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Friction stir processing (FSP) being a novel process is employed for the improvement of the mechanical properties of a material
and the production of surface layer composites.The vital role of the integrity of surface characteristics in the mechanical properties
of materials has made the research studies into surface modification important in order to improve the performance in practical
applications. This study investigates the effect of processing parameters on the wear resistance behavior of friction stir processed
Al-TiC composites. This was achieved through microstructural characterization by using both the optical and scanning electron
microscope (SEM),microhardness profiling, and tribological characterization bymeans of the wear.Themicrohardness profiling of
the processed samples revealed an increased hardness value, whichwas a function of the TiC particles incorporatedwhen compared
to the parent material. The wear resistance property was also found to increase as a result of the TiC powder addition. The right
combination of processing parameters was found to improve the wear resistance property of the composites produced.

1. Introduction

Friction stir welding (FSW) is a novel solid-state joining
technique which was invented and patented by The Welding
Institute in 1991. The technique was designed and initially
utilized for butt and lap welding of ferrous and nonferrous
metals andplastics [1].However, over the last twodecades, the
technique has been extensively modified and improved with
a significant growth at both technology implementation and
scientific exploration leading to commercialization. This has
consequently led to the scope of its application being broad-
ened [2] and has evolved to create several new processes,
among which is the friction stir processing. The schematic of
the FSW process is shown in Figure 1.

The process involves clamping the workpieces together
on the machine bed along the butting faces of the joint. A
nonconsumable rotating tool, with a specially designed pin
and shoulder, is plunged between the abutting faces of the
joint and traversed along the joint line.

The friction between the tool and theworkpiece generates
localized heating in the vicinity of the immersed rotating
pin, causing the plastic deformation of the material. In addi-
tion, the generated heat softens the material and creates a
plasticized region around the plunged rotating pin, while the
shoulder of the tool prevents the egress of the plasticized
material from the weld. The tool meanwhile moves linearly
along the joint line, causing the plasticized material to flow
from the front to the back of the pin, at which point, it coal-
esces and forms a solid-state welded joint [3].

Friction stir welding enjoys numerous advantages over
the previous conventional welding methods. These advan-
tages are classified into two distinct categories, which are the
metallurgical benefits and the environmental benefits. The
metallurgical benefits include low distortion, greater weld
strength, good dimensional stability and repeatability, no loss
of alloying elements, excellent metallurgical properties in the
joint area, good corrosion resistance, fine microstructure,
and absence of cracks [4]. Some of the environmental
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Figure 1: Schematic of friction stir welding process [1].

benefits include lower energy consumption compared to the
conventional welding, surface cleaning, degreasing solvents,
and negating harmful welding fumes and gasses and waste
material [5].

FSW has been touted as being the most significant devel-
opment in metal joining in a decade [1], and FSP is expected
to be the evolutionary successor. It employs the same basic
processing technique and tooling design as found in FSW.
However, it differs in that FSW deals with joining two mate-
rials either similar or dissimilar, whereas FSP is employed
to strengthen (not necessarily join) some areas of a mat-
erial. Furthermore, FSP being a continuous process also
employs a rotating tool comprising a pin and shoulder
plunged into the area of interest.

Heat is generated by the frictional forces between the
rotating tool and the substrate, with additional adiabatic
heating generated from the metal deformation. The tool
then traverses relatively over the substrate, causing it to coa-
lesce. The processed zone cools without solidification (as
there is no liquid), creating a defect-free recrystallized and
fine grain microstructure.The advantages of friction stir pro-
cessing are mainly metallurgical in nature and, as such, it is a
process that can change and modify the local properties of a
workpiece, without influencing the properties in the remain-
ing part of the workpiece. Casting defects can be locally eli-
minated, and the microstructure thereby refined, thus
improving the strength and ductility, enhancing formability,
and substantially increasing corrosion resistance and fatigue
life of the processedmaterial [6, 7]. FSP is also able to produce
fine-grainedmicrostructures through the thickness to impart
super plasticity.

