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Abstract
The dispersion of particles in polymer, ceramic and metal matrix composites via conventional routes was very difficult, due to
agglomeration/clustering of particles, poor compatibility of properties of particle and matrix. So, an attempt has been made to
uniformly disperse the titanium dioxide particles on the surface of aluminum matrix via two-pass friction stir processing. The
effect of passes on particle distribution, microstructure, microhardness and wear properties was systematically investigated.
Microstructural studies revealed a fine equiaxed grain structure in the stir zone due to the dynamic recrystallization. The first-
pass surface composite sample results in agglomeration of particles toward the advancing side due to insufficient materials
flow and strain. The second pass was carried out by changing advancing and retreating side of composite plate processed by
the first pass. The results showed that marginal change in grain size was observed with homogeneous microstructure when
compared to first-pass surface composite. Microhardness was carried out across the cross sections of the surface composites
to obtain hardness profile. The tribological performance was assessed using a pin-on-disk tribometer. The result reveals that
surface composites processed by the second pass show better hardness and wear resistance when compared to as-received
aluminum. The wear mechanism shows a transition from adhesive wear in surface composites to the combination of abrasive
and delamination wear in as-received aluminum.
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1 Introduction

TheWelding Institute (TWI), UK, invented friction stir weld-
ing (FSW) process in 1991, initially for joining of aluminum
and its alloys [1]. Aluminum and its alloys are commonly
used in various engineering applications such as aircraft,
automobiles, transportation and marine hulls, because of its
excellent properties such as high strength to weight ratio,
stiffness, wear and corrosion resistance. The non-weldable
aluminum alloys such as 2000 and 7000 series can easily be
welded using FSW process in comparison with conventional
fusion welding processes. FSW process is a viable method
of joining of materials and is eco-friendly, energy and cost
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efficient [2]. Soon after the invention of FSW process, the
scientific community across the world applied this process
for joining of similar and dissimilar materials [3–8]. Fric-
tion stir processing (FSP) method is based on the principle
of FSW, and FSP was applied to modify the microstruc-
ture of materials. FSP is a newly evolved severe plastic
deformation process (SPD)where plastic deformation occurs
by forcibly plunging a revolving non-consumable tool into
the workpiece and transverse toward the particular direction
[9]. Researchers and scientists widely used FSP process for
the fabrication of surface composites which exhibits excel-
lent mechanical and tribological properties with respect to
monolithic materials. Ranjit et al. [10] applied multiple FSP
passes on as-cast Al–TiC composite to eliminate the cast-
ing defects and improve the particles distribution. Shahi et
al. [11] fabricated the surface composites by the addition
of nickel powder particles into the commercially pure alu-
minum. As the number of FSP passes increases from 2 to
6 with different rotational speed and traverse speed, there
is a formation of intermetallic compounds (Al3Ni). Choi

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-018-3312-1&domain=pdf
http://orcid.org/0000-0002-3128-1904


950 Arabian Journal for Science and Engineering (2019) 44:949–957

et al. [12] reported that SiC particles were uniformly dis-
tributed in the Al6061-T4 matrix via FSP. The addition of
SiC particles in Al6061-T4 matrix attributes to grain refine-
ment when compared to FSPed Al6061-T4 alloy. Adel et al.
[13] developed Al/Al2O3−Al3Ni hybrid nanocomposites by
reinforcing NiO particles (less than 1 µm) with aluminum
matrix via friction stir processing. Alidokht et al. [14] fab-
ricated A356 hybrid surface composite layer by reinforcing
SiC and MoS2 particles via FSP. The addition of SiC par-
ticles in the matrix improves hardness and wear resistance,
whereas MoS2 particles in matrix act as a solid lubricant
and prevent metal to metal contact. Yuvaraj et al. [15] stud-
ied wear behavior of mono- and hybrid nanocomposite by
FSP. For better dispersion of particulates in Al matrix alloy,
three FSP passes were carried out at a rotational speed of
1000 rpm and transverse speed of 40 mm/min. Sakari et al.
[16] investigated the influence of multiple FSP passes on
the distribution of the nano-SiC particles with the simple
cylindrical probe and threaded cylindrical probe. The results
showed that simple cylindrical probe exhibits appropriate
distribution of particles which required at least three FSP
passes to be carried out without changing the same rotational
direction. The threaded cylindrical probe with changing of
rotation direction between the passes exhibits an acceptable
distribution of particles. Zihao et al. [17] reported a surface
modification of Ti–6Al–4V alloy was carried out via FSP by
introducing TiO2 particles to strengthen the material as well
as for biomedical application.

