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Abstract: Friction stir processing (FSP) has emerged as a valuable technique in the surface metal
matrix composite fabrication field. In this process, solid-state processing mostly avoids the formation
of detrimental phases inside composites. Despite having a high specific strength, further extensive Al
alloy applications are limited due to their poor surface properties. A hybrid reinforcement approach
can be used to improve surface properties. In this study, industrial waste fly ash material is mixed with
hard SiC ceramic particles. The main focus of this research is to improve wear resistance under dry
sliding conditions and microhardness of aluminum 7075-T651 by dispersion of silicon carbide-fly ash
(S5iC/fly ash) powder in a base alloy by FSP. The parameters used for this investigation are: tool rotation
rpm (500, 1000 and 1500), the tool traverse mm/min (20, 30 and 40), the reinforcement’s hybrid ratio
HR (60:40, 75:25 and 90:10) and the volume percentage vol.% (4%, 8% and 12%). The influence of these
parameters on the resultant composite’s microstructure, dry sliding wear rate and micro-hardness
was studied. By using response surface methodology (RSM), desirable ranges of process parameters
for lower wear rate and higher microhardness were obtained. The interaction effect of SiC/fly ash
volume percentage and hybrid ratio had the most influential effect on the wear rates, as well as
microhardness of composites. Moreover, microhardness increased with an increase in the volume
percentage of SiC/fly ash powders towards high SiC content in hybrid ratio. Interestingly, among
stirring parameters, tool traverse speed was found to be more influential than tool rotational speed.
The minimum wear rate was observed for the Run 20 sample (w: 1000 rpm, v: 40 mm/min, HR:
75:25, vol.%: 8). A maximum microhardness of 241.20 HV was achieved for Run 15 (w: 500 rpm, v:
40 mm/min, HR: 90:10, vol.%: 12) sample. Mainly, reinforcement distribution—in accordance with
the stirring action generated by the tool—had a major role in controlling the surface properties of the
resultant composites.
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1. Introduction

Ceramic materials possess high hardness, high temperature stability and mechanical stability as
important inherent properties. Hence, these materials have been successfully utilized as reinforcements
in structural applications in the automobile, aerospace, etc. industries, in the form of metal matrix
composites (MMCs). However, due to the higher density of ceramic reinforcements, the overall density
of MMCs becomes higher than the base alloys. In addition, ceramic reinforcements are more expensive,
due to the required synthesis processes. These issues can be addressed with a multiple reinforcement
approach into the metal base alloys that produces resultant hybrid composites [1,2]. This approach
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is commonly known as the hybrid reinforcement approach. In this approach, the primary ceramic
powder—along with secondary materials like fly ash, rice husk ash, red mud, etc.—can be added
as reinforcements into the base alloys. Nowadays, the hybrid reinforcement approach of utilizing
industrial wastes is gaining more importance. The advantages of utilizing industrial waste like fly
ash are mainly related to a decrease in overall densities of the hybrid composites and lower cost,
as these waste materials are readily available in ample amounts [3]. Fly ash as an industrial waste
material contains inherent silica and alumina content. Power generation by utilizing coal as fuel
generates a huge amount of fly ash as a waste by-product [4]. The accumulation and its disposal
leads to contamination of water and soil. These environmental issues demand evaluation on the
possibilities of utilizing fly ash as a reinforcing material in various applications that may help to avoid
pollution-related problems [5]. The density of fly ash material is less than commonly used ceramic
reinforcement materials like silicon carbide, aluminum oxide, etc. Hence, because of its rich silica
content and comparatively lower density than the ceramic powders, fly ash material has a high potential
as a reinforcement material for producing metal matrix composites for various applications [6].

Many researchers have studied the potentials and disadvantages of using industrial waste
materials as reinforcements. Rao et al. have observed that the increasing the volume of fly ash as
reinforcing particles in the aluminum matrix results in a reduction in overall density, improvement in
hardness and compressive strength of aluminum matrix composites [7]. In another study, Rao et al.
observed enhancement of mechanical properties for fly ash-reinforced aluminum matrix composites
over base alloys [8]. In their investigations with fly ash reinforced aluminum composites, Dinaharan et
al. revealed that wear resistance in dry sliding conditions improved over base alloys [9].

Reddy and Srinivas et al. found that mechanical and wear properties improved using a hybrid
reinforcement approach for Al6082-SiC/fly ash composites produced using stir casting methods [10].
Prabhakar et al. report enhanced microhardness of the aluminum alloy by reinforcing the fly ash
particles through friction stir processing [11]. In other studies, the hardness of 5A06Al and A11050 alloys
were found to be improved significantly by encapsulating SiC particles into the base alloys using
FSP [12,13]. Miranda et al. mentions that the consolidated mechanically mixed layers of ceramic
reinforcements via FSP were responsible for the improvement in hardness of the resultant AA5083—(SiC
or Al,O3) composites [14]. Rana and Badheka observed that the wear resistance of 7075-T651 aluminum
alloy was improved by addition of B4C particles through friction stir process [15].

