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Abstract
This study investigates the effects of incorporating Ti3AlC2 MAX phase into Al7075-T6 alloy by friction
stir processing as well as adding Al2O3 nanoparticles to obtain a surface hybrid nanocomposite. These
composites were successfully prepared by friction stir processing with a rotational speed of 1000 rpm
and a travel speed of 28 mm/min after 3 passes. Optical, atomic force and scanning electron microscopy
as well as microhardness, tensile and wear tests utilized to characterize the fabricated surface hybrid
nanocomposites. Results showed that the maximum tensile strength and hardness value were achieved
for Al-100% Al2O3 composite due to more grain re�nement and effective dispersion of nanoparticles. Due
to its laminar structure, Ti3AlC2 MAX phase enhanced better tribological characterization whereas Al2O3

nanoparticles cause better mechanical properties. Scanning electron microscopy tests revealed that the
wear mechanism changes from adhesive for Al7075 alloy to adhesive-abrasive for the nanocomposite
specimens.

1. Introduction
As low weight materials, aluminum and its alloys including Al7075 are being widely used as structural
materials due to their low density, high strength, ductility, toughness, and fatigue resistance (1–3). Their
surface properties such as wear resistance often determine the useful life of components for many
applications. Poor wear resistance of aluminum alloys is a major limitation for many applications. A
dispersed reinforcement in the surface in order to have a uniform layer as a surface composite is one
solution (4). By using more than one reinforcement phase, it is possible to have a special group of
composites called hybrid composites. By changing the type and amount of each reinforcement in the
hybrid composites, their mechanical and tribological properties could be controlled, and several studies
have dealt with this issue (5–10). Tribological properties are the surface-dependent characteristics of
materials, which can be proposed to fabricate a hybrid composite locally on the surface of a matrix with
high mechanical properties. When a solid lubricant and a hard ceramic phase are presented in a hybrid
system, better tribological properties could be achieved in addition to mechanical properties. The solid
lubricant improves tribological properties and is usually soft, but the hard particles enhance mechanical
properties. These composites represent a lower friction coe�cient due to the formation of a lubricative
�lm on the wearing surface of the composite; and this will also reduce the frictional heat generation. This
can result in lower power loss and better e�ciency. In this regard, Srinivasu et al. (8) improved wear
resistance of cast aluminum silicon alloy A356 by forming a surface composite with boron carbide and
molybdenum disul�de powders. In another study, Mostafapour et al. (10) investigated the role of hybrid
ratio on microstructural, mechanical and sliding wear properties of the Al5083/Graphite/Al2O3 surface
hybrid nanocomposite.

It is di�cult to disperse reinforcements on metallic substrate by conventional surface treatments in order
to produce surface metal matrix nanocomposite and to control its distribution (11–13). Friction stir
processing (FSP) is a new solid-state processing technique for microstructural modi�cation, and it is
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developed based on the principle of friction stir welding (FSW). A brief description of the composite
fabrication by FSP can be found in literature (14). The processing at temperatures below melting point of
substrate is favorable as unwanted interfacial reaction between reinforcement and matrix can be avoided
(14, 15). A signi�cant development in the microstructure has occurred during this process because of the
severe plastic deformation and thermal exposure of material (16). The resulting microstructure is created
in three primary zones: the heat affected zone (HAZ), the thermo-mechanically affected zone (TMAZ),
and the stir zone (SZ). Because of severe plastic deformation, �ne grains can be achieved in SZ (17). It is
well known that the microstructure of the SZ consists of �ne and equiaxed grains due to dynamic
recrystallization (18, 19). FSP has proved to be successful in the adaptation of various properties such as
mechanical properties (20–22), enhancing the machinability (23), fatigue (24, 25), wear (9, 10, 26, 27)
and corrosion resistance (7).

