FSW and FSP. It was noted that producing FSPed materials with the desired
performance requires suitable processing parameters for sufficient heat generation. With
regard to FSPed AA 6063, the processing parameters such as rotational speed and feed
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rate have been emphasized in previous FSP works. The rotational speed that was used for
FSPed AA 6063 varied among others and it ranges from 315 rpm to 3500 rpm while the
feed rate ranges from 40 mm/min to 1000 mm/min [6,7,15–18]. Karthikeyan L. et al. [6]
used regression analysis to predict the FSP results and the predicted results showed a
good correlation with the experimental results that a rotational speed of 1200 rpm to
1400 rpm with a feed rate of 40.2 mm/min produced FSPed samples with enhancement.
Excessive heat input caused by higher rotational speed will lead to a reduction in material
strength. Besides, reduction in strength and hardness of multi-pass of FSPed AA 6063
has also been reported by Al-Fadhalah K.J. et al. [7] due to precipitate dissolution and the
limited re-precipitation caused by the thermal cycle of FSP. Besides, Zhao H.L. et al. and
Mahmoud T.S. et al. [17,18] also reported that increasing rotational speed increased process
temperature, leading to grain coarsening in FSPed AA 6063. In the FSP of non-aluminum
alloy materials, the reduction in strength and hardness were also reported and these may
be due to excessive heat input leading to grain growth [19–21].

On the other hand, the rotational speed and feed rate used in the fabrication of AA
6063 surface metal matrix composites (SMMCs) range from 1120 rpm to 1600 rpm and
30 mm/min to 63 mm/min [22–25], respectively. Surface composites produced by FSP also
require suitable heat input to ensure a good distribution of reinforced particles. Sandeep R.
et al. [23] who worked on FSPed AA 6063/SiC reported that insufficient heat generated at
900 rpm of rotational speed resulted in poor material flow and the reinforced particles were
not distributed uniformly. He also reported that a rotational speed of 1120 rpm produced
better particles distribution than 900 rpm and 1400 rpm. In addition, Srivastava M. et al. [24]
who worked on FSPed AA 6063 also mentioned the significant impact of rotational speed
and feed rate on the heat generation and the distribution of reinforced particles in his
work. He reported that higher rotational speed and lower feed rate ensured a more
uniform distribution of reinforced particles. He concluded that feed rate of 40 mm/min
and rotational speed of 1400 rpm produced sufficient heat for the reinforcement while feed
rate of 30 mm/min generated excessive heat that would result in annealing of the base
matrix which lowered the microhardness. Besides, a feed rate of 50 mm/min had also
produced insufficient heat during the process.

There are different combinations of rotational speeds and feed rates that have been
used in FSPed AA 6063 studies. Besides, most works emphasized the mechanical properties
instead of the tribological properties of FSPed samples. Hence, this work is to optimize FSP
parameters for simultaneously maximized surface hardness and minimized friction and
wear performance of recycled AA 6063.

2. Materials and Methods
2.1. Substrate Material

Recycled AA 6063 was selected as a substrate material in this study and its chemical
composition is shown in Table 1. Figure 1 shows the aluminum billets with a diameter
of 127 mm and length of 350 mm that were cut into rectangular bars with dimensions of
110 × 36 × 25 mm3 (L × W × H) using a manual milling machine. A silicon carbide paper
of 1000 grit size was used to remove the oxide layer on the surface of recycled AA 6063
rectangular bars prior to friction stir processing.

Table 1. Chemical composition of recycled AA 6063 (wt %).

Element Zn Mg Cu Si Fe Mn Cr Ni Ti Al

wt % 0.0331 0.581 0.0338 0.43 0.309 0.0252 0.0335 0.0333 0.0269 Balance
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Figure 1. Recycled AA 6063.

