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In this research, the effects of friction stir processing (FSP) and nano TiO2

particles on the microstructure, mechanical and tribologic properties of A356
Al alloy were investigated. The starting dendritic structure transformed into
the Al matrix with a uniform distribution of Si-rich particles due to FSP. The
results showed that FSP improves the nano-hardness and elastic modulus by
11% and 6%, respectively. The combined effects of FSP and nano TiO2 could
raise the hardness and elastic modulus of the composite by 87% and 16% with
respect to those of the base metal. The law of mixture rule was modified to
relate the hardness and elastic modulus of the composite to those of the con-
stituents. The results of wear tests showed that the mechanism of wear
changes from adhesive in the base metal to abrasive in the fabricated com-
posite.

INTRODUCTION

The mechanical properties and processing of
aluminum alloys have been the topic of numerous
studies for decades.1,2 Despite some attractive prop-
erties, low strength and weak wear resistance are
the major drawbacks of Al alloys. Making compos-
ites with different ceramic materials has been found
to be a simple way of improving the strength of
metallic matrices. The mechanical properties of
aluminum matrix composites (AMCs) mainly
depend on the nature of the reinforcing material
and the manufacturing technique. Based on this
concept, various types of reinforcing particles such
as SiC,3,4 Al2O3,5,6 Si3N4,7 B4C,8–10 ZrO2

11 and
TiO2

12 have been assigned in AMCs. The fabricated
AMCs have been successfully used in various
industries. For example, AMCs with the incorpora-
tion of Al2O3 or SiC particles in A356 have been
used as pistons, cylinder heads and connecting rods
in the automotive industry.13–15

Friction stir processing (FSP) is a solid-state
surface processing in which a tool with its rotational
and traverse movement applies severe plastic defor-
mation on the surface layers.16–18 It can be used for
the modification of microstructure and the

fabrication of surface composites. In cast alloys,
FSP removes the cast defects and improves mechan-
ical properties and wear resistance.19–21 FSP has
been used to modify the microstructure and
mechanical properties of Al-Si alloys.22–24 Alidokht
et al.25 showed that FSP improves the wear behav-
ior of A356 because of the significant microstruc-
tural modifications. Yang et al.26 studied the
properties of Al3Ti/A356 composites fabricated by
in situ casting after multi-pass FSP. The improved
strength and ductility were ascribed to grain refine-
ment, porosity removal and the uniform dispersion
of Al3Ti and Si particles in the matrix. Shojaeefard
et al.27 investigated the effect of various reinforcing
particles in A356 matrix and found that the specific
strength of the reinforcing particle and quality of
the interface with the matrix are the major param-
eters involved in the strength of AMCs. Two other
investigations in A356 and LM25 showed that FSP
modifies the microstructure and improves the
mechanical properties.28,29 However, Baruch
et al.30 claimed that multi-pass FSP degrades the
hardness of AS7U3G cast alloy because of the
decrease in the dislocation density. Even though
the capability of FSP in fabricating various metal
matrix composites has been well documented, the
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microstructure and mechanical properties of AMCs
fabricated by using different types of reinforcing
particles are still being investigated. Hence, current
research has aimed to study the microstructure and
mechanical properties of A356-TiO2 nanocomposite
fabricated by FSP.

EXPERIMENTAL PROCEDURE

The starting material in this research was A356
Al alloy received in the as-cast condition. The nano-
sized TiO2 particles with average particle size of 40–
60 nm (supplier: TECNON, S.L. Co.) were used as
the reinforcing material.

The tool was machined from H13 tool steel with a
shoulder of 20 mm diameter and a threaded pin
(M7 9 1.0) of 4 mm length and 7 mm diameter [see
Supplementary Fig. S1(a)]. After machining, the
tool hardened to reach the hardness of 55 HRC. A
groove (1 mm wide and 3 mm deep) was machined
in the middle of the workpiece and filled with the
reinforcing particles. A ‘‘pinless’’ FSP tool [see
Supplementary Fig. S1(b)], was initially used to
cover the groove and prevent the particles from
dissipating and escaping from the FSP zone. A FSP
machine (11 kW, 40 kN) was used to fabricate the
surface composite as shown schematically in Sup-
plementary Fig. S1(c).