Although, some literature was available with respect to
the dispersion of the particles via multiple passes. During
the multiple passes, more heat will be generated which may
induce intermetallics phases, and coarsening of grain takes
place which affects mechanical and tribological properties.
However, as far as the authors’ knowledge is concerned,
there is no work carried out on titanium dioxide-reinforced
aluminum surface composite by two-pass FSP. The effect
of passes on particle distribution, microstructure, micro-
hardness and wear properties was systematically studied.
The tool geometry was self-optimized and played an impor-
tant role in particle distribution and material flow. The first
pass was carried over the empty pass, which was used to
enclose the holes on the surface of the aluminum plate.
The second pass was carried over the first pass by chang-
ing advancing and retreating side of the parent metal. The
microstructure of composite layers was examined through an
optical microscope, scanning electron microscope. Micro-
hardness testing was conducted across cross sections of
the surface composite, and sliding wear test was carried
out on pin-on-disk tribometer as per ASTM standards
G-99-05.

2 Experimental Procedure

Commercially pure aluminum (AA1050 grade with 99.5%
purity) plate of 6 mm thickness was chosen as starting mate-
rial was purchased from PMC Corporation, India. The holes

Fig. 1 Schematic of fabrication of surface composite a drilled holes, b holes filled with TiO2 particles, c encapsulating of particles into holes with
pin-less tool, d first FSP pass with pin-tool
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Fig. 2 Schematic illustration of FSP tool (dimensions in mm)

were machined on an aluminum plate with a diameter of
2.5 mm to a depth of 3 mm for every 3 mm interval as shown
in Fig. 1a. The TiO2 particles (procured from Merck India,
Anatase phase with≥ 99.95% purity) were incorporated into
the holes as shown in Fig. 1b. The holes filled with particle
were enclosed by empty pass to inhibit the escape of particles
as shown in Fig. 1c. Then, a specially designed tool with a pin
and shoulder was used to carry out FSP as shown in Fig. 1d.
TiO2 particles have higher hardness, low coefficient of ther-
mal expansion, higher wear resistance and good wettability
[18]. The schematic representation of FSP tool is shown in
Fig. 2.

The FSP was performed on a 4-axis numerically con-
trolled FSW machine (BISS, India) with process parameters
such as rotational speed of 1600 rpm, traverse speed of
20 mm/min and tool tilt angle of 3◦ degrees. The parame-
ter was selected based on the experimental trails to obtain
defect-free stir zone [19]. The tool with shoulder diameter

of 18 mm, pin length of 4 mm and taper threaded pin profile
was selected for the present study based on self-optimized
tool geometry recommended by Prado and Murr [20]. The
first pass was carried over the empty pass as shown in Fig. 3.

The secondpasswas carried over thefirst pass by changing
advancing and retreating side of the friction stir-processed
(FSPed) plate. The microstructural investigation was carried
out using an opticalmicroscope and scanning electronmicro-
scope. The base metal and FSPed samples were polished
with different grades of emery sheets, and mirror-like fin-
ish was obtained by using diamond paste (0.5 µm) on the
disk polishing machine as per standard metallographic tech-
niques. The etchant used for samples was modified Poulton’s
reagent. The grain size was calculated using a linear intercept
method as per the ASTM standards 112-96. Microhardness
testwas performed on cross-sectioned samples perpendicular
to the processed region using Vickers microhardness tester
(Wolpert Wilson) with a load of 0.1 kgf and dwell time of
15 s. The dry sliding wear test was performed on pin-on-
disk tribometer (DUCOM TR20-LE, Bengaluru, India) as
per ASTM G99-05. The samples of 4 mm*4 mm*20 mm
were prepared from the basemetal andFSPed region by using
wire EDM. The counter disk was made of EN31 steel mate-
rial which has a hardness of 63 HRC. The dry sliding wear
test was carried out at a load of 20 N, sliding speed of 1
m/s and sliding distance of 1000 m. The volumetric loss was
calculated by multiplying the cross section of the pin sam-
ple with its loss of height. The wear rate was assessed by
volumetric loss of samples to sliding distance.