2.2. Friction Stir Processing (FSP)

FSP was conducted using CNC Milling Machine, Mazak with different rotational
speeds and feed rates ranging from 1200 rpm to 2000 rpm and 25 mm/min to 45 mm/min,
respectively. The FSP ploughing depth is 0.5 mm. Table 2 shows the list of samples
produced using different sets of processing parameters. The schematic diagrams of the FSP
and FSP tool are also shown in Figure 2. Based on the authors’ previous work [26], a taper
threaded friction stir tool is selected and made by ASP 23 high-speed steel with 60 HRC
hardness, shoulder diameter of 18 mm, a tapered pin with a major diameter of 7 mm, and a
minor diameter of 5 mm and a pin length of 5 mm was used.

Table 2. FSPed samples with different processing parameters.

Samples 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Rotational Speed
(×103 RPM) 1.2 1.2 1.2 1.4 1.4 1.4 1.4 1.4 1.6 1.6 1.6 1.6 1.6 1.8 1.8 1.8 1.8 1.8 2.0 2.0 2.0 2.0 2.0

Traverse Speed
(mm/min) 25 30 35 25 30 35 40 45 25 30 35 40 45 25 30 35 40 45 25 30 35 40 45
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2.3. Surface Roughness Measurement

The FSPed surface roughness was measured using surface profilometer, MarSurf
M400 C (Mahr, Göttingen, Germany). The roughness values and the roughness profile
were recorded.

2.4. Microstructure Analysis

The processed workpieces were cut into microstructure samples with the dimension of
36 × 20 × 15 mm3 (W × L × H). Figure 3a shows the schematic of the sample cut from the
processed workpiece and Figure 3b shows the CAD drawing of this sample. After grinding
and polishing with 400, 600, 800, 1000, and 2000 grit sizes of water-proof silicon carbide
paper and 6 microns, 3 microns, and 1 micron of diamond pastes mixed with colloidal silica,
the samples were etched using Keller’s Reagent. The microstructure of the FSPed recycled
AA 6063 samples was inspected using the metallurgical microscope (Meiji, Saitama, Japan).
The changes in the microstructure of both base metal (BM) and selected FSPed samples
were observed and the grain sizes of these samples were also measured.
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2.5. Microhardness Measurement

Microhardness measurement was conducted using Wilson 430 SVD Vickers Hardness
Tester (Buehler, Lake Bluff, IL, USA). The load was set to 9.81 N with a dwell time of
10 s. Prior to the measurement, the indenter was cleaned with an alcohol prep pad and
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the samples were ground and polished with 400, 600, 800, 1000, and 2000 grit sizes of
water-proof silicon carbide paper and 6 microns, 3 microns, and 1 micron of diamond paste
mixed with colloidal silica, until mirror finish was obtained.

2.6. Friction and Wear Test

The tribo-test samples with a size of 11 × 11 × 20 mm3 (W × L × H) were cut
from the FSPed workpiece as shown in Figure 4a. The CAD drawings for the tribo-
pin and pin-on-disc tribo-tester are also presented in Figures 4b and 5. Friction and
wear characterization was performed by using a pin-on-disc tribo-tester and S275JR steel
was used as the counter disc. The sliding test was conducted under starved lubrication
conditions and the lubrication used was distilled water. The sliding test was conducted at
a speed of 2.88 m/s, with a sliding distance of 1500 m and under a normal contact pressure
of 0.24 MPa. The weight loss of the test samples was measured with an electronics balance.
All the wear rate and their friction coefficient were computed and tabulated.
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3. Results and Discussion
3.1. Microstructure Analysis