The specimens were clamped in a fixture and
processed with the traverse speed of 80 mm min�1,
rotation speed of 1100 rpm and tilt of 2� in the
spindle toward trailing direction.

After FSP, the samples were sectioned in planes
perpendicular to the processing direction and pre-
pared for the metallographic analyses. After etching
with Keller’s reagent (1 ml 48% HF, 1.5 ml HCl and
10 ml nitric acid in 87.5 ml distilled water for 30 s)
the transverse sections were examined by optical
and field emission scanning electron (FESEM:
JEOL JSM-840A) microscopes.

The hardness profile was determined using a
Vickers indenter at the load of 100 g and dwell time
of 10 s. The average of three measurements was
calculated and reported as the microhardness value.

The hardness and elastic modulus of the as-
received material and FSPed samples were deter-
mined using the load-penetration depth curves
obtained from the nanoindentation tests (NHTX S/
N: 01-03119, CSM Instruments with a Berkovich
diamond indenter, B-J87). The indentations were
carried out at loading and unloading rates of
140 mN/min up to a maximum load of about
30 mN. To take the repeatability into account, the
test results were acquired from the average of four
indents. The hardness and elastic modulus were
calculated by the standard procedure.31

Friction and wear properties of the samples were
investigated using a reciprocating test machine in
which AISI 52100 steel with the hardness of 63
HRC was used as the pin (5 mm diameter). The
wear sample was 4 9 1 cm and wear test was

performed in the SZ of FSPed samples. The tests
were conducted at room temperature and 30–40%
humidity with a sliding speed of 0.2 m s�1 under an
applied load of 10 N. The sliding distance was
500 m and the tests were carried out in the unlu-
bricated condition. The mass loss of the specimens
was measured at 50-m intervals in the sliding
distance, using analytical scales with 0.1-mg preci-
sion. The friction coefficient between the surface
and pin was continuously recorded during the wear
tests. To take the repeatability into account, the
wear test results were acquired from the average of
four readings. The surface roughness (Ra) was also
measured after wear tests using a profilometer
model Mitutoyo to calculate the total depths of wear
tracks and total wear rates. Finally, the worn
surfaces were studied by SEM.

RESULTS AND DISCUSSION

Microstructural Observations

Figure 1 shows the optical and SEM micrographs
of the as-received material before and after FSP.
Figure 1a shows that the microstructure of A356
before FSP is characterized by a dendritic structure.
The dendrite core is mainly rich in Al and solidifies
as the first solid phase. When the dendrites form, Si
is expelled into the liquid, which finally solidifies
into an Si-rich phase by the eutectic transforma-
tion.32 Supplementary Fig. S2 shows the SEM
images and EDS analyses from the core of the
dendrites and the interdendritic phase observed in
Fig. 1a. The EDS analyses confirm that the core of
the dendrite is rich in Al, while the interdendritic
phase is almost rich in Si.

Figure 1b shows that the regions of the ‘‘stir zone’’
(SZ) and ‘‘thermomechanically affected zone’’
(TMAZ) in the FSPed sample are characterized by
different microstructural features. In the SZ region
the dendritic structure has been completely
replaced with a uniform fine microstructure. It
appears that the large strain accompanied by high
temperature has led to the transformation of the
cast structure into an ultrafine grain structure. The
heavy plastic deformation and subsequent dynamic
recrystallization should be the underlying phenom-
ena for the observed structural changes.33

The magnified image of SZ in Fig. 1c shows that
the dendritic structure has been completely dis-
solved into an integrated matrix of a-Al containing
refined and uniformly distributed Si-rich particles.
The micrograph of Fig. 1b shows that the
microstructure of TMAZ is still dendritic. However,
a change in the morphology of dendrites from the
tree-type into globular has taken place. In TMAZ,
high temperature and medium strains provide the
favorable condition for breaking down the secondary
branches of dendrites and their gradual globular-
ization. The dissociation of long dendrites and
secondary arms has been found as the primary step
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in the transformation of a cast structure into a
wrought one.