According to Dursun and Soutis [16], among Al alloys, AA7075 has been utilized for many
structural applications in the automotive and aerospace industries because of its high specific strength.
Poor surface properties restrict its utilization in much wider applications [17]. Sharma et al. have
emphasized one FSP technique as an efficient approach to develop hybrid surface metal matrix
composites for enhancement in tribological, as well as mechanical properties of metal alloys [18].
Recently, hybrid reinforcement approaches in which industrial, agricultural waste materials are
utilized along with ceramic material have gained popularity among researchers. However, research
attempts in which optimization of both FSP machine and reinforcement strategy are investigated
together are lacking. Attempts to incorporate hard SiC nanoparticles and fly ash to strengthen
AA7075 as a base alloy utilizing FSP have not yet been reported in order to improve its surface
properties. Therefore, in this study, systematic efforts to enhance tribological surface properties of
aluminum 7075 alloys by dispersing SiC and fly ash particles through stir processing are carried out.
The optimization of tool travel and rotation speed, SiC/fly ash reinforcement’s hybrid ratio and volume
percentage is carried out through planned experiments for maximization of dry sliding wear resistance
and microhardness of the resultant materials.
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2. Experimental Methodology

2.1. Materials

The 7075-T651 aluminum base alloy samples were cut with the measurements of (150 mm x
110 mm X 6.35 mm). The heat-treated aluminum 7075-T651 alloy with composition (Al: 87.1-91.4%,
Zn: 5.1-6.1%, Mg: 2.1-2.9%, Cu: 1.2-2%, etc.) was used in this research study. The industrial waste fly
ash (FA) with a particles size range of 1-10 pm and the SiC ceramic powder with a particle size range
of 200 nm-2 um were utilized as reinforcements.

The SiC/fly ash reinforcement particles were blended together using a tubular mixture to produce
their well-mixed ratios. For each hybrid reinforcement level, the reinforcements were operated with
5 h mixing in the tubular mixer. The color of the hybrid reinforcing blends was different from that of
the initial SiC and fly ash powders.

2.2. Deposition Method and Processing

The method of surface blind holes was utilized to pre-place these reinforcement’s powder into the
aluminum alloy plates before processing. The graphical layout of the deposition process is shown in
Figure 1. The holes with a radius of 1 mm and a depth of 4 mm were made on the aluminum alloy
plates using vertical turret milling machine. The inter-cavity spacing kept was (2, 4 and 6 mm) for
regulating the volume proportions of SiC/fly ash inside the base aluminum plates.

FSP Tool
=

Surface Blind Holes filled
with reinforcement powders
(SiC + Fly Ash)

P\

Figure 1. Schematic diagram showing surface blind holes deposition method.

The inter-cavity spacing was maintained less than diameter of FSP tool pin for ensuring the
consistent distribution of SiC/fly ash particles and continuity of the composites. Initially, the reinforcing
mixtures were added to the surface cavities via sufficient compaction. Following proper compaction,
capping passes were performed using the pinless flat tool. The capped pass fully sealed the surface
cavities and locked the reinforcing particles within. It means no escape of reinforcement particles while
performing the main FSP operation. Upon completion of the capping passes, a single FSP pass for each
sample was carried out using the CNC FSW automated machine (Beijing FSW Technology Co., Ltd.,
Beijing, China). The tool profile of FSP tool utilized was straight-cylindrical with pin length 4.5 mm
and pin diameter of 6 mm. Following the preliminary studies, the limits of process variables were
determined, and experiments were planned using the response surface methodology (RSM) with the
central composite design (CCD) approach in the Design-Expert software (10.0.4.0). The parameters
and their levels used in this experimentation are given in Table 1. The parameter reinforcement hybrid
ratio (HR) in the Table 1 denotes the ratio of SiC with fly ash powder.



Coatings 2020, 10, 541 4 of 21

Table 1. Independent parameters and their levels.

Parameter Level 1 Level 2 Level 3
Tool Rotational Speed (w rpm) 500 1000 1500
Tool Traverse Speed (v mm/min) 20 30 40
Reinforcement Hybrid Ratio (HR) 60:40 75:25 90:10
Reinforcement Volume Percentage (vol.%) 4 8 12

2.3. Wear and Microhardness Tests

The dry sliding wear tests as per the ASTM G-99 standards [19] were performed for all composite
samples. The procedure for the wear and microhardness tests was carried out in line with previous
study [20] and with details given below. A wire EDM machine (Mitsubishi, Tokyo, Japan) was utilized
to cut the wear samples in sizes (L: 10 mm, W: 6 mm, T: 6 mm) from composites processed zones.
The pin-on disc system uses such samples as pins. For these experiments, disks of mild steel were used.
Tribology Trainer TM-260, developed by Gunt Humburg (Barsbuttel, Germany), is the pin-on-disc
system used in these tests. At a speed of 150 rpm and loads of 20 N, each sample can run for 10 minutes.
The wear loss was calculated in reactions to each 27 samples. The loss of wear is measured as a
difference in weight before and after the test.

The 20 mm square cross-sectional samples were cut using wire cut electro-discharge machine.
The specimens have been assembled and polished with silicon carbide paper of 600, 800 and 1200 through
grain. For every change in silicon carbide paper, the sample was rotated to 90°. The diamond slurry
with 3 and 6 pm were used to further polish the microstructure samples. For etching with immersion
periods of 10 s, Keller’s reagent was used and subsequently washed and dried. The Field-emission
electron microscopy (FESEM, Phenom Pro-X, Eindhowen, The Netherlands) has been used to track
dispersal and interface microscopic images of the base alloy with reinforcements within SZ. For further
testing and study of the presence and dispersion of the reinforcement within the stir field, energy
dispersive X-rays (EDX, Phenom Pro-X) and FESEM mapping facility have been used.