Figure 6 demonstrates the microstructure of the FSPed sample produced at 1200 rpm
and 30 mm/min (Sample 2) and it shows different zones of microstructures that were
observed using the metallurgical microscope under 10× magnification. Figure 6a shows
the outermost part of the sample that is not stirred by the FSP tool having a big grain
size similar to the BM. Closer to the processing zone, the grain size started to diminish
and this zone is known as the heat-affected zone (HAZ) as shown in Figure 6b. This zone
is very similar to the base metal and the only difference is that the grain size is smaller.
This resulted from the heat generated during the process. Next, close to the middle of the
sample, a zone with grains that are formed by the shearing of FSP tool direction can be
observed and this zone is known as the thermo-mechanical affected zone (TMAZ) as shown
in Figure 6c. At the middle of the sample is the stir zone of the FSPed sample as shown in
Figure 6d. At this zone, the fine grain can be observed, and this grain refinement was due
to the plastic deformation and dynamic recrystallization during the process. A. Amirafshar
et al. [5] who worked on FSPed ST14 stainless steel claimed that similar grain refinement
was due to severe plastic deformation and dynamic recrystallization during FSP. Besides, P.
Cavahere et al. [27] also reported the plastic deformation and dynamic recrystallization that
resulted in grain refinement of FSPed AA 7075. Furthermore, refinement in microstructure
was also reported in K. Surekha. Et al. [20] work and the occurrence of grain refinement
are also attributed to dynamic recrystallization. N. Yasavol et al. [28] also reported that the
stir zone was formed due to the plastic deformation and the thermo-mechanical affected
zone was formed due to the shear direction of the FSP tool. The overall images of the
intersection of stir zone, thermo-mechanical affected zone, and heat-affected zone under a
5× magnification are presented in Figure 7. These three zones can be easily distinguished
in the images by observing the difference in grain size.

The grain size of some of the FSPed samples was also measured and presented in
Table 3. The outermost part of the sample (BM) that is not stirred by the FSP tool has
the largest grain size and the grain size is similar to the unprocessed recycled AA 6063.
Closer to the stir zone, the grain size was reduced, and the smallest grain size was observed
at the stir zone. Figure 8 demonstrates grain size measurement using the metallurgical
microscope software, VIS Pro, China. The maximum reduction in grain size is about 96%
and the smallest average grain size was reduced to 4.6 µm. Besides, it also shows that the
BM part of each sample is also similar, and their grain sizes all exceeded 100 µm. In addition,
the microstructure also shows that the grain size becomes smaller when getting closer to
the stir zone, consistent with the grain size measurement as shown in Table 3. The grain
size of the heat-affected zone is about 80 µm to 90 µm while that in the thermo-mechanical
affected zone is about 40 µm to 50 µm. The smallest grain size was found in Sample 2,
which was produced at a rotational speed of 1200 rpm and a feed rate of 30 mm/min. As
mentioned above, a reduction in grain size is due to the plastic deformation and dynamic
recrystallization caused by friction heat generation [14]. Hence, the difference in grain
size reduction is also due to the different amounts of plastic deformation and frictional
heat generated by different processing parameters. The friction heat generation generated
at 1200 rpm and 30 mm/min is the most sufficient for the grain refinement of the grain
structure whereby the plastic deformation and dynamic recrystallization occurred and
successfully refined to the smallest grain size without noticing any grain growth. However,
the excessive friction heat generated by other processing parameters such as 1400 rpm and
40mm/min, 1400 rpm and 45 mm/min, and 1800 rpm and 30 mm/min has resulted in
grain growth of the material during dynamic recrystallization [19–21].
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Table 3. Average grain size of recycled AA 6063 base metal and FSPed samples.

Zones

Average Radius (µm)

Base Metal 1200-30
(Sample 2)

1400-40
(Sample 7)

1400-45
(Sample 8)

1800-30
(Sample 15)

BM 134.6 113.0 109.3 116.0 125.8

HAZ - 88.8 83.01 84.5 91.4

TMAZ - 45.1 58.54 40.6 43.3

SZ - 4.6 10.6 13.8 23.8
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3.2. Microhardness Measurement