Figure 2 shows the FESEM images from the
fabricated AMC (Fig. 2a and b) and the EDS
analysis (Fig. 2c) from the nanoparticle highlighted
in Fig. 2b. The micrograph of Fig. 2a indicates that
a nearly uniform distribution of TiO2 nanoparticles
has been obtained after one pass of FSP. The
magnified image in Fig. 2b and the corresponding
EDS spectrum in Fig. 2c clearly show that the cubic
TiO2 nanoparticles have been well distributed
within the matrix and particle agglomeration is
hardly visible. It is generally expected that
nanoparticles agglomerate and make larger parti-
cles to reduce their surface energy when exposed to
high temperatures. This phenomenon easily occurs
when AMCs are produced by melting processes such
as compocasting.32 However, the solid state pro-
cessing in FSP facilitates the uniform distribution of
reinforcing particles without considerable particle
agglomeration.

In addition to the type of reinforcing particles,
their distribution within the matrix has a crucial
effect on the mechanical properties of composites. A
uniform distribution of particles gives rise to the
homogeneous mechanical properties, especially
higher ductility. In contrast, the heterogeneously
dispersed particles lead to the localized deformation
and commonly premature fracture.

Mechanical Properties

The microhardness profiles of the FSPed samples
(FSPed base metal and AMC) and base metal (BM)
are compared in Fig. 3. The results of Fig. 3a show
that the hardness increases from about 48 HV for
the unprocessed BM to 54 HV for the FSPed BM
(� 13% improvement).

The highest hardness is obtained in the center
part of the SZ (in ± 3.5 mm from the centerline of
FSP) where strain and temperature are maximized.
In the marginal zone of SZ, i.e., 5–7 mm out of the

Fig. 1. Optical micrographs from (a) the starting material comprised of the dendritic structure of alpha Al and Al-Si eutectic as the interdendritic
phase, (b) microstructure of the stir zone (SZ) and thermomechanical affected zone (TMAZ) in the FSPed sample and (c) the magnified view of
the area selected in (b) showing the Si-rich particles dispersed within the Al matrix in SZ.
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centerline, the hardness abruptly decreases and
reaches that of the unprocessed BM. It is clear that
the decrease in hardness occurs in the TMAZ and
heat-affected zone (HAZ). In the TMAZ, lower
temperature and strain than those in the SZ reduce
the rate of microstructural modification and lead to
lower strength.34 In the HAZ, the heating cycle
takes place without strain, leading to the grain
enlargement and lower hardness. Figure 3b clearly
shows the locations of the SZ, TMAZ and HAZ on
the detailed hardness curve for half of the FSP zone.
Referring to the microstructures shown in Figs. 1
and 2, the improved hardness in the SZ of FSPed
BM can be attributed to the considerable
microstructural modification appearing as the dis-
sociation of the dendritic structure and the uniform
distribution of fine Si-rich particles in the matrix.
As shown in Fig. 3a, the hardness of the one-pass
processed AMC increased about 52% (from 48 to 73
HV) because of the superimposed effects of
microstructural modification and distribution of
hard TiO2 nanoparticles.

Figure 4 exhibits the results of nanoindentation
(NI) tests on the studied samples.

It is observed that the samples have been loaded
to a maximum value of 30 mN before unloading.
The depth of penetration (hc) and contact area (Ac)

are the quantities that are often measured in NI
tests. The nano-hardness (H) can be simply deter-
mined by dividing the maximum load (Pmax) by the
contact area as follows:

H ¼ Pmax

Ac
ð1Þ

This method can be also used to measure the
elastic moduli of surface composites. Young’s mod-
ulus (E) can be calculated using the reduced
Young’s modulus (Er), which is determined from
the slope of the unloading curves of Fig. 4, as
follows:31

Er ¼
ffiffiffi

p
p

2
ffiffiffiffiffiffi

Ac

p � dP

dh

�

�

�

�

PMax

ð2Þ

Assuming the elastic constants of the indenter as
mi = 0.07 and Ei = 1140 GPa, Young’s modulus can
be calculated using the following equation:35

E ¼ 1 � m2
� �

=
1

Er

� �

� 1 � m2
i

Ei

� �� 	

ð3Þ

The results of NI tests are summarized in Table I.
The values of E and G calculated for the BM agree

well with those reported in the literature.36 It is
inferred that porosities or other defects in the

Fig. 2. (a, b) FESEM images with two different magnifications from the SZ of fabricated aluminum matrix composite (AMC) showing the uniform
distribution of TiO2 nanoparticles within the matrix and (c) EDS analysis of particle highlighted in (b).
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sample cannot affect the results of NI tests, and the
calculated values of E and G are actually the real
values of the composites.