Before Vickers micro-hardness (Lecon LM-247AT, St. Joseph, MI, USA) tests, the flash that was
developed in the FSP was extracted by diamond files to level specimen surface. The specimens were
tested at 1000 gf of load with 15 s of dwell time as parameters. Five measurements were conducted for
each composite sample in the stir region (5Z). For further analysis, the average value of microhardness
obtained for each composite sample is used.

3. Results and Discussion

3.1. Microstructure

Aluminum (7075-SiC/fly ash) surface composites were produced effectively using FSP method.
In microstructural characterization, the Al 7075-SiC/fly ash surface composites with the minimum
and maximum wear rate were chosen for investigations. The lowest wear rate (mg/m) was observed
for Run 20 with fabrication parameters as-(w: 1000 rpm, v: 40 mm/min, HR: 75:25 and vol.%: 8).
On the other side, the Run 9 parameters surface composite fabricated with parameters (w: 500 rpm, v:
20 mm/min, HR: 60:40 and vol.%: 12) showed maximum wear rate among all 27 samples.

The SiC and fly ash particle distribution inside the A17075 base alloy matrix is shown in Figures 2—4,
through the FESEM and SEM micrographs. The presence of SiC/fly ash particles in the Run 20 surface
composite was confirmed through energy-dispersive x-ray and mapping through scanning electron
microscope as shown in Figures 5 and 6. Fly ash mainly consists of silica (5i0;) and other oxides like
mullite, hematite along with some carbonaceous content [10]. The elements like C-carbon, O-oxygen
and Si-silicon—along with Al-aluminum—in both EDX spectrum and mapping confirm the presence
of SiC and fly ash inside the matrix as shown in Figures 5 and 6. Generally in FSP ex-situ fabrication of
composites, interfacial reaction products are not generated due to processing under the melting point
temperatures of the respective base metal alloys. The FESEM micrographs in Figure 2 were taken in
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the processed zone, where the SiC/FA particles have distributed well inside a matrix. In the stir zone of
the Runs 9 and 20 surface composite, the SiC and fly ash particles were fragmented and dispersed
since the stirring action generated by the FSP tool found dominant to have good processed material
movement. The intense plastic strain produced by the tool movement assists in changing the size and
shape of the reinforcement’s prior dispersion inside the matrix [9].

Figure 2. The FESEM micrographs with magnification of 5000x of (a) Run 20 and (b) Run 9 AA7075-SiC/
fly ash (FA) surface composites.

Agglomeration

of SiC/Fly Ash

reinforcement
particles

Figure 3. The SEM micrographs of Run 9 AA7075-SiC/FA composite showing (a) stir zone cross-sectional
view (b) (300x magnification) agglomeration of FA/SiC particles in the stir zone area (c) (high
magnification 8000x) clusters of FA/SiC particles interlocked and agglomerated region separation
grain boundaries.
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Figure 4. The SEM micrographs
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of Run 20 AA7075-SiC/FA composite showing (a) stir zone
cross-sectional view (b,c) (2000x magnification) FA/SiC particles distribution in the stir zone.
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Figure 5. FESEM-EDX analysis of Run 20-AA7075-SiC/fly ash composite.
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Figure 6. SEM-Mapping analysis of Run 20-AA7075-SiC/fly ash composite.

In Figure 3a denotes the stir zone cross-section of Run 9 surface composite. From this image,
the agglomeration of SiC/fly ash reinforcement particles has been observed less in the advancing
side (AS), middle region and more dominantly in the retreating side (RS) zone. In Figure 3b,c,
the agglomeration of reinforcements in the center region was observed through SEM imaging.
The stirring action applied by the FSP tool has to perform a very important role in the dispersion of
reinforcement particles inside the matrix. The FSP tool movement parameters have direct control over
the intensity of plasticization [21]. Kumar et al. have mentioned that the temperature obtained in the
FSP process wasn’t higher than that of melting point temperature of the base alloy, rather it has to be
around 0.7-0.8 T of the base alloy [22]. From the agglomeration patterns of Run 9, it was noted that
the plasticized material movement under the shoulder until half of the pin length was high enough
to disperse the reinforcements, so the agglomeration was not observed dominantly in the upper half
portion. On the other side, the intensity of stirring action was unable to overcome the base alloy flow
stresses in the middle and lower regions of the stir zone intensively. Thus, the reinforcements were
agglomerated in high proportions and were observed to be detrimental in the functionality of this
composite’s for wear behavior.

The volume percentage of reinforcements was 12% for the Run 9 composite, and this high amount
of powder was not been dispersed uniformly inside the base alloy due to the inability of stirring
action generated by the tool. The SiC/fly ash reinforcement particles clustered and grain boundaries
separating these regions of agglomerated reinforcements were observed in the very dense reinforcement
accumulation areas of Run 9 surface composite sample. The segregation of reinforcement particles
along grain boundaries was observed in Figure 3c. The movement of reinforcement particles because of
the density difference was not available in FSP since processing was below the melting temperature of
the base alloy. The reinforcement movement happens only by the intense plasticization to be generated
by the FSP tool.