In FSP, there are a number of parameters, which affect the
overall process. Varying these parameters can have a signi-
ficant effect on the mechanical properties such as the micro-
hardness and strength and fatigue life of the final product
[1, 2]. Aluminiumand its alloys enjoywidespread applications
due to many positive characteristics, among which are the
favorable strength to weight ratio, corrosion resistance, and
appearance. The integrity of the joint is dependent on an
array of factors such as the geometry, material composition,
type of joint, number of joints, and the environmental service
conditions [8]. On the other hand, friction stir welding has
successfully been utilized to weld all wrought aluminium
alloys, across the 2xxx, 5xxx, 6xxx, and 7xxx series of alloys,
some of which are bordering on being classed as virtually

nonweldable by fusion welding techniques. The friction
stir welding process is also able to weld dissimilar alum-
inium alloys, whereas fusion welding may result in the alloy-
ing elements from the different alloys interacting to form
deleterious intermetallics through precipitation during solid-
ification from the molten weld pool [9].

FSP, being cutting edge and new, is an emerging technol-
ogy, which has generated an enormous amount of interest
in the industry, specifically in the aerospace, marine, and
the automotive sector, and so forth. Mega companies which
are known to be researching and utilizing FSP technol-
ogy include Boeing, Phantom Works, Bombardier, Cum-
mins, EADS Airbus, General Motors Research, Gulfstream,
Hawker Beechcraft, JFE Steel, Kaiser Aluminium, Kawasaki,
Lockheed Martin Corp, NASA Johnson Space Centre, NASA
Langley Research Centre, Space X, and the Swedish Nuclear
Fuel and Waste Management Company [1]. This growing list
of companies confirms the claim of the relevance of this new
technology to various applications. In addition, it predicts the
imminent surge in the popularity and prevalence of FSP.

Friction stir processing is most commonly employed on
aluminum and its alloys [10, 11]; friction stir processing is
often used to create aluminium matrix composites (AMC)
which uses aluminium as the parent material. However, most
of the research work on FSP of aluminium and its alloys
reported in the literature ranged between the 1xxx, 2xxx,
5xxx, 6xxx, and 7xxx series of alloys; these are the same
series which have proven successful in the FSW experiments.
Typical FSP of aluminiumand its alloys found in the literature
include AA1050 [6, 12, 13], AA2024 [14–16], AA2095 [17],
AA5083 [18–20], AA5086 [21], AA6061 [22, 23], and AA7075
[24]. It is shown that FSP technology is very effective
in microstructure modification of reinforced metal matrix
compositematerials [11]. FSWandFSPhavemany advantages
such as elimination of the defects such as cracks and porosity
often associated with fusion welding processes and reduced
distortion. In addition, it can be carried out in various
positions and can join conventionally nonfusion weldable
alloys and improve mechanical properties of weldable alloys.
FSP has also been used to refine the grains of casting alloys
[25] and to homogenize the microstructure of reinforced
metal matrix composite materials [26].

Many of the processing techniques have been devel-
oped for the manufacture of particles or short fibre rein-
forced composites.Metal-matrix composites particularly alu-
minium reinforced with ceramic phases make them promis-
ing structural materials for the aerospace and automobile
industries [6]. The major draw backs of such composites
processed through these routes are inhomogeneous dis-
tribution (known as clustering) and improper wetting of
particles which lead to poor mechanical properties [27]. An
alternative approach to overcome this limitation is to produce
the reinforcement in situ during processing. In the in situ
process, there is no need to add the reinforcements separately;
instead, the desirable reinforcement(s) and the interfaces
are formed during processing itself [28–30]. Metal matrix
composite (MMC) technology is one suchmethod which can
effectively increase the strength of the Al matrix with ceramic
reinforcements like SiC, Al
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metalmatrix composite almost always offers an improvement
in the microstructure and hardness compared to the base
metal. It should also be noted, especially in reference to
this particular study, those FSP parameters such as the tool
rotation and traverse speeds can have a significant effect on
the material properties of the AMC [32]. This is due to the
fact that these parameters have a strong influence on the grain
size anddissolution of precipitates in heat treatable alloys, and
thesemicrostructural features are responsible for thematerial
properties of the processed Al alloys.