The results in Table I show that the nano-hard-
ness and elastic modulus of BM after FSP are
improved by 10% and 6%, respectively. Further, for
the fabricated AMC, the nano-hardness and elastic
modulus increase about 69% and 9% higher than
those for the FSPed BM. It appears that the
incorporation of TiO2 increases the effectiveness of
FSP in raising the mechanical properties of the
A356 matrix.

The load–displacement relationship for various
indenter types has been proposed as a power-law
equation, given by:31

P ¼ bhm ð4Þ

where b and m are constants. Based on Eq. 4, the
plots of P–h can be drawn in log–log window, as
shown in Fig. 5.

It is observed that the values of m for BM and
FSPed BM are nearly identical as 1.58 and the
value of ln b is about 8. However, for the fabricated
AMC, the values of m and ln b have increased to
1.72 and 8.8, respectively. According to the litera-
ture, m only depends on the indenter geometry and
takes a constant value of 1 for flat cylinders, 2 for
cones and 1.5 for spheres.31 The increase in the
value of m for AMC illustrates the further work-
hardening rate due to the TiO2 nanoparticles. The
geometrical analysis shows that for a Berkovich
indenter, Eq. 4 can be elaborately formulated as
follows:37

P ¼ 3
ffiffiffi

3
p

H tan2 h

 ��1=2

þ 2ðp� 2Þ
p

� 

ffiffiffiffiffiffiffi

pH
p

2E

 !( )�1

h2

ð5Þ

here h is the face angle of the Berkovich indenter
(65.27�), and H and E are the hardness and elastic
modulus, respectively. According to Eq. 5, the value
of m is 2 and independent of the material specifi-
cation. However, the current results show that both
m and b depend on the materials characteristics so
that they slightly decrease as the hardness of the
workpiece increases. It is evident that the addition
of nano TiO2 particles has changed the P–h varia-
tion. This can be attributed to change in the
mechanism of work hardening from dislocation
interaction to the interaction of dislocations with
nano TiO2 particles. The role of nano TiO2 particles
in the hardness and work-hardening behavior of
fabricated AMC can be studied by the Hall–Petch
equation.

To establish a relationship between the mechan-
ical properties of a composite, such as the hardness
or elastic modulus, with the same properties of its
constituents has been a great challenge for
researchers. The law of mixture rule and shear lag
are two of the most famous models. However, it has
been shown that the general form of these models is
simpler than being able to accurately consider the
actual interaction between constituents of a

Fig. 3. Microhardness results for different samples: (a) profile of
microhardness in the width of samples and (b) profile of
microhardness for the half width of the sample showing the
locations of the SZ, TMAZ, HAZ and BM regions.

Fig. 4. Load-displacement results obtained from the
nanoindentation test applied to the samples.
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composite. Another problem has been finding phys-
ical meaning for the dependence of the hardness/
elastic modulus of the composite on those of its
constituents. Here, modifying the present models to
better identify the role of constituents on the
mechanical properties of the fabricated composite
was attempted.

The Hall–Petch equation is used to relate hard-
ness (H) to the mean-free path of moving disloca-
tions as follows:

H ¼ H0 þ
K

l
ð6Þ

where H0 stands for the intrinsic internal resistance
against dislocation movement, K is the lock/unlock
parameter of dislocations, and l is the dislocations
mean-free path. For wrought polycrystals, l is
directly related to d0.5, where d is the average grain
size. However, in the cast structures, the grain size
has a marginal effect on strength, and l is equal to
SDAS0.5 (secondary dendrite arm spacing).38 As
shown in Fig. 1b and c, in the SZ of FSPed BM the
dendritic structure has been disintegrated and
transformed into an ultra-fine-grain matrix con-
taining uniformly dispersed Si-rich particles. For
this structure, Eq. 6 can be modified as follows:

HFSPedBM ¼ H0 þ Kd�1=2 þ DHSi ð7Þ

where the term Kd�1/2 is the strengthening term of
the grain boundaries and DHSi is the dispersion
strengthening term due to the Si-rich particles.
Referring to Table I, the sum of terms on the right-
hand side of Eq. 7 for FSPed BM is equal to 788 MPa.