Recently, a class of ternary layered compounds, Mn+1AXn phases (MAX for short, where n = 1, 2 or 3, M is
early transition metal, A is an A-group element (mostly groups 13 and 14), and X is C or N), has attracted
much attention. The reasons are the unique combination of both metal- and ceramic-like properties
including high fracture toughness, high Young’s moduli, high thermal and electrical conductivities, easy
machinability, excellent thermal shock resistance, high damage tolerance, and microscale ductility (28,
29). Titanium aluminum carbide (Ti3AlC2) is a member of this family that has recently been shown to
possess an unusual combination of properties, combining the merits of both metals and ceramics. Like
metals, Ti3AlC2 is thermally and electrically conductive, easy to be machined with conventional tools and
resistant to thermal shock. Like ceramics, it has a high strength, a high melting point and thermal
stability. Those properties make Ti3AlC2 useful in many �elds; for example, it can be used as a high-
temperature structural material as an alternative for expensive high-temperature alloys (30–33). These
kinds of compounds could be used as solid lubricants in hybrid composites. To the best of our
knowledge, there are few reports about using Ti3AlC2 MAX phase to manufacture surface composite by
FSP. Then, the objective of this study is to investigate the use of Ti3AlC2 MAX phase as well as Al2O3

nanoparticles to produce Al7075-T6 / Ti3AlC2 / Al2O3 surface hybrid nanocomposite by FSP.
Microstructure analysis, hardness, tensile and wear resistance of the manufactured hybrid
nanocomposites were employed to investigate the effect of size, shape and type of dispersed particles on
the �nal properties.

2. Materials And Experimental Procedures
2.1. Materials

In this study, Al7075-T6 alloy plate with 6 mm thickness in annealed condition was used. The T6
designation indicates peak-aging to optimize precipitation hardening. The chemical composition is
presented in Table 1. The sheet was cut as rectangular samples of 150×50×6 mm3. A set of holes of 2
mm diameter and 3 mm depth with 4 mm intervals was made in the middle of the work piece (Fig. 1) and
the holes were then �lled with several ratios of Ti3AlC2 and Al2O3 as reinforcement phases. Al2O3
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nanoparticles were supplied by the TECNON S.L. Company with a purity of 99% having an average
particle size of 80 nm. Powder of Ti3AlC2 MAX phases were mechanochemically synthesized by
commercially available powders of Ti (particle size < 100µm, 99.7% purity), Al (particle size < 200µm,
99.7% purity) and graphite C (particle size <200µm, 99.7% purity). The synthesis route was presented
elsewhere (34). These powders were weighed in a mole ratio according to the non-stoichiometric
composition of Ti3AlC2 with Ti:Al:C = 3:1.2:2. The 10 hours milled powders were heat treated at
temperature of 1200°C at a rate of 10°C/min in a tube furnace under Ar atmosphere, and then cooled
down to ambient temperature in such atmosphere. Fig. 2 shows the SEM micrograph of the synthesized
powder and its XRD spectrum, when the main phases of the as-synthesized powder consisted of Ti3AlC2

and TiC. Calculations performed to determine the amount of each phase using X-ray diffraction patterns
show that 78% of the powder is Ti3AlC2 and 22% TiC. Ti3AlC2 acted as the lubricant and TiC was a hard
and useful material to enhance mechanical properties. The formula presented for calculating each of
these two phases is given below (35,36):

In this equation, WTC and WTAC are the weight percentages of TiC and Ti3AlC2, respectively, while ITC and
ITAC are the sum of the peak intensities of each TiC and Ti3AlC2, respectively.

2.2. Processing

Several factors such as FSP parameters, tool/pin geometry and its type as well as size and ratio of
reinforcements affected the �nal properties. The hybrid ratio, which can be de�ned as the volume
proportion of each reinforcement phase in hybrid composite divided by total reinforcement volume of the
composite, is an important factor, which controls the participation extent of reinforcement phase in
overall properties of hybrid composite. The volume fraction of reinforcements depends on the number
and size of holes. These factors were identical for all samples so that the overall volume fraction of
reinforcements was constant. However, several MAX to Al2O3 ratios of 100% Al2O3, 50% Al2O3 + 50%
MAX and 100% MAX were chosen.

The tool was made of H13 tool steel hardened to 58 HRC. A shoulder of 20 mm diameter with a square
pin dimensions of 6*6 mm and pin length of 4 mm was used for FSP. Fig. 3 shows the photograph of the
square tool and its dimensions. All the experiments were carried out at room temperature. The FSP was
performed by three passes and at tool rotational speeds of 1000 rpm and travel speeds of 28 mm/min.
The tilt angle of the rotating tool with respect to the z-axis of the milling machine was 3 degrees for all
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samples. These conditions were chosen by trial and error method to achieve defect-free FSP. All samples
even FSPed BM were subjected to 3 passes of FSP with different rotating directions in each pass to
obtain more homogeneous dispersion of the reinforcements. Fig. 4 shows the schematic process of
composite fabrication by FSP method.