There have been numerous studies on the application of
the FSP process to fabricate an MMC directly on the surface
of a plate in situ by processing a groove or channel on the
plate which is filled with reinforcing particles [33]. However,
it remains a challenge to prevent the particles from being
ejected out of the groove during the FSP, and the distribution
of particles is typically nonuniform unless multiple FSP
passes are applied to homogenize the microstructure [34].
During FSP of composites, the parameters further influence
the distribution,morphology, and break-up of the reinforcing
particles [35, 36]. The resultant composites generally exhibit
better microstructure and properties because of improved
wettability of particles, a clean particle-matrix interface, and
strong bonds between the reinforcement and the metallic
matrix [37].

Thangarasu et al. [6] investigated the microstructure and
microhardness of TiC particulate (∼2 𝜇m) reinforced alu-
minum matrix composite (AMC) using FSP. It was estab-
lished that the fabricated AA1050/TiC composite layer was
well bonded to the aluminium substrate. Furthermore, the
TiC particles were distributed homogeneously in the FSP
zone and the hardness of the FSW zone increased by 45%
higher than that of the matrix alloy; however, this was a pre-
liminary study as only very few processing parameters were
considered. Similar investigation of Bauri et al. [8] concluded
that FSP could be used effectively to homogenise the particle
distribution in Al-TiC in situ composites. A single pass of
FSP was enough to break the particle segregation from the
grain boundaries and improve the distribution. Two passes of
FSP resulted in complete homogenization and elimination of
casting defects. The grain size was also refined substantially
after each FSP pass and finer after the second pass. Con-
sequently, the mechanical properties improved significantly
after the FSP due to the refinement in the microstructure
[10]. Raaft et al. [38] concluded that the microstructure of
the A390/Al

2
O
3
surface composites depends significantly on

both the tool rotational and traverse speeds. Increasing the
tool rotational and/or reducing the traverse speeds improves
the distribution of the ceramic particulates inside the A390
matrix [39].

Aluminium matrix composites (AMCs) reinforced with
ceramic phases exhibit higher strength and stiffness, im-
proved tribological characteristics, and increased resistance
to creep and fatigue. However, if the particulate is prepared
by incorporating ex situ ceramic nanoparticles composites
with large ceramic particles, they are prone to cracking during
mechanical loading, leading to premature failure and low
ductility of the composites. The mechanical properties of
metal matrix composites (MMCs) can be further enhanced

by decreasing the sizes of the ceramic particulates and/or
matrix grains from the SiC or TiC nanoparticles [8].

The tribological properties such as wear and corrosion
have been the subject of much research in the last years
and the overwhelming majority of researchers suggest that
corrosion resistance is better in the MMCs than the unrein-
forced parent material [19, 24, 40–42]. On the other hand,
it is important to know that the wear resistance is usually
better for theMMC than that of the base metal for all process
parameters. This is due to the fact that the composite surface
layer provides wear resistance and is harder than the base
material. However, as this layer wears out, the wear resistance
decreases dramatically and the erosive wear volume rate
spikes. The processing speed is directly proportional to the
wear rate of the surface layer. Hence, the best wear resistance
is achieved at the slower end of the rotation and traverse
speed combinations [43]. Jerome et al. [44] also conducted
a preliminary study on the influence of the microstruc-
ture and experimental parameters on the mechanical and
wear properties of Al-TiC surface composites; they found
that the microhardness increases as the rotational speed
increases which subsequently improved the wear resist-
ance.

It is therefore believed that, with new technologies, the
utilization, optimization, and expansion of FSP are limited by
the lack of established process windows leading to conclusive
scientific research. Detailed characterization and statistical
analysis of the wear behavior of FSP of Al-TiC which can be
employed to predict process windows has not been published.
This paper will therefore further research by investigating the
tribological properties of Al-TiC material samples produced
at a range of process parameter combinations, with the aim
of contributing to the global knowledge and bringing the
subject of FSP a step closer to global utilization. It will also
significantly broaden the aforementioned research studies in
this field of study by determining the optimum parameter
combination.

2. Materials and Methods

The FSP was employed for the development of the surface
composite of aluminium alloy (AA 1050) reinforced with TiC
powder of particle size range below 60𝜇m. The test samples
are rectangular elements of dimension 200 × 160 × 3mm3.
A V-groove of about 1.5mm was engraved along the length
of the sheet. In this application, the area of interest is the
V-groove, which has been machined into the workpiece and
filled with the TiC powder.