In the fabricated AMC, the total hardness (HAMC)
can be related to the individual hardness values of
the matrix (Hm-AMC) and nano TiO2 particles (Hp) by
using the law of mixture rule as follows:

HAMC ¼ fmHm�AMC þ fpHp ð8Þ
where f stands for the phase fraction and indices m
and p refer to the matrix and particles, respectively.
Here, Hm-AMC is the sum of three terms: (1) the
intrinsic internal resistance against dislocation
movement (H0); (2) grain boundary strengthening
(Kd�1/2); (3) dispersion hardening associated with the
Si-rich particles and TiO2 nanoparticles (DHSi and
DHTiO2

). Therefore,Hm-AMC can be written as follows:

Hm�AMC ¼ H0 þ Kd�1=2 þ DHSi þ DHTiO2
ð9Þ

Combining Eqs. 7 and 9 yields:

Hm�AMC ¼ HFSPedBM þ DHTiO2
ð10Þ

This means that the hardness of the matrix in the
fabricated AMC is equal to the hardness of FSPed
BM plus the contribution of TiO2 nanoparticles.
Based on the Orowan theory, an increase in the
hardness of the matrix due to TiO2 particles
depends on the particle average spacing, k, the
shear modulus of the matrix, G, the magnitude of
Burger’s vector, b, and the average of the particle
radius, r, and can be written as follows:39

DHTiO2
¼ 0:13 Gb

k
ln

r

b


 �

ð11Þ

The average particle spacing, k, is related to the
volume fraction of particles (fp) and the average
particle radius (r) as follows:40

k ¼ 2r
1

2fp

� �1=3

�1

" #

ð12Þ

Assuming r = 50 nm, fp = 0.11, G = 28.6 GPa
(Table I) and b = 0.4 nm,41 the average particle
spacing is determined as 66 nm, which is in agree-
ment with the result of Fig. 2b. By replacing the

Table I. Nanoindentation results of the studied samples

Parameter

Sample

DimensionBM FSPed BM AMC

Contact area (Ac) 4.2 9 107 3.81 9 107 2.25 9 107 nm2

Nano-hardness (H) 712 788 1334 MPa
Elastic modulus (E) 72 76 83 GPa
Shear modulus (G = E/(2 + 2m)) 27 28.6 31.2 GPa

Fig. 5. Variation of applied load with the penetration depth in the
nanoindentation tests.
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values of G, b, r and k in Eq. 11, the value of DHTiO2

is calculated as 109 MPa. Therefore, by using
Eq. 10, the hardness of the matrix in the fabricated
AMC (Hm-AMC) is obtained as 897 MPa. Using the
values of HAMC and Hm-AMC, the hardness of TiO2

particles (Hp) can be calculated and verified by the
literature. Taking HAMC = 1334 MPa (according to
Table I), Hm-AMC = 897 MPa (as calculated by
Eqs. 10, 11 and 12), fp = 0.11 and fm = 0.89, Hp is
calculated as 4870 MPa. This value agrees well with
the literature, which reports the hardness of the TiO2

nanostructure in the range of 4–10 GPa depending on
the grain size and crystal structure.42,43

The Young’s modulus of AMC can be related to
the Young’s modulus of constituents using different
models. The shear lag method has been extensively
used for the case of perfect interfacial bonding
between the matrix and strengthening particles.44

In this case, load easily transfers from the matrix to
the particles through the interface. The shear lag
method is often described as follows:44

Ec ¼ fpEp 1 � tanhðnsÞ=ns½ � þ fmEm

n ¼ 2Em= Epð1 þ mmÞ lnð1=fpÞ
� �� � ð13Þ

where s is the aspect ratio of the strengthening
phase and can be taken as 1 for spherical particles.
Taking Em = 76 GPa (i.e., EFSPed-BM in Table I),
Ep = ETiO2