3 Results and Discussion

3.1 Microstructural Characterization

The micrographs of first-pass aluminum without reinforce-
ment are shown in Fig. 4, in which different zones were
observed.This zone includes friction stir zone (FSZ), thermo-
mechanically affected zone (TMAZ) and heat-affected zone

Fig. 3 Top view of FSPed
aluminum-reinforced TiO2 plate
(first pass)
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Fig. 4 Optical micrographs of FSPed aluminum without TiO2 particles a macrograph, b BM, c TMAZ on retreating side, d upper region of the
FSZ, e middle region of the FSZ, f bottom region of FSZ, g TMAZ on advancing side

Fig. 5 FSPed aluminum-reinforced TiO2 particles a first pass, b second pass

(HAZ). The FSZ exhibits finer equiaxed grains than that of
the parentmetal. The grain refinementwas significantly stim-
ulated by dynamic recrystallization (DRX) through severe
plastic deformation. It occurs because the effect of revolving
tool shoulder touches the substrate, in turn, producing fric-
tional heat which plasticizes the material and action of the
tool pin promote stirring of the parent metal. The dynamic
recrystallization of aluminum and its alloy involves a contin-
uous dynamic recrystallization process (CDRX). The TMAZ

undergoes deformation, but temperature required for recrys-
tallization is insufficient. The materials flow causes grains to
elongate around the revolving pin. The HAZ experiences the
thermal cycle and does not deform. Hence, grain coarsening
takes place. The grain size analyses were carried out on par-
ent metal and FSPed samples using image analysis software
as per ASTM standards 112-96. The grain size of parent
metal was measured and found to be 42.85 µm. After the
first pass without reinforcement, the grain size was reduced
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Fig. 6 SEM micrograph of TiO2 particles at a lower, b higher magnification

Fig. 7 SEM micrograph of FSPed a aluminum without TiO2 particles, b aluminum with TiO2 particles, c enlarged view of agglomerated particles
in the stir zone (b), and d second pass (aluminum with TiO2 particles)

to 10.58 µm. The grain size of the first pass and second pass
with reinforcement was found to be 5.0 and 4.5 µm. Fig-
ure 5 depicts the stir zone of first- and second-pass surface
composites. Figure 6a, b shows the SEMmicrograph of TiO2

particles at lower and higher magnification. The average par-
ticle size was found to be 20–30 µm.

Figure 7a shows the first pass without reinforcement. Fig-
ure 7b, c shows the first pass with reinforcement. Most of
the TiO2 particles are agglomerated within the stir zone (SZ)
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Fig. 8 SEM micrograph and EDS point analysis on three different locations of second-pass aluminum-reinforced TiO2 particles a 1, b 2 and c 3

at the advancing side (AS) due to the insufficient materi-
als flow and strain. The primary issue in the fabrication
of the surface composites is agglomeration/clusters which
is more pronounced in the case of addition of the sub-
micron and nanolevel reinforcement. Multiple passes have
been preferred for the breaking of clusters and distribution
of particles in surface composites [15,16]. However, in our
work, only two passes were implemented because the second
FSP pass shows the marginal change in grain size and more
homogenous microstructure when compared to the first pass.
Additionally, we can able to achieve uniform distribution of
particles within the stir zone as shown in Fig. 7d. It has been
reported that FSP induces severe plastic deformation which
results in grain refinement and homogeneity of as-cast A356
alloy [21]. Sharifitabar et al. [22] reported similar problems

of agglomeration in the first pass of 5052Al/Al2O3 nanopar-
ticle. Four FSP passes were carried out in same rotational
direction for the dispersion of Al2O3 particles throughout
the stir zone. At the same time, there may be a chance of
formation of intermetallic because of the higher elevated tem-
perature [23–26].

Figure 8 shows EDS point analysis at three different loca-
tions on surface composite; it reveals that the dark regions
represent aluminum matrix and white region corresponds to
TiO2 particles. SEM micrographs reveal uniform distribu-
tion and good interfacial bonding between the particle and
matrix. There is no sign of intermetallic compound. Three
separate points of the matrix and particles are clearly visible
in the SEM image, indicating the elements, such as Ti, Al,
and O in these regions.
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Fig. 9 Microhardness of aluminum and FSPed samples

Fig. 10 Coefficient of friction of aluminum and FSPed samples

3.2 Microhardness

Figure 9 shows the hardness profile of base metal and FSPed
samples. The average hardness of aluminum was found to
be 42 HV. The improved hardness of second-pass surface
composites is mainly due to the uniform dispersion of TiO2

particles and dynamic recrystallization followed by grain
refinement. However, the hardness of the first-pass surface
composite shows marginal improvement when compared to
FSPed aluminum without TiO2, because of agglomerated
particles and insufficient materials flow. Both grain size and
hardness are interrelated, i.e., as grain size decreases, hard-
ness increases and vice versa. The improved hardness of
surface composite was also due to the thermal mismatch
between TiO2 particles and aluminum matrix leading to
higher dislocation density. The uniform dispersion of par-
ticles in aluminum matrix results in pinning of dislocations
and hinders grain growth. It has been reported that uniform

Fig. 11 Wear rate of aluminum and FSPed samples

dispersion of SiC particles in stir zone leads to the increase
in the hardness value of the Al6061-SiC composite [12]. It
has been reported nickel particles reinforced with Al1050 by
friction stir processing show an average hardness of 50 HV
compared to 29 HV for the Al [27].