2.3. Characterizations

Microstructural observations were carried out by optical microscope (Union Versamet-2), �eld emission
scanning electron microscope (FESEM, TSCAN, Czech Republic) equipped with an energy dispersive
spectroscopy (EDS) and atomic force microscope (AFM, DME DS-90-50E). To reveal the microstructures,
the samples were prepared according to the conventional metallography procedures and etched with
Keller’s reagent (1 ml HF, 1.5 ml HCl and 2.5 ml HNO3 in 95 ml distilled water for 10 s). In addition, grain
size measurement was carried out by using an image analyzer.

Vickers microhardness of BM and treated surfaces were measured based on the ASTM-E384 using
Buehler’s equipment by applying a load of 200 g for 20 seconds. Tensile tests were carried out at the
ambient temperature by a SANTAM 150 tensile machine with the strain rate of 1 s-1. The tensile test
specimens were dimensionally designed based on the ASTM-E8 standard. Fig. 5 shows size and
con�guration of FSPed and tensile specimens.

The wear behavior of the surface composite layer was studied by using a pin on disk tribometer (Arca
Sanat Arvin) in room temperature condition. Wear test specimens of 10 mm diameter were cut from the
middle of the SZ of FSPed surface by electro-discharge machining method. The tests were conducted
based on ASTM G99-04 standard. The counterpart discs were made of AISI D3 steel hardened to 58 HRC
with the surface roughness (Ra) of 0.2 μm. The surface of each pin was polished on 1000 grit emery
paper before testing. The wear test was conducted at a sliding velocity of 1m/s, normal force of 20 N and
sliding distance of 500 m. The samples were cleaned with acetone and weighed to an accuracy of 0.1 mg
by electronic weighing balance after every 50 m intervals. The applied load as well as the sliding speed
was �xed so that the active wear mechanisms in similar conditions could be compared. The friction
coe�cient between the pin and disc was determined by measuring the frictional force using a stress
sensor at the distance of 500 m without stopping the disc rotation at the same sliding velocity and
normal force. The surface roughness (Ra) was also measured after wear tests using a pro�lometer model
Mitutoyo to calculate the total depths of wear tracks and total wear rates. Finally, the worn surfaces were
examined by scanning electron microscope (SEM, JEOL JSM-840A).

3. Results And Discussion
3.1. Characterization of Microstructure

Fig. 6 shows the cross-section optical micrograph of FSPed sample after three passes. Three distinct
zones in the micrograph including SZ, thermo-mechanically affected zone (TMAZ), and BM can be clearly
observed. Heat transfer of aluminum alloys is too high to form a distinct heat affected zone (HAZ).
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During FSP, severe increase of temperature and high plastic deformation lead to the formation of a �ne
equiaxed microstructure in the SZ (8,16,17,20). Dynamic recovery (DRV), geometric dynamic
recrystallization (GDRX) and discontinuous dynamic recrystallization (DDRX) have been considered the
main mechanisms for grain re�nement during FSP (19,37). The optical microscopy images shown in Fig.
7 indicate the variations in the grain re�nement of the composites fabricated by Al2O3, MAX particles and
their mixture. The presence of reinforcements as second phase promoted grain re�nement. These hard
particles prevent the grain growth of new recrystallized grains by several mechanisms called the pinning
effect. With an increase in the passes of FSP, powder distribution became more homogeneous in the
matrix, reduction of clustering of reinforcement particles occurred and the size of the grain was also
reduced.

As shown in Fig. 7 and Table 2, the grain size was decreased slightly when MAX particles were
introduced. A more de�nite decrease in the grain size was observed when Al2O3 particles was used as
re�nement and reinforcement instead. As be seen, an average grain size of 4.6 µm was obtained when
both MAX and Al2O3 particles are used as re�nement and reinforcement. The �ner grain sizes observed in
the SZ with particle addition might be due to the Zener pinning effect by the particles retarding the grain
growth of the matrix. The effect of Al2O3 and MAX particles in pinning effect was different. It was
described that during the recrystallization of metals with dispersed particles, the rate of grain growth can
be de�ned using equation (3) (38).