= 167 GPa,42 s = 1 and mm = 0.33, the
value of Ec is calculated as 69.3 GPa. Referring to
the experimental value of Ec = 83 GPa in Table I, it
is observed that the shear lag method underesti-
mates the Young’s modulus of AMC. It appears that
the assumption of perfect interfacial bonding
between the matrix and TiO2 particles is at the
origin of the discrepancy between the calculated and
experimental values of Ec. Therefore, the model
should be modified based on the supposition of
partial bonding between the matrix and TiO2

nanoparticles. The model can start with the law of
mixture role for two extreme conditions of iso-stress
(equal stress in the constituents) and iso-strain
(equal strain in the constituents). These conditions
are described by Eqs. 14a and 14b, respectively:43

Ein ¼ fpEp þ fmEm ð14aÞ

1=Eis ¼ fp=Ep þ fm=Em ð14bÞ
where Ein and Eis refer to the Young’s modulus of
the composite in iso-strain and iso-stress conditions,
respectively. Using the experimental values of
fp = 0.11, fm = 0.89, Em = 76 GPa (EFSPed-BM in
Table I) and Ep = ETiO2

= 167 GPa,42 Eis and Ein

are predicted as 81 GPa and 86 GPa, respectively. It
is evident that the iso-strain condition overesti-
mates Ec (= 83 GPa in Table I), while the iso-stress
condition underestimates it. It is inferred that the
actual condition lies between these two extremes. In
the other words, stress and strain partitioning

occurs between the constituents of a composite
under loading. The contribution coefficients of iso-
stress and iso-strain conditions (ais and ain) can be
defined as follows:

ais ¼
Ein � Ec

Ein � Eis
ð15Þ

ain ¼ Ec � Eis

Ein � Eis
ð16Þ

It is observed that ais + ain = 1. Using the experi-
mental values, ais and ain can be calculated as 0.6
and 0.4, respectively. Using the contribution coeffi-
cients of ais and ain, the Young’s modulus of the
composite can be written as follows:

Ec ¼ ainEin þ aisEis ð17Þ

By combining Eqs. 14a, 14b and 17, the Young’s
modulus of the composite can be written as a
function of the Young’s modulus of the A356 matrix
(Em) and the Young’s modulus of TiO2 particles (Ep),
as follows:

Ec ¼ ainfpEp þ ainfmEm þ aisEmEp

fpEm þ fmEp
ð18Þ

Tribologic Behavior

The pin-on-disk test method was assigned to
compare the wear behavior of fabricated samples
with that of the BM. Figure 6 exhibits the weight
loss, wear rate and friction coefficient as functions of
wearing distance. The results show that for all
samples the weight loss increases with an increase
in the wear distance, while the wear rate declines. It
is evident that at any given wear distance the
amount of weight loss and the wear rate are higher
for the BM than for the processed samples. The
lowest weight loss and wear rate are obtained in the
fabricated composite. The results in Fig. 6 indicate
that there is a direct relationship between the
hardness and tribologic properties. In the other
words, it is implied that plastic deformation is the
major microstructural mechanism underlying the
wear of the studied samples. At the early stages of
the wear test (short wear distances), the frictional
heating simplifies the plastic flow of the surface
against the tool. As the test proceeds to longer
distances, the wear rate decreases for two reasons:
first, the worn surface is gradually work hardened
and therefore withstands further wear; second, the
plasticized debris between the pin and surface
decreases the contact surface.45 On this basis, FSP
promotes the wear resistance by increasing the
work-hardening rate of material because of the
microstructural modification as shown in Fig. 1. In
AMC, the grain refinement and dispersion strength-
ening of TiO2 particles have a synergistic effect on
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increasing the resistance against plastic deforma-
tion during wear. In similar studies on the wear
behavior of surface composites, the decrease in
weight loss has been attributed to load bearing by
the reinforcing particles.46,47 It has been approved
that strengthening particles such as TiO2 not only
increase the wear resistance, but also change the
wear mechanism from adhesive to abrasive.45,48

The change in the mechanism of wear in the
fabricated AMC can be attributed to the higher
hardness and decrease in the plastic deformation of
the surface. In the AMC, wear debris adheres less to
the surface, leading to reduced wear rate, as observed
in Fig. 6b.

The friction coefficient values (l) between the
surface and wear tool are determined using the
following equation:

l ¼ Ff

Fn
ð19Þ

here Ff and Fn are the friction and normal stress,
respectively.