In the case of Run 20 A17075-5SiC/fly ash surface composite, the uniform dispersion of reinforcements
was confirmed through SEM imaging as shown in Figure 4. The particles agglomeration was not
observed in the processed zones as shown in Figure 4a. The more magnified images denotes the
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distribution of SiC/fly ash particles inside the matrix as shown in Figure 4b,c. The dispersed SiC/fly
ash particles were denoted by yellow color arrows as shown in Figure 4b,c. The volume percentage of
reinforcement used was 4%, thus the stirring action by FSP tool was good enough to distribute the
SiC/fly ash particles uniformly inside the base alloy matrix. Therefore, the agglomerated regions were
not observed in the stir zones. The combination of tool rotational and traverse speed found well enough
to produce ample opportunities for particles dispersion inside the processed region with intense
stirring action. During friction stir action the plasticized material was been continuously deposited
from the advancing side to retreating side. The well dispersed reinforcement’s interlocking inside the
base alloy resulted in good interfacial bonding and activated important strengthening mechanisms.
The segregation of reinforcement particles along the grain boundaries has not been observed in the
case of Run 20 surface composite.

During stir processing, the aluminum matrix undergoes dynamic recrystallization and results in
fine grain structure. Mishra et al. found that the heating and subsequent dynamic recrystallization occur
stepwise such that the continuously extended recovered-dislocations have found to be rearranged [23].
Dinaharan et al. observed that for Al alloys with high stacking-energy continuously undergoes dynamic
recrystallization whereas the reinforcement particles hinder grain boundary movements. Thus, the grain
growth was restricted by the pinning effect of the reinforcement particles [9]. Thus, in case of Run
20, the equiaxed fine-grain structure was obtained by homogenous dispersion of SiC/fly ash particles.
For Run 20, the rotational speed of the tool was lower than the Run 9 composite processing but due to
the higher volume percentage, the agglomeration problem occurred in the Run 9 composite. Thus, high
volume percentage of reinforcement inside the base alloy had a significant effect on the dispersion of
the particles inside the matrix. Latter this was confirmed through ranking of parameters as per their
f-values in the models. Both SiC and fly ash particles were fragmented, and their morphologies and
particle sizes were found to be changed inside the hybrid surface composites.

3.2. Wear Properties

The parameters used for fabrication of AA7075-SiC/fly ash composites and their respective
wear rates (mg/m) are enlisted in Table 2. For the base alloy, wear rate—0.09734 mg/m and
microhardness—144.2 HV were obtained in the respective tests. The wear resistance has improved in
all surface composites relative to that of the base alloy. The wear rate was evaluated as a response using
the process of ANOVA. The results of the ANOVA analysis for wear rate as an output are provided in
Appendix A. Through the effects of four important independent parameters on surface composite’s
wear rate have been evaluated. The minimum wear rate was observed for Run 20 surface composite.
The interaction effect of SiC/fly ash volume percentage and hybrid ratio (f value—67.36) had the most
influential effect on the wear rate. Whereas Run 9 surface composite showed maximum wear rate
among all 27 samples. The 3D plots and contour graphs given in Figures 7-9 show the effects of these
four independent parameters on the wear rate of surface composites. From these figures, the ranges of
independent parameters for changed intervals of wear rate were observed. All of the four independent
parameters were observed to be significant in ANOVA analysis results as shown in Appendix A.

From the analysis of contour plots, the influence of each parameter on the wear rate of the
composites was as follows: (A) the tool rotational speed showed the desirable range of 900-1100 rpm
for minimizing the wear rate of Al 7075-SiC/fly ash surface composites as observed from Figures 7-9.
It has been noted by Shafiei-Zarghani et al. and Chen et al. that, the wear behavior of composites
depends upon grain size, reinforcement dispersion and also distribution of the inherent available
precipitates. Thus, precipitates also employ a notable effect on tribological behavior along with
reinforcement particles [24,25]. The minimum wear rate sample—Run 20 was obtained with 1000 rpm
rotational speed and maximum wear rate sample—Run 9 was produced with 500 rpm. The tool
rotational speed controls the extent of stirring action inside the base alloy matrix. With the increase in
tool rotational speed, the stirring action will be greater; this stirring action has an effect on mainly two
important activities inside the base alloy. The stirring action comprises both the heating and plasticized
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material movement. The first was the distribution of reinforcements inside the matrix, with an increase
in the rotational speed chances of a homogenous dispersion of reinforcements in the stir zone increases.
On the other hand, the second activity of inherent strengthening precipitates fragmentation and
subsequent dissolution also depends on the rotational speed of the FSP tool. The 7075-T651 alloy
inherently contains strengthening precipitates due to heat treatment. With more rotational speed, these
precipitates get fragmented and subsequently get dissolved due to intense stirring action at sufficiently
high temperature. Thus, the desirable rotational speed range observed (900-1100 rpm) for lower wear
rate was in the intermediate range, such that the equilibrium was maintained with stirring action effect
on reinforcement distribution and precipitates dissolution inside the processed zone. Naeem [26] and
Soleymani Mahmoud et al. [27] also reported the phenomenon of dissolution of large strengthening
precipitates in base alloys during FSP for the Al-Zn-Mg-Cu alloys.