The V-groove was machined into an area of the base
plate, with the aim of strengthening the material.The powder
is compressed into the groove using a pinless tool across
the surface of the material. Some of the common powders
often used in the literature include titanium carbide (TiC)
and silicon carbide (SiC). Once the powder is compressed,
a second tool, comprising a pin and shoulder, was plunged
into the workpiece. The schematic of the V-groove and
compaction process is shown in Figure 2.

The selected substrate metal is AA1050; the chemical
composition of the alloy is presented in Table 1.
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Figure 2: (a) A V-groove is machined into the base metal; (b)
the substrate power is compressed using a pinless tool and (c) the
composite is produced via FSP [6].

Table 1: Chemical composition of AA1050.

Al Si Fe Cu Mn Mg Zn V
AA1050 99.5 0.25 0.4 0.05 0.05 0.05 0.05 0.05

The tools used are presented in Figure 3 and the dimen-
sions of the tool profile are shown in Figure 4.The friction stir
processing was conducted on an Intelligent Stir Welding for
Industry andResearch (I-STIR) ProcessDevelopment System
(PDS) at the Nelson Mandela Metropolitan University, Port
Elizabeth, South Africa.

The workpiece was securely clamped on a rigid, smooth,
and mild steel backing plate, which was able to withstand the
significant perpendicular and lateral forces developed during
the friction stir process. The clamping system on the I-STIR
PDS systemwas employed to effectively clamp the aluminium
alloy (AA1050) plate into position during the FSP procedure.
The dimensions of the backing plate used were 650 × 265 ×
25mm3 made from mild steel plate bolted to the weld bed.
The experimental setup showing the clamping fixture and the
backing plate system is as presented in Figure 5.

The weld matrix employed consists of nine (9) welds with
the parameters selected according to the limit of the weld-
ing platform. A full factorial design of experiment was
employed in selecting the process parameters and is pre-
sented in Table 2. The rotational speeds employed were 800,
1200, and 1600 rpm and the feed rates were 100, 200, and
300mm/min both representing the low, medium, and high
settings, respectively. The Design-Expert 8, statistical soft-
ware, was employed to analyze the results obtained.

All the nine processed samples and the as-received
materials were cut into the required sample sizes for material
characterization such as microstructural evaluation, micro-
hardness measurement, and the wear testing. The water jet
cutting technique was employed in order to ensure that
additional heat that may influence and alter the properties
of the processed samples is not generated and also to ensure
good result integrity. The microhardness measurement was
conducted using Vickers microhardness tester of diamond
indenter using 300 g load and a dwell time of 15 seconds.

(a) (b)

Figure 3: Schematic of the tool types, (a) pinless tool and (b) tool
with a pin.
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Figure 4: Tool dimensional drawing showing the pin and shoulder.

Table 2: Process parameter matrix of the FSP.

Weld designation Rotational speed (rpm) Feed rate (mm/min)
A 800 100
B 800 200
C 800 300
D 1200 100
E 1200 200
F 1200 300
G 1600 100
H 1600 200
I 1600 300

The wear tests were evaluated on both the as-received
and processed samples using a tribometer (CETRUMT200).
The wear resistance test was performed under dry condition
using a ball on disk arrangement. The material of the ball is a
tungsten carbide of 10mmdiameter and at a load of 25Nwith
a reciprocating frequency of 20Hz and at a 2000m sliding
distance. The wear tracks were studied under the scanning
electron microscope (SEM).
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Figure 5: Experimental setup.

Figure 6: SEM micrograph of the TiC powder [45].
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Figure 7: Photographs of samples A, B, and C.
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Figure 8: Photographs of samples D, F, G, and I.
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Figure 9: Graph of normal residual plot.
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3. Results and Discussions

Themicrograph of the TiC powder used is shown in Figure 6.
The TiC powder is a ball milled powder with irregular shape.
The photographs of some of the processed samples are shown
in Figure 7. The samples A, B, and C are characterized by
visual defects as shown in Figure 7 even on repeated welds,
and as such, further characterizations were not performed
on them. A wormhole defect that resulted from insufficient
metal flowof the advancing side above the swirl zonewas seen
in sample A. It was created by the unsuitable combination of
the processing parameters employed in this regard. Surface
galling was seen in samples B and C, which resulted from
the parameters used as well. It was visually noticeable by the
galling of themetal on the top surface of the weld beneath the
pin tool. Hence, the process parameters employed to produce
these welds were considered inappropriate in this case. The
remaining samples showed good surface appearances. Some
of the photographs of the other samples are shown in Figure 8.