From the equation, M is the boundary mobility, Fv is the volume fraction, Pz is the Zener pinning pressure,
P is the driving pressure from the curvature of the grain boundaries, r is the radius of the pinning particles,
R is the radius of the grain, γb is the boundary energy and α is a small geometric constant. Therefore,
when P=Pz, grain growth will stop.

Thus, the Zener limiting grain size (α=1) can be obtained when the radius of curvature (R) and the mean
grain radius (D) are taken to be the same.

However, with the addition of Al2O3 particles, a signi�cant increase in the low angle boundary was
observed in comparison to Aluminum containing MAX particles samples. This could be because Al2O3

particles are very small in size and it causes distortion and interference in the strain during
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thermomechanical process and dynamic recrystallization hence the resulting in lower angle boundary
grains. Accordingly, as the MAX particles are smaller than the Al2O3 particles, the MAX particles are less
effective in preventing grain growth phenomena during the thermomechanical treatment of FSP.

The signi�cant decrease in grain sizes could be attributed to the incorporation of the reinforcement Al2O3

particles. The decrease in the grain size is less signi�cant with the presence of MAX particles. The
hardness of Al2O3 particles is high enough to prevent grain growth, while MAX particles have laminar
structure, which leads to low contribution in pinning effect. This could be also because the MAX particles
have broken down during the 3 passes of FSP. In this study, particle stimulated dynamic recrystallization
is unlikely to have occurred as the employed particles sizes are less than 1 mm.

Fig. 8 shows the FESEM micrograph of cross section of all three passes specimens except FSPed BM
with EDS spectra for elemental composition. The micrograph clearly reveals that particle dispersion
within the SZ is homogeneous and defect-free after FSP. It should be mentioned that no interfacial
reaction in bonding of particles with surrounding matrix was observed. The EDS spectra of the speci�ed
areas in Fig. 8 (c) show that the particles in area B consists of titanium, aluminum and carbon while the
particles in area A consists of aluminum and oxygen which shows the proper distribution of particles on
the surface. Some agglomeration was detected for the sample without MAX phase because of the
tendency of Al2O3 nanoparticles to agglomeration during FSP. This can be responsible for higher grain
size of the sample and also has been observed in previous works (10). Similar results have been obtained
for other composites.

It should be noted that one of the problems in the fabrication of the hybrid metal matrix composite by
fusion processes or even by other ordinary solid-state processes such as power metallurgy (PM) was the
agglomeration of the deferent reinforcements (11-13). In contrast to ordinary solid-state processes,
agglomeration in the FSP is not considerable because the strong stirring action during FSP, which was
considered one of the most prominent advantages of FSP, eliminated coarse clusters (14,15).

The AFM microscopy images shown in Fig. 9 indicate the variations in the surface topography of the
composites fabricated by Al2O3 and MAX particles. Fig. 9 (a), 9 (c) and 9 (e) show the 2D spectrums and
Fig. 9 (b), 9 (d) and 9 (f) show the 3D images of the surface topography of Al2O3 and MAX surface
composites. Fig. 9 (b), 9 (d) and 9 (f) show that the topographic data has been collected from a 10×10
μm surface of samples. According to Fig. 9 (a) and 9 (b), there is a maximum distance of 156.8 nm
between the highest and deepest points on the surface of Al2O3 surface composite. Fig. 9 (c) and 9 (d)
indicate that addition of 50% MAX particles to Al2O3 particles, the surface roughness increases to 218.1
nm and Fig. 9 (e) and 9 (d) indicate a further increase in roughness value to 252.9. According to the
literature the average grain size can be related to the roughness value in AFM images (39). On this basis,
the micrographs of Fig. 9 indicate that the grain size is further re�ned by Al2O3 particles. As mentioned
above Al2O3 particles are more effective than MAX particles to prevent grain growth during the FSP
process.
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3.2. Hardness