The values of l determined by analyzing the
friction force and normal force (= 10 N) during the
wear tests are reported in Fig. 6c. These results
indicate that the friction coefficient decreases in the
order of BM, FSPed BM and AMC. It appears that

the greater the hardness of the surface, the lower
the friction coefficient will be.46 Indeed, for a
workpiece with lower hardness, more plastic debris
adheres to the contact surfaces and results in a
larger friction coefficient. Figure 6d clearly shows
that the deepest wear fissures are obtained in the
softest material, i.e., BM, and the depth of the
fissure decreases with an increase in the hardness
of the samples. In summary, these results confirm
that an increase in the hardness of the workpiece
leads to improved tribologic behavior. These find-
ings agree well with previous investigations on the
composites containing different reinforcing
particles.46,49

The SEM micrographs of the worn surfaces are
exhibited in Fig. 7. A few small micro-cracks and
extensive surface delamination are the major marks of
the worn BM surface in Fig. 7a. Delamination of
surface layers is the general attribute of low-hardness
materials and occurs in response to the coalescence of
microcracks and voids in the layers underneath the
worn surface.50,51 On this basis, less adhesion and
delamination on the worn surface of FSPed BM
(Fig. 7b) can be ascribed to the hardness improvement
by FSP. Unlike in Fig. 7a and b, the worn surface of
the fabricated AMC in Fig. 7c is characterized by tiny
grooves rather than adhesion and delamination.

Fig. 6. Variations of the (a) weight loss, (b) wear rate, and (c) friction coefficient with the sliding distance and (d) the profile of depth of the wear
track along the width of the wear track.
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It appears that the wear mechanism in AMC has
changed from adhesive to abrasive wear, character-
ized by less delamination and more abraded marks.
It is clear that this mechanism change is associated
with the sharp increase in the hardness of AMC
with respect to BM and FSPed BM, as indicated by
Table I and Figs. 3 and 4. The grooves on the worn
surface of Fig. 7c can be ascribed to trapping TiO2

particles between the wearing surfaces.48

CONCLUSION

The individual effects of friction stir processing
and nano TiO2 particles and their cooperative effect
on the microstructure, mechanical and tribologic
properties of cast A356 Al alloy were investigated in
this research. The major results can be summarized
as follows:

1. FSP resulted in the disintegration of the start-
ing dendritic structure in the stirring zone (SZ).
A uniform distribution of Si-rich particles within
the matrix of alpha Al was obtained in the SZ. In
the thermomechanically affected zone (TMAZ),
the tree-type dendrites were transformed into
nearly globular and uniform dendrites.

2. The microhardness test results showed that FSP
leads to 13% improvement in the hardness of
base metal. Further improvement in the hard-
ness of the aluminum matrix composite (AMC)

(about 52%; from 48 to 73 HV) was attributed to
the superimposed effects of FSP and distribu-
tion of hard TiO2 nanoparticles in the Al matrix.

3. The results of the nanoindentation (NI) tests
showed that FSP could improve the nano-hard-
ness and elastic modulus of the BM by 10% and
6%, respectively. The nano-hardness and elastic
modulus for AMC were improved by 69% and 9%
with respect to the FSPed BM.

4. A combination of the law of mixture rule and
Orowan’s equation was used to establish a
relationship between the nano-hardness of
AMC with the hardness values of the con-
stituents. Using the developed model, the roles
of the FSPed matrix and TiO2 particles in the
total nano-hardness of AMC were quantified.

5. It was found that the shear lag method under-
estimates the Young’s modulus of the AMC.
Assuming stress and strain partitioning between
the constituents in AMC, the law of mixture rule
was developed to correlate the Young’s modulus
of AMC with those of its constituents.

6. The results of wear tests showed that the wear
resistance increases in the order of BM, FSPed
BM and AMC. It was observed that there is an
inverse relationship between the hardness and
wear rate in the samples.

7. The SEM observations on the worn surfaces
showed that the mechanism of wear in the BM

Fig. 7. Scanning electron micrographs of worn surfaces of (a) base metal, (b) FSPed base metal and (c) fabricated AMC under the wear load of
10 N.
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and FSPed BM is adhesive. However, abrasive
wear is the prevailing wear mechanism in the
fabricated composite.

ELECTRONIC SUPPLEMENTARY
MATERIAL

The online version of this article (https://doi.org/10.
1007/s11837-018-3092-9) contains supplementary
material, which is available to authorized users.
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