Figure 9 shows the average microhardness of all the FSPed samples and BM at the
stir zone. The surface microhardness of recycled aluminum alloy BM is 38.5 HV1 and all
the FSPed samples experienced an enhancement in surface hardness. Besides, the sample
produced at 1200 rpm and 30 mm/min (Sample 2) has the highest hardness, 48 HV1
while the sample produced at 1800 rpm and 30 mm/min (Sample 15) has the lowest
enhancement in the hardness of 39.34 HV1. FSP has successfully enhanced the material
surface hardness up to 25%. According to M.K. Mishra et al. [29] who studied friction
stir processed 2507 super duplex stainless steel, enhancement in microhardness of FSPed
material is due to the occurrence of grain refinement. S. Chainarong et al. and R.A. Behnagh
et al. [30,31] also made the same observation of grain refinement induced enhancement in
the hardness of FSPed aluminum alloy. The grain size measurement in Table 3 shows that
the stir zones experience a significant reduction in grain size. Besides, Sample 2, which was
produced at 1200 rpm and 30 mm/min, has the highest hardness among all the samples
and it also has the smallest grain size. Besides, Sample 7, 8, and 15 show a consistent trend
that larger grain size led to lower surface hardness. Hence, this work echoes past findings
that grain refinement is the cause of enhanced microhardness.
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3.3. Surface Roughness Measurement

The surface roughness of all the samples listed in Table 2 was measured and presented
in Figure 10. The effects of FSP feed rates on the surface roughness have been observed. The
arithmetic roughness average of the surface, Ra, and the root mean square of the surface
roughness, Rq, for rotational speed of 1200 rpm increased when the feed rate increased. On
the other hand, for the speed of 1400 rpm, 1800 rpm, and 2000 rpm, the highest surface
roughness values occurred at the feed rate of 30 mm/min and the lowest values occurred at
40 mm/min. However, the highest roughness value for 1600 rpm occurred at 40 mm/min
and the lowest at 45 mm/min. The effect of rotational speed on the surface roughness
was examined. At the constant feed rate of 25 mm/min, 30 mm/min, 35 mm/min, and
45 mm/min, the highest roughness values occurred at the rotational speed of 1800 rpm.
Meanwhile, at a feed rate of 40 mm/min, the highest roughness value occurred at 1600 rpm.
Figure 10a,b clearly points out that the FSPed surface with the highest roughness value was
found on the sample produced at 1800 rpm and 30 mm/min (Sample 15) with an average
Ra value of 16.87 µm and Rq values of 19.4665 µm. On the other hand, the surface with the
smallest roughness values was produced at 1400 rpm and 40 mm/min (Sample 7) with an
average Ra of 0.6428 µm and average Rq value of 1.0696 µm.

Figure 11 shows samples of the FSPed surface and their corresponding roughness
profiles. Figure 11b shows the obvious onion ring that resulted in higher Ra and Rq values of
the FSPed surface and this can be justified by the roughness profile shown in Figure 11b. On
the other hand, the roughness profile of the sample produced at 1400 rpm and 40 mm/min
as shown in Figure 11a has smaller Ra and Rq values and this can also be observed from its
roughness profile as shown in Figure 11a.

To further characterize the FSPed surface roughness, the skewness, Rsk, and kurtosis,
Rku, values were also referred to. Based on the measurements, most of the Rsk values for
the samples produced using different processing parameters listed in Table 2 range from
−0.3 to 0.8. and their corresponding Rku values range from 2 to 5. The only sample with an
Rsk value less than 0 (i.e., −0.16) and Rku value less than 3 (i.e., 2.25) is the sample produced
at 1800 rpm with 45 mm/min (Sample 18). However, its Ra and Rq are slightly larger at
4 µm and 5 µm, respectively. Hence, this FSPed surface can be considered as a smooth
surface. None of the other samples exhibited an Rsk value that is less than zero and an
Rku value less than 3, simultaneously. Hence, all the other FSPed surfaces are considered
rough surfaces.
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Figure 10. FSPed surface roughness, (a) average Ra, (b) Rq, (c) Rsk, and (d) Rku values.
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Figure 11. FSPed surface and roughness profile of (a) sample 7 and (b) sample 18.