In the case of (B) tool traverse speed, the desirable range of minimum wear rate observed was
38—-40 mm/min, i.e., towards maximum traverse speeds as shown in Figure 9. It was observed that as
of tool rotational speed, likely the tool traverse speed also has a significant effect on the distribution
of SiC/fly ash reinforcements and inherent precipitates. With the decrease in traverse speed heat
generated by stirring action increases, and subsequently results in more fragmentation and dissolution
of inherent precipitates. Elangovan and Balasubramanian have mentioned that the higher heat
generated contributes to more dissolution of the coarse precipitate [28]. Moreover, on the other side
reinforcement distribution has to be more uniform with a lower traveling speed of the tool as time spent
for stirring was comparatively more. In this study, the traverse speed was observed as the second most
significant factor among all the parameters independently as mentioned in wear rate ANOVA table of
Appendix A. In this study, the maximum wear rate was observed with 20 mm/min traverse (Run 9),
where the main reason was the reinforcement agglomerations in the composite. While the minimum
wear rate was observed with 40 mm/min traverse (40 mm/min), where the uniform dispersion of
reinforcements took place. Thus, with higher tool traverse speed, the extent of precipitates dissolution
was avoided. At the same time at the higher traverse, the tool rotating stirring action has to produce
enough opportunity for reinforcement distribution so that strengthening by reinforcement distribution
becomes more prominent than the decrement due to the dissolution of precipitates.

For the reinforcement related to two independent parameters, i.e., the hybrid ratio of SiC/fly ash
and their volume percentage inside the matrix, it was observed that the interaction (f value—67.33)
of both these parameters had a most significant effect on the wear rate of the composites.
Notably, the reinforcement content and required stirring action to be induced by the tool movement
were closely related to each other. Unless these were in coherence with each other the reinforcement
distribution in the composite may not be homogenous. The heterogeneous distribution of the
reinforcements leads to the agglomerated and reinforcement particles free zones in the composites.
On the other hand, whenever the stirring action overcomes the flow stress of base alloy effectively, then
resultant plasticized material movement gives generous opportunities to distribute the reinforcement
particles more uniformly in the composites. Wang and Rack have clarified that the agglomeration
areas act as a limitation during dry sliding wear tests. In which, reinforcement particles at these
agglomerated areas lack required interfacial bonding with the base metal matrix [29]. Lin et al. also
mentioned that this poor interfacial bonding causes particles being pulled out at the initial stage of the
dry sliding wear process [30].

The desirable range for (C) hybrid ratio of SiC/fly ash particles observed was 87:13 to 90:10 as
shown in Figure 8. The Run 9 surface composite with a hybrid ratio of 60:40 showed a maximum
wear rate. Hence, the desirable fly ash limit in the hybrid ratio to get improved wear rate was noted
to be equal to and less than 13% in the mixture. This limit was due to the increased fraction of the
fly ash has resulted in the presence of more debris due to the breaking of fly ash particles during stir
processing. The SiC ceramic particles are harder than the fly ash debris particles. In the wear process,
the SiC particles act as obstacles along with fly ash but have more load-bearing capacity than the fly
ash debris particles. Chen and Alpas also found that reinforcement particles decrease the direct contact
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amid the steel disc and composite substrate and accordingly led to a notable decrease in wear rate [31].
Thus, it has been noted that with the dispersion of SiC and fly ash the wear rate has decreased than the
base alloy, but the optimum fraction of fly ash was restricted to equal to or less than 13% in the mixture
with SiC particles.

Finally, for the (D) volume percentage of SiC/fly ash reinforcement particles, the desirable range
observed was 5-8% as shown in Figure 7. The volume percentage had very significant effect on the wear
behavior of the composites. The maximum wear rate was observed with Run 9 (vol.%: 12) due to more
agglomeration of reinforcements inside the composite. There the amount of reinforcement content
and the required stirring action were mismatched, so the intensity of plasticization was not enough
to disperse the reinforcement uniformly. Because for a higher volume percentage of reinforcements,
the stirring action required to obtain uniform distribution was more. As discussed earlier, the mismatch
between the reinforcement content and required stirring action for uniform distribution led to the
agglomerations inside composites. Such agglomerated areas served as faults in dry sliding wear testing
due to their poor interfacial bonding to the base alloy. In another way, the minimum wear rate was
obtained for Run 20 (vol.%: 8), where the even dispersal of reinforcement took place. The stirring
action generated was enough to disperse the reinforcements uniformly inside the matrix. With a
uniform distribution of reinforcement particles, the tribological properties were enhanced since the
hard SiC/fly ash particles acted as obstacles to reduce the surface to surface contact with the mating
disc. So, in this study, it was observed that for good wear resistance properties the amount of SiC/fly
ash particles into the aluminum matrix was 5-8%.

Table 2. Wear rate (mg/m) and microhardness (HV) of AA7075-SiC/fly ash composites.