3.3 SlidingWear Behavior

The results of coefficient of friction and wear rate are car-
ried out on the base metal, and FSPed samples are shown
in Figs. 10 and 11, respectively. It is evident that uniform
distribution of particles in the stir zone influences both the
coefficient of friction (COF) and wear rates of surface com-
posites. As seen in Fig. 10, it has been understood that the
coefficient of friction decreases with an increase in FSP
passes. The COF of base metal and the second-pass sur-
face composites is found to be 0.65 and 0.46, respectively. It
shows 30% decline in the friction coefficient of second-pass
surface composites when compared with the base metal. The
decrease in the coefficient of friction can be attributed to
the deposition of a thin film of oxide on the counter disk.
A similar observation has been reported in copper–hybrid
composites [18].

Figure 11 represents the variations of the wear rate of
the surface composite in comparison with aluminum. The
surface composite exhibits lesser wear rate compared to the
FSPed aluminum with and without particles and base metal
because of the improved hardness and lubricating effect of
the TiO2 particles. There is a slight decrease in wear rate for
first-pass surface composite compared to FSPed aluminum
without particles. It is evident that agglomerated TiO2 par-
ticles in the matrix have also contributed to reduce the wear
rate. From Fig. 12a, it is observed that the morphology of the
worn surface of base metal shows wide and shallow grooves,
wear track covered with debris, heavy delamination and frac-
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Fig. 12 SEMmicrographs of worn surfaces of a aluminum, FSPed samples of b aluminum without TiO2 particles c aluminum with TiO2 particles,
d second-pass aluminum with TiO2 particles

ture of the transfer layer due to the plastic deformation of the
base metal. The frictional heat generated between metal and
disk contact surface will soften the base metal and remove
the material in the form of debris. The SEM micrograph of
shallow grooves and lesser debris are shown in Fig. 12b. It
is evident that during FSP, the surface of base metal refined
from the coarse grains to finer grains which in turn improves
the hardness of base metal and hence hardness is inversely
proportional to volumetric wear loss as per Archard model
[28,29]. A similar trend was observed in the present work.
Moreover, plowing mechanism leads to severe wear and ini-
tiate the abrasive type of wear and finally leads to the crack
in the matrix resulting in delamination. In the surface com-
posites, fine grooves were formed as shown in Fig. 12c, d.
Surface composite does not have any significant loss ofmate-
rial because TiO2 particles on the surface of aluminum come
in contact with the counter disk, initially, have mild wear
and then form a thin layer of the oxide film on specimens.
Therefore, mechanically mixed layer (MML) was formed
and hence reduces the wear rate of the surface composites.
This is also due to the higher hardness of surface composite,
resulting in the lower surface contact area.

4 Conclusions

In this study, titanium dioxide reinforced with aluminum sur-
face composite layers was successfully fabricated using FSP.
Microstructural evolution and tribological properties of the
surface composite layers were investigated, and the follow-
ing results were obtained:

1. The microstructure of the first pass with reinforcement
exhibits cluster/agglomeration of particles at the advanc-
ing side due to insufficient materials flows and strain.
However, themicrostructure of the second passwith rein-
forcement reveals the acceptable distribution of particles
by changing advancing and retreating side of aluminum
plate without changes in process parameters.

2. The grain size of the surface composite samples pro-
cessed by the second pass was observed to be finer due to
the uniform distribution of particles leading to inhibition
of grain growth in the friction stir zone.

3. Microhardness value for surface composites sampleswas
higher with respect to aluminum, aluminum with and
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without reinforcement because of uniform distribution
of particles coupled with grain refinement.

4. The addition of TiO2 particles improves the wear resis-
tance of surface composites. The wear rate of base metal
was found to be 319.5×10−4 mm3/mand that of second-
pass composite was found to be 176.3 × 10−4 mm3/m.
Therefore, second-pass composite enhances the wear
resistance by 81% that of the base metal. Due to the
uniform dispersion of TiO2 particles, improved wear
resistance also due to the grain refinement and formation
of mechanically mixed layers played a significant role in
reducing both coefficient of friction and wear rate.
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