3.4. Tribological Performance

The wear rate and friction coefficient of all the FSPed samples were measured. Figure 12
shows the results of the friction coefficient of FSPed samples compared with raw recycled
AA 6063. The results show that all the FSPed samples have lower friction than raw
recycled AA 6063. Figure 12a–c show that the smallest friction was achieved at a feed
rate of 30 mm/min, and their values are 0.387 (Sample 2), 0.392 (Sample 5), and 0.427
(Sample 10) for samples produced at rotational speeds of 1200 rpm, 1400 rpm, and 1600 rpm,
respectively. Minimizing friction seems to require a higher feed rate at higher rotational
speed, as samples produced at 1800 rpm and 45 mm/min (Sample 18), and 2000 rpm
and 35 mm/min (Sample 21) were the ones yielding the lowest coefficients of friction of
0.356 and 0.415. The friction coefficients of samples with the smallest friction at different
rotational speeds were plotted as shown in Figure 13. As discussed in Section 3.3, Sample
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18 has a smooth surface and this coincides with the smallest friction coefficient among all
the FSPed samples. Besides, this sample has the highest surface hardness among all the
samples produced at 1800 rpm.

The second-lowest friction coefficient was achieved by FSPing at 1200 rpm with
30 mm/min (Sample 2). Other low friction samples that follow are those FSPed at 1400 rpm
and 30 mm/min sample (Sample 5), 2000 rpm and 35 mm/min sample (Sample 21), and
1600 rpm and 30 mm/min (Sample 10). It is worth noting that Sample 2 also has the highest
hardness among all the samples. The findings in this work align well with previous work.
According to Y. Zhou et al. and B. Ivkovic et al. [32,33], a smooth surface resulted in a lower
friction coefficient. D. Stamenkovic et al. [34] also reported that higher hardness led to
a smaller friction coefficient. Hence, it can be concluded that the low friction coefficient
of the workpiece surface is strongly correlated to both low surface roughness and high
surface hardness.
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distance = 1500 m).
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Figures 14 and 15 show the wear rate of all the FSPed samples in comparison with
the wear rate of raw recycled AA 6063. Figure 14 shows that the lowest wear rate samples
at each rotational speed are produced at 1200 rpm and 30 mm/min (Sample 2), 1400 rpm
and 30 mm/min (Sample 5), 1600 rpm, and 40 mm/min (Sample 12), 1800 rpm and
35 mm/min (Sample 16) and 2000 rpm and 35 mm/min (Sample 21). Among these samples,
Sample 21 has the smallest wear rate of 3.15 × 10−6 gN−1m−1, followed by Sample 2 of
3.78 × 10−6 gN−1m−1, Sample 5 and Sample 12 of 4.24 × 10−6 gN−1m−1, and Sample
16 of 4.42 × 10−6 gN−1m−1. Besides, all these samples have smaller wear rates than the
raw recycled AA 6063 of 6 × 10−6 gN−1m−1. Sample 21, Sample 2, and Sample 5 have
small wear rates as they also have smaller friction coefficients than many other samples.
Besides, they also have high and moderately high hardness. Hence, the enhancement in
wear resistance has resulted from the enhancement in microhardness and reduction in
friction of the sample [5,28]. However, it can be observed that some FSPed samples have
higher wear rates than the base metal and this may be due to the existence of third body
abrasive wear during the test. Both adhesive and abrasive wear can be observed on the
worn surfaces of all the FSPed samples especially those samples with higher wear rates.
Figures 16 and 17 show the worn surfaces of the BM and all the FSPed samples.