Run A: w-Tool B: v-Tool C: Wear Micro
No Rotational Traverse Speed = HR-Hybrid D: vol.% Rate Hardness
’ Speed (rpm) (mm/min) Ratio (mg/m) (HV)

1 500 20 60 4 0.02507 184.95
2 1500 20 60 4 0.02475 209.50
3 500 40 60 4 0.01768 206.45
4 1500 40 60 4 0.02299 184.10
5 500 20 90 4 0.01383 147.85
6 1500 20 90 4 0.01636 170.95
7 500 40 90 4 0.01432 164.90
8 1500 40 90 4 0.01349 143.70
9 500 20 60 12 0.03360 160.10
10 1500 20 60 12 0.02210 152.65
11 500 40 60 12 0.01277 210.34
12 1500 40 60 12 0.01415 213.45
13 500 20 90 12 0.02823 204.20
14 1500 20 90 12 0.02289 225.45
15 500 40 90 12 0.02356 241.20
16 1500 40 90 12 0.01591 230.12
17 500 30 75 8 0.02652 191.95
18 1500 30 75 8 0.02829 175.12
19 1000 20 75 8 0.01415 158.65
20 1000 40 75 8 0.01240 207.75
21 1000 30 60 8 0.01841 172.40
22 1000 30 90 8 0.01315 186.85
23 1000 30 75 4 0.02742 194.35
24 1000 30 75 12 0.03095 216.76
25 1000 30 75 8 0.02083 186.12
26 1000 30 75 8 0.02134 192.56
27 1000 30 75 8 0.02108 188.32
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Figure 7. Effect of tool rotational speed and reinforcement volume percentage on the wear rate of
AA7075-5iC/fly ash composites (a) 3D surface and (b) contour plot.
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Figure 8. Effect of tool rotational speed and reinforcement hybrid ratio on the wear rate of AA7075-SiC/fly

ash composites (a) 3D surface and (b) contour plot.
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Figure 9. Effect of tool rotational speed and traverse speed on the wear rate of AA7075-SiC/fly ash
composites (a) 3D surface and (b) contour plot.

For the lowest wear rate sample of Run 20, the SiC and fly ash particles were found to be uniformly
distributed. The SEM Mapping analysis results of Run 20 composite wear tracks are given in Figure 10.
In which, it has been confirmed that the SiC/fly ash particles were present over the wear track surface.
The elements oxygen (O), carbon (C) and silicon (Si) in Figure 10 show the presence of inherent oxides
(fly ash) and carbide (SiC) particles. This confirmed that reinforcement particles were trapped in
certain parts on the surface of the wear sample.

The worn surfaces on the samples of the base alloy, Runs 20 and 9 composites are shown in
Figures 11-13 respectively. In the case of base alloy, the worn surface shows a large amount of plastic
flow, micro-cracks and pits on the surface. During sliding contact between the base alloy sample and
the mating disc, the load between asperities was enough to get the local plasticization. Also, the load
transfer during dry sliding action between the asperities of base alloy and mating steel disc was
repetitive in behavior and which may lead to fretting fatigue wear mechanism. Majzoobi and Soori
observed that the fretting fatigue wear occurs when the mating surfaces were subject to oscillating
loads and sliding motions at the same time [32]. The asperities on the surface of base alloy sample and
mating disc have undergone repetitive loading actions which lead to crack formation and propagation
as shown in Figure 11. In addition, the increased temperature due to sliding led to formation of pits
due to adhesion. Therefore, it was confirmed that adhesive, as well as fatigue wear mechanism, found
to be present between mating materials. This has led to the formation of smaller pits and micro-cracks
on the surface. The groove patterns generated were observed to be less in number on the base alloy
than the composites and small pits and cracks were observed dominantly.
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Figure 10. SEM mapping analysis on the wear tracks of Run 20 AA7075-SiC/fly ash surface composite.
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Figure 11. SEM micrographs of the wear tracks of AA7075-T651 base alloy (a) magnification 100x and
(b) magnification 1000x.
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Figure 12. SEM micrographs of the wear tracks on Run 20 AA7075-SiC/fly ash surface composite
samples (a) magnification 100x and (b) magnification 300x.

100m EHT=2000/  Signal A= SE [Probe= 500pA “*ox [ | 20ym EHT=2000kV  Signal A= SE1 IProbe= 500pA Pedsss
Mag= 100X WD=65mm Vacuum Mode = High Vacuum Mag= 500X WD=65mm Vacuum Mode = High Vacuum

Figure 13. SEM micrographs of the wear tracks on Run 9 AA7075-SiC/fly ash surface composite samples
(a) magnification 100x and (b) magnification 500x.

In the case of surface composites, the worn surfaces were looking more abraded and parallel groove
patterns were dominant. In a case of Run 20, because of uniform dispersion of the SiC/fly ash particles on
the surface, the wear resistance has increased than the Run 9 composite. For Run 20, due to good interfacial
bonding, the reinforcement particles have acted as stable load carrying mediums between the mating
surfaces and have detached the full surface-to-surface contact of the sample and disc. Thus, these hard
reinforcement particles have changed the wear phenomenon from adhesion to abrasion. The presence
of prominent parallel tracks on the worn surface denotes the abrasion wear mechanism. For the Run
9 composite sample, the worn-out material was higher than the Run 20 composite. Since the highly
agglomerated zones on the surface have facilitated the hard reinforcement particles to pull out of surface
due to poor interfacial bonding with base alloy. These large number of reinforcing particles again have
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churned between the mating surfaces to increase further abrasive actions. The resultant surface has many
dimples and delaminations compared to the Run 20 and base alloy samples.