The results of thewear test and the averageVickersmicro-
hardness of the processed samples and the parentmaterial are
presented in Table 3.

Table 3 represents the full factorial design of experiment
and the results were analyzed using Design-Expert 8, statisti-
cal software.

The analysis of variance (ANOVA) for the selected facto-
rial model is presented in Table 4.

Further analysis of variance is shown in Table 5. The
“predicted 𝑅-squared” of 0.9729 is in reasonable agreement
with the “adjusted 𝑅-squared” of 0.9949. The “adequate pre-
cision” measures the signal to noise ratio. A ratio greater than
4 is desirable.The ratio of 38.429 indicates an adequate signal
and this model can be used to navigate the design space. The
coefficient of the model terms is presented in Table 6 and the
final model equation is shown in (1).

The model 𝐹-value of 294.61 implies that the model is
significant. There is only a 4.12% chance that a “model 𝐹
value” this large could occur due to noise. Values of “Prob >
𝐹” which are less than 0.0500 indicate that the model terms
are significant. In this case, 𝐴 (rotational speed) and 𝐵 (feed
rate) are significant model terms.

The final equation in terms of actual factors is hereby
presented:

Sqrt (Wear Volume) = − 0.13820 + 5.22006𝐸 − 004

∗ Rotational speed

+ 6.22528𝐸 − 004 ∗ Feed Rate.
(1)
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Table 3: Wear volume and microhardness results.

Sample designation Rotational speed (rpm) Feed rate (mm/min) Wear volume (mm3) Vickers microhardness (HV)
D 1200 100 0.308546 39.9
E 1200 200 0.381606 41.1
F 1200 300 0.448846 43.5
G 1600 100 0.568903 46.8
H 1600 200 0.761349 48.1
I 1600 300 0.789925 51.5
PM — — 0.907572 28.9

Table 4: Analysis of variance (ANOVA) for the selected factorial model.

Source Sum of squares df Mean square 𝐹 value 𝑃 value Prob > 𝐹
Model 0.059 2 0.030 294.61 0.0412 significant
𝐴—Rotational speed 0.044 1 0.044 434.67 0.0305
𝐵—Feed rate 0.016 1 0.016 154.55 0.04911
Residual 1.003𝐸 − 004 1 1.003𝐸 − 004

Cor total 0.059 3

Table 5: Model analysis.

Std. Dev. 0.010 𝑅-squared 0.9983
Mean 0.72 Adj. 𝑅-squared 0.9949
C.V. % 1.40 Pred. 𝑅-squared 0.9729
PRESS 1.605𝐸 − 003 Adeq. precision 38.429

Thegraph of normal residual plot is shown in Figure 9 and the
graph of predicted versus actual experimental data is shown
in Figure 10. The residual is randomly distributed and it can
also be seen that the model is in good agreement with the
experimental data as shown in Figure 10.

The main effect plots of the effect of processing param-
eters on the wear volume loss are shown in Figure 11. The
wear volumewas found to increase as the rotational speedwas
increased as shown in Figure 11(a). Too high rotational speed
for a relatively soft material such as pure aluminium tends to
generate high amounts of heat that resulted in lots of mixing
of the substrate and the powder. However, dilution needs to
be minimized in order to improve the wear resistance of the
surface; hence the advantage of using FSP asmelting does not
occur during the process.

The wear volume loss was also found to increase with the
increase in the feed rate as shown in Figure 11(b). This can be
attributed to impropermelting of the TiC powder at high feed
rate which would aggravate the wear action.

The surface plot showing the interaction between the
rotational speed and the feed rate effect on wear volume is
shown in Figure 12. It can be seen that the highest wear occurs
at the highest rotational speed and the lowest feed rate. This
is because of excessive heat generated at this combination of
processing parameters which resulted in high dilution rate
and softening of the composite. This would reduce the wear
resistance property of the surface.