Figures 16 and 17 show that the samples with the smallest wear rates mostly have ad-
hesive wear and plastic deformation, and little material loss can be observed from the worn
surface from Figure 17b,e,l,p,u. Besides, the abrasive wear coinciding with higher wear
rates can be observed in the form of fractures, voids, which indicate significant material loss
during the sliding test. The larger the wear rate, the more abrasive wear can be observed
from Figures 16 and 17a,d,g,i–k,o,q,s,t. Besides, both adhesive and abrasive wear can also
be observed on the samples with moderate wear rates as shown in Figure 17c,f,h,m,n,r,v,w.
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Figure 14. Wear rate vs. sliding distance for FSPed samples produced at (a) 1200 rpm, (b) 1400 rpm,
(c) 1600 rpm, (d) 1800 rpm, and (e) 2000 rpm with different feed rate under starved lubrication condi-
tions. (Normal contact pressure = 0.24 MPa, sliding speed = 2.88 m/s, total sliding distance = 1500 m).
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0.24 MPa, sliding speed = 2.88 m/s, total sliding distance = 1500 m).
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Figure 16. Wear morphology of recycled AA 6063 base metal after sliding distance test under starved
lubrication conditions, normal contact pressure of 0.24 MPa, sliding speed of 2.88 m/s, and sliding
distance of 1500 m. (PD: Plastic Deformation, Fr: Fracture, V: Void, and FG: Fine Groove; arrow at
bottom left corner showing sliding direction).
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Figure 17. (a–w) Wear morphology of FSPed samples after sliding distance test under starved
lubrication conditions, normal contact pressure of 0.24 MPa, sliding speed of 2.88 m/s, and sliding
distance of 1500 m. (PD: Plastic Deformation, Fr: Fracture, V: Void, and FG: Fine Groove; arrows at
bottom left corners showing sliding direction).
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The main purpose of this work is to optimize the FSP processing parameters of recycled
AA 6063 that simultaneously maximize microhardness and minimize surface roughness
for the lowest friction coefficients and wear rate. Based on the results discussed above, it
is difficult to pinpoint the best processing parameters. Hence, Figure 18 was plotted to
have a clearer presentation of the friction and wear performance of the FSPed samples.
Figure 18 shows that the sample produced at 1800 rpm and 25 mm/min or 45 mm/min
has the smallest friction but they do not have the smallest wear rate. On the other hand,
the sample produced at 2000 rpm and 35 mm/min has the smallest wear rate but it does
not have the lowest friction. Besides, all these samples also do not have the highest surface
microhardness. Figure 18 shows that the sample produced at 1200 rpm and 30 mm/min
has the second-lowest friction coefficient and wear rate. Besides, this sample also produced
the highest microhardness. Hence, the experimental results above show that 1200 rpm and
30 mm/min are the best processing parameters for the fabrication of FSPed recycled AA
6063 as they produced the highest hardness than other processing parameters and it also
has a small wear rate and friction coefficient. In addition, it also has considerably low Ra
and Rq values in its surface roughness.
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Figure 18. Friction coefficients vs. wear rates of FSPed samples after sliding tests under starved
lubrication conditions, normal contact pressure of 0.24 MPa, sliding speed of 2.88 m/s, and sliding
distance of 1500 m.

4. Conclusions

The aim of this study was to determine the optimized processing parameters for
the fabrication of FSPed recycled AA 6063 based on its surface hardness and tribological
performance. The following conclusions can be drawn from this study:

• Defect-free FSPed recycled AA 6063 was successfully produced using a CNC milling
machine with the groove FSP method.

• According to the surface hardness data, Sample 2 (1200 rpm and 130 mm/min) pro-
duced the highest average hardness value of 48 HV which was enhanced by 25% over
the base metal hardness, which is 38.5 HV.

• Microstructure inspection and the grain size measurement show that Sample 2 has a
homogeneous grain structure and the smallest grain size that was refined by about
96%. It also has the highest hardness among the FSPed samples.
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• The friction and wear rate of Sample 2 is also considerably lower than other FSPed
samples. Its wear resistance was enhanced by about 37% and its friction was reduced
by 33%. Wear morphology shows that Sample 2 has mostly adhesive wear and only
slight fractures

• In all other samples, more fractures can be observed as the wear rate increases. Both
adhesive wear and abrasive wear can be observed from the FSPed samples.

• In a nutshell, the optimized processing parameters for FSPed recycled AA 6063 are a
rotational speed of 1200 rpm and a feed rate of 30 mm/min.
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