3.3. Microhardness

The Vickers” microhardness values measured of all AA7075-SiC/fly ash composites are enlisted in
Table 2. The microhardness was measured upon each surface composite surface at 5 different locations
starting from advancing side to retreating side, and the average value was used for analysis. The ANOVA
results of the microhardness as a response are enlisted in Appendix B. The interaction effect of SiC/fly
ash reinforcement volume percentage and hybrid ratio (f value—51.40) had the most influential effect
on the microhardness of surface composites. Moreover, individually SiC/fly ash volume percentage
(f value—26.94) was the most effective parameter for the microhardness of the composites. As the
amount of these hybrid reinforcements increased, the SiC/fly ash particles occupied area inside composites
has increased. The load-bearing capacities of the SiC/fly ash particles have contributed to enhance the
microhardness of the resultant surface composites as the powder content increased.

Overall, in this study, it was observed that micro hardness of surface composites was more than
7075 base alloy. The maximum microhardness of 241.20 HV was observed for Run 15 (w: 500 rpm, v:
40 mm/min, HR: 90:10 and vol.%: 12) sample, whereas a minimum 145.12 HV for Run 8 (w: 1500 rpm, v:
40 mm/min, HR: 90:10 and vol.%: 4) sample. For three composites (Runs 5, 8§ and 10), the improvement
in microhardness was very minor even after the dispersion of SiC/fly ash reinforcement particles. In the
earlier study, it has been observed that the microhardness of the resulting composites was found to be
based on the influence of process parameters on the degree of precipitate fragmentation and grain size
strengthening occurred within the resulting aluminum composites [22]. In other studies, Sato et. al. [33]
as well as Elangovan and Balasubramanian [28] reported that microhardness of heat-treated aluminum
alloys has been reduced due to precipitates dissolution after friction stir processing. So, interestingly in
this study, the microhardness had mostly increased and was comparable to the base alloy in a few runs.
So, the grain size strengthening due to SiC/fly ash particles has a dominant effect than the reduction in
microhardness due to precipitates dissolution.

The FSP tool rotational and traverse speed directly controls the intensity of plasticization during
FSP. Remarkably, in this study ranking wise, the most influential factor was the interaction effect
of reinforcement volume percentage and hybrid ratio. Next, the most influential factor was the
volume percentage and tool traverse speed as shown in ANOVA-Appendix B. Therefore, the influence
of stirring action on the reinforcement distribution has controlled the microhardness enhancement
phenomenon. The desirable ranges of four independent parameters for maximum microhardness were
observed from the 3D surface and contour plots as shown in Figures 14-16. The desirable ranges of
parameters were as follows: tool rotational speed-(500-1100 rpm), tool traverse speed-(35-40 mm/min),
hybrid ratio-(80:20-90:10) and reinforcement volume percentage (10-12%).

In the case of tool rotational speed, the desirable range found to be (500-1100 rpm), as shown
in Figure 15. It implies that, although the reinforcement distribution was more uniform at the
higher rotation of the FSP tool, the dissolution of precipitates due to intense stirring has reduced
the microhardness at a higher number of rotations. Similarly, for the tool traverse speed desirable
range observed from Figures 14-16 was (35-40 mm/min). At lower travel speed of the FSP tool,
obtained stirring action was higher which results in a more uniform dispersion of reinforcement but
also introduces more inherent precipitates dissolutions. Thus, such desirable ranges for tool rotational
speed and traverse speed were observed in this study, in which the reinforcement particle distribution
was good enough and at the same time, precipitates were also retained inside the composite structures.

The microhardness was observed to be a function of volume percentage of SiC/fly ash reinforcement
into the base alloy. The more reinforcement content into the base alloy has improved the microhardness
because of their inherent hard nature and load-bearing capacity. For the surface composites, in which
distribution of more SiC/fly ash reinforcement particles took place homogenously, the SiC/fly ash
particles have acted as hindrances in the grain growth by pinning the grain boundaries. The pinning
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effect of reinforcements inside the base matrix has led to refined grain structure and induced grain
size strengthening. Also, Bauri et al. mentioned that due to the mismatch of the thermal conductivity
coefficients between reinforcement particles and the base alloy, the dislocations density increases inside
the composites [34]. Kumar et al. observed that the increased dislocation density inside the composite
leads to hinder the dislocation movement, thus microhardness increases [35]. Therefore, the desirable
range of volume percentage obtained was towards high content of reinforcement, i.e., 10% to 12% of
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SiC/fly ash particulate reinforcements as shown in Figure 16.
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Figure 14. Effect of tool traverse speed and hybrid ratio on the wear rate of AA7075-SiC/fly ash

composites (a) 3D surface and (b) contour plot.
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Figure 15. Effect of tool rotational speed and traverse speed on the wear rate of AA7075-SiC/fly ash

composites (a) 3D surface and (b) contour plot.
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Figure 16. Effect of tool traverse speed and reinforcement volume percentage on the wear rate of
AA7075-5iC/fly ash composites (a) 3D surface and (b) contour plot.