Themicrohardness results were also analyzed in a similar
way and the equation of the model is presented as

Sqrt (Microhardness) = + 4.47777 + 1.39125𝐸 − 003

∗ Rotational speed

+ 1.52838𝐸 − 003 ∗ Feed Rate.
(2)

The main effect plots of the microhardness against pro-
cessing parameter are shown in Figure 13.

Figure 13(a) shows that the microhardness increases as
the rotational speed increases. This can be attributed to the
fact that at high feed rate, and low rotational speed, too large
unmelted TiC powder is producedwhich aggravated thewear
action. But as the rotational speed was increased, the volume
of unmelted powder was reduced and the microhardness was
improved which also improved the wear resistance property.
Themicrohardness was found to increase as the feed rate was
increased at high rotational speed as shown in Figure 13(b).
This is because increasing the feed rate at high rotational
speed would reduce the high heat generated and improve the
microhardness property. However, the higher microhardness
observed at high feed rate did not translate to high wear
resistance property because, at high feed rate, the amount of
unmelted TiC powder was increased which would increase
the microhardness value but would aggravate the wear
action.

The analysis of the wear tracks further confirms the effect
of the processing parameters on the wear resistance behavior
of the samples. Figure 14(a) shows the SEMmicrograph of the
wear track of sample D.

The SEM images are characterized predominantly by
abrasive wear. There was moderate quantity of unmelted car-
bidewhich during the slidingwear actionwas rubbing against
the surface of the substrate.This unmelted carbide later forms
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Figure 11: Main effect plot of (a) wear volume against rotational speed and (b) wear volume against feed rate.
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Table 6: The coefficient of the model terms.

Factor Coefficient estimate df Standard error 95% CI low 95% CI high VIF
Intercept 0.72 1 5.008𝐸 − 003 0.65 0.78
𝐴—Rotational speed 0.10 1 5.008𝐸 − 003 0.041 0.17 1.00
𝐵—Feed rate 0.062 1 5.008𝐸 − 003 −1.374𝐸 − 003 0.13 1.00

(a) (b)

Unmelted carbide

(c)

Unmelted carbide

(d)

Figure 14: SEM micrograph of wear track of (a) sample D, (b) sample F, (c) sample G, and (d) sample I.

powder that reduces the wear action by forming a powder
lubricant. As the feed rate was increased, the unmelted
carbide (UMC)was also increased which aggravated the wear
action by scratching deep into the substrate and forming
ridges as shown in Figure 14(b). Increasing the rotational
speed resulted in high heat generation which causes much
of the TiC powder to be completely melted. This makes the
composite become softer and the few remaining unmelted
carbide scratches deep into the substrate and aggravated the
wear action as shown in Figure 14(c).The size of the unmelted
carbide increases as the feed rate was increased as shown in
Figure 14(d); this makes the wear action become more severe
as the sliding wear was progressing thereby producing deeper
cut on the sliding surfaces.

In order to validate the developed models to demonstrate
the robustness of the models, a set of experiments were
performed with settings outside the ones used in the model
building. The results are presented in the next section.

4. Model Validation

To validate models, a set of experiments were performed
at the processing parameters different from the processing
parameters used in the building of the model. The results
are presented in Table 7. The graph of the predicted versus
the experimental data is also shown in Figure 15. The graph
of actual values versus actual experimental data of wear vol-
ume is shown in Figure 15(a) and that of the microhardness
is shown in Figure 15(b). The graphs show that there is a
good agreement between the model and the experimental
data. Therefore, the models can be used to predict the wear
resistance performance as well as the microhardness pro-
perties of friction stir processed Al-TiC composites.

5. Conclusion

This study revealed that the friction stir processing (FSP) can
be used to improve the mechanical properties of a material
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Table 7: Validation results.