Fig. 10 illustrates microhardness pro�les of the composites along the thickness cross section for
different states. The microhardness value of the base alloy was 88 Hv and is unexpectedly decreased
after FSP without reinforcement, which may be due to the growth of secondary phase particles (40). On
the other hand the increase in hardness values was obviously in composites reinforced with Al2O3 and
MAX particles separately or in combined form. The maximum hardness value was achieved for 100%
Al2O3 of about 108 Hv, which was signi�cant higher than that of base alloy. The increase in the
microhardness value in the SZ was because of (i) a severe grain re�nement during dynamic
recrystallization and (ii) the particles, which are the harder phase and were distributed uniformly in the
matrix. The latter cases of direct strengthening were imparted to the matrix by adding the strong and hard
reinforcements, which act to hinder dislocation movement. TiC, presented in MAX phase and Al2O3, are
hard particles that hinder dislocations and enhance the mechanical properties such as hardness. The
former is due to the effect of microstructural modi�cation in SZ, and it is proved that grain size
re�nement can enhance the hardness according to Hall-Petch relation. It is also believed that
homogeneous distribution of nano-sized reinforcement results in pinning of dislocations and retarding
grain growth (10,21). Hall–Petch relationship states that the hardness is inversely proportional to the
grain size. A direct correlation was seen in Table 2 and Fig. 10, which reveals that more re�ned structures
cause higher hardness value. The increased hardness of FSPed surfaces has been reported by several
studies (41,42).

3.3. Tensile properties

Tensile properties of the BM and FSPed specimens are compared in Table 3 and Fig. 11. The tensile
properties as well as elongation of the specimens are listed in Table 3. As seen, ultimate tensile strength
(UTS) of all the FSPed specimens except the specimen without reinforcement is increased after FSP, and
the maximum tensile strength of 351.12 MPa is achieved for a specimen, which is reinforced by 100% of
Al2O3 after three passes FSP. It should be noted that FSP without adding reinforcement phase results in
decreasing about 50 MPa in tensile strength (Table 3), Which may be due to the growth of secondary
phase particles, whereas the presence of reinforcements enhances mechanical properties. In addition, the
Al2O3 to MAX phase ratio has a remarkable effect on mechanical properties and microhardness.
According to these properties, the highest microhardness and tensile strength are obtained for 100%
Al2O3 specimen. Although all the FSPed specimens except the specimen without reinforcement improved
tensile properties, a decrease in elongation was also observed for all the specimens. However, achieving
optimum ratio leads to higher elongation in comparison to other FSPed specimens. According to Table 3
and Fig. 11, it is obvious that Al2O3 and MAX phase have similar effects on strengthening the aluminum
alloy; however, it should be mentioned that Al2O3 is a little more effective while a hybrid effect on
microhardness and mechanical properties for composites with two reinforcements is proved. This hybrid
effect was found in the previous works (9,43,44).

3.4. Wear behaviors
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3.4.1. Wear rate

Figs. 12 and 13 show variations in weight loss and wear rate as a function of sliding distance for as-
received alloy and FSPed specimens, respectively. As shown in these �gures, all composites except the
specimen without reinforcement were worn less than base metal. FSPed specimen without reinforcement
was worn more than BM and FSPed samples reinforced by particles. To improve the wear resistance of
the aluminum alloy, 100% MAX phase specimen is clearly more e�cient. According to the Archard’s law
of wear (45), volume loss is inversely proportional to the hardness of the surface composite. By
increasing microhardness of the surface nanocomposite, metal removal during sliding wear decreases.
Since maximum hardness was obtained for specimen FSPed with a ratio of 100% Al2O3, it is in
consistent with the fare wear rate obtained for this ratio. As mentioned above, the obtained improvement
of wear resistance is related to higher hardness values because of microstructural evolutions and grain
re�nement during FSP (26,45).

In addition, the 100% MAX phase specimen composites causes the combined effect of individual
reinforcement and then, exhibits lower wear rate compared to the as-received Al alloy and even FSPed
surface composites. The presence of TiC particles act as load-bearing agents and Ti3AlC2 acts as a solid
lubricant leading to improved wear resistance. The effect of solid lubricants such as graphite and MoS2

was reported for aluminum and magnesium alloys after FSP (8,10,43). In fact, using Ti3AlC2 particles as
lubricants can result in lower wear rate. The composite consisting of these particles has a lamellar
structure and exhibits lubrication characteristics (46).

3.4.2. Coe�cient of friction

Fig. 13 shows the variation of