From Figure 14, the desirable ranges observed for the hybrid ratio of SiC/fly ash was (80:20-90:10,
i.e,, maximum SiC content. This suggests that the fly ash powder fraction must be limited to 20% or
less with SiC to get a more significant improvement in microhardness. The SiC particles are more hard
ceramic material than the fly ash. Fly ash during FSP became fragmented due to its brittle character,
and broken fly ash debris was generated. Thus, it was noted that, owing to its hard-refractory nature
SiC had a major role in improving the hardness significantly. Through friction stir processing the
formation of detrimental phases by reaction of SiC/fly ash with base alloy were avoided. Thus, the fly
ash particles also contributed to enhancing the microhardness through load bearing ability of its
inherent oxides like silica (S5iO5,), alumina (Al,O3) and CaO, etc.

4. Conclusions

e  The extent of uniform dispersion of SiC/fly ash reinforcements inside the AA7075 base alloy was
found to be most important aspect in inducing the improvement in microhardness and wear
resistance behavior into the composites.

e  The interaction effect of SiC/fly ash reinforcement’s volume percentage and hybrid ratio was
found to be most significant factor for inducing minimum wear rate and maximum microhardness
in the AA7075-SiC/fly ash composites. In addition, the higher tool traverse speeds found to be
effective for improvement in wear resistance and microhardness properties.

e  Optimum wear rate and microhardness may be induced in the AA7075-SiC/fly ash composites
with maximum SiC content. For inducing effective improvement in microhardness and wear
behavior, the ratio of fly ash must be less than 20% and 13% in the mixture of SiC/fly ash
combination, respectively.

o Wear resistance increased as the wear mechanism changed from adhesion and fatigue in base
alloy to abrasion, due to the presence of SiC/fly ash particles in the composites.

e  For maximum microhardness and wear resistant composite materials, the required volume
percentage of SiC/fly ash into base alloy were found to be converse to each other, i.e., 10-12% and
5-8%, respectively.
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e  Fly ash particles were found to be fragmented during the process inside the composites and
thus higher microhardness and dry sliding wear resistance was observed with maximum SiC
reinforced composites.

e Notably, the wear rate was found to be increased with more agglomeration of SiC/fly ash
particles, which has induced poor interfacial bonding to pull out reinforcement particles during
the wear process.

e  The optimum ranges of FSP parameters in the fabrication of Al7075-SiC/fly ash hybrid surface
composites with minimum wear rate were observed to be: w: 900-1100 rpm, v: 38—40 mm/min,
HR: 87:13-90:10 and vol.%: 5-9%.

e  Theoptimum ranges of parameters for higher microhardness were observed to be: w: 500-1100 rpm,
v: 35-40 mm/min, HR: 80:20-90:10 and vol.%: 11-12%.
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Appendix A
Table A1. The ANOVA model validation for wear rate.
Source Sst;lllll;r(::fs df Mean Square f Value I’:;X;l:ef
Model 9.813x 1074 14 6.799 x 10~° 20.63 <0.0001
A-w 3.381 x 1077 1 1.109 x 1076 0.34 0.5727
B-v 1.552 x 1074 1 1.436 x 1074 43.58 <0.0001
C-HR 6.126 x 10~° 1 5.410 x 107° 16.41 0.0016
D-vol.% 1.086 x 10> 1 7.975 x 1076 242 0.1458
AB 4296 x 107° 1 2474 x 107 0.75 0.4033
AC 3.730 x 107° 1 3.145 x 107° 9.54 0.0094
AD 5.340 x 10~ 1 6.096 x 107° 18.49 0.0010
BC 3.406 x 107° 1 4014 x 107° 12.18 0.0045
BD 7.045 x 1076 1 9.949 x 107 3.02 0.1079
CD 2372 x 1074 1 2220 x 1074 67.36 <0.0001
A 7.410 x 107> 1 7.513 x 10~ 22.79 0.0005
B2 1.665 x 1074 1 1.650 x 1074 50.05 <0.0001
C? 1.006 x 1074 1 9.945 x 10~° 30.17 0.0001
D2 1314 x 1074 1 1.328 x 1074 40.28 <0.0001
Residual 4249 x 107° 12 3.296 x 107° - -
Lack of Fit 4236 x 107° 10 3.942 x 107 60.62 0.0163
Pure Error 1.301 x 1077 2 6.503 x 1078 - -
Cor Total 1.024 x 1073 26 - - -
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Appendix B
Table A2. The ANOVA model validation for Microhardness (HV).
Sum of Mean -Value
Source Squares df Square Va];ue I”’rob >f
Model 15656.89 14 1118.35 8.87 0.0003
A-w 2.51 1 2.51 0.020 0.8901
B-v 1963.76 1 1963.76 15.58 0.0019
C-HR 24.92 1 24.92 0.20 0.6645
D-vol.% 3395.43 1 3395.43 26.94 0.0002
AB 801.88 1 801.88 6.36 0.0268
AC 12.80 1 12.80 0.10 0.7554
AD 0.26 1 0.26 2.04 %1073 0.9647
BC 356.93 1 356.93 2.83 0.1182
BD 1745.36 1 1745.36 13.85 0.0029
CD 6477.43 1 6477.43 51.40 <0.0001
A? 37.57 1 37.57 0.30 0.5950
B2 43.17 1 43.17 0.34 0.5692
C? 151.38 1 151.38 1.20 0.2946
D? 857.14 1 857.14 6.80 0.0229
Residual 1512.25 12 126.02 - -
Lack of Fit 1490.82 10 149.08 13.91 0.0689
Pure Error 21.43 2 10.72 - -
Cor Total 17169.14 26 - - -
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