Sample
number

Rotational speed
(rpm)

Feed rate
(mm/min)

Predicted wear
volume (mm3)

Actual wear
volume (mm3)

Predicted Vickers
microhardness (HV)

Actual Vickers
microhardness (HV)

1 1400 150 0.470682 0.481104 44.29 44.84
2 1300 180 0.425811 0.412951 43.05 42.55
3 1000 300 0.325646 0.330403 40.04 40.62
4 1500 100 0.500039 0.490671 45.13 45.03
5 1500 150 0.545025 0.552107 46.16 46.55
6 1700 100 0.658575 0.662192 48.94 49.59
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Figure 15: The graph of predicted versus actual experimental data of (a) wear volume and (b) Vickers microhardness.

and the production of surface layer composites. The effect
of processing parameters on the wear resistance behavior of
friction stir processed Al-TiC composites was investigated in
this research. The rotational speed and the feed rate effect on
the wear resistance property of Al-TiC composite produced
through FSP were statistically analyzed in design expert and
models were developed to predict the wear volume and
microhardness properties of the Al-TiC processed samples.
The models were validated through additional experiments
performed at processing parameters outside the processing
parameters used in building the models. The model was
found to be in good agreement with the experimental data.
It was shown that the right combination of these processing
parameters was necessary to really improve the wear resis-
tance property of the composite produced. At low rotational
speed, therewas insufficientmelting of the TiC powderwhich
resulted in surface defect. Also, too high rotational speed
generated too high heat that resulted in lots of dilution of
the TiC and Al which reduces the wear resistance property. A
moderately high rotational speed of 1200 rpm and low speed
rate of 100mm/min produced the surface composited layer
with the best wear resistance property based on the set of
processing parameters considered in this study and can be
considered as the optimum parameter window.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors would like to acknowledge the Tertiary Educa-
tion Support Program funding of ESKOM South Africa and
the eNtsa Research Group of Nelson Mandela Metropolitan
University (NMMU), Port Elizabeth, South Africa, for allow-
ing us to use their facility to produce the welds.

References

[1] R. S. Mishra and M. W. Mahoney, “Friction stir processing: a
new grain refinement technique to achieve high strain rate sup-
erplasticity in commercial alloys,”Materials Science Forum, vol.
357, no. 3, pp. 507–512, 2001.

[2] R. S. Mishra and Z. Y. Ma, “Friction stir welding and process-
ing,” Materials Science and Engineering R: Reports, vol. 50, no.
1-2, pp. 1–78, 2005.

[3] W. M.Thomas and E. D. Nicholas, “Friction stir welding for the
transportation industries,”Materials and Design, vol. 18, no. 4–
6, pp. 269–273, 1997.

[4] Z. Y. Ma, “Friction stir processing technology: a review,”Metal-
lurgical and Materials Transactions A: Physical Metallurgy and
Materials Science, vol. 39, no. 3, pp. 642–658, 2008.

[5] C. J. Dawes and W. Thomas, “Development of improved tool
designs for friction stir welding of aluminium,” in Proceedings
of the International Symposium of Friction Stir Welding, Los
Angeles, Calif, USA, June 1999.

[6] A. Thangarasu, N. Murugan, I. Dinaharan, and S. J. Vijay,
“Microstructure and microhardness of AA1050/TiC surface



Advances in Materials Science and Engineering 11

composite fabricated using friction stir processing,” Sadhana,
vol. 37, no. 5, pp. 579–586, 2012.

[7] R. Mishra, Z. Ma, and J. Spowart, Friction Stir Welding and Pro-
cessing II, TMS, 2003.

[8] R. Bauri, D. Yadav, and G. Suhas, “Effect of friction stir pro-
cessing (FSP) onmicrostructure and properties of Al-TiC in situ
composite,” Materials Science and Engineering A, vol. 528, no.
13-14, pp. 4732–4739, 2011.

[9] E. Akinlabi, Characterisation of Dissimilar Friction Stir Welds
Between 5754 Aluminium Alloy and C11000 Copper, Port Eliz-
abeth, 2010.

[10] R. Johnson and S. Kallee, “Friction stir welding technology,”
Materials World, vol. 7, no. 12, pp. 751–753, 1999.

[11] Y. X. Gan, D. Solomon, and M. Reinbolt, “Friction stir process-
ing of particle reinforced composite materials,”Materials, vol. 3,
no. 1, pp. 329–350, 2010.

[12] M. Jariyaboon, P. Møller, R. E. Dunin-Borkowski, S.-I. In, I.
Chorkendorff, and R. Ambat, “The effect of atmospheric corona
treatment on AA1050 aluminium,” Corrosion Science, vol. 52,
no. 6, pp. 2155–2163, 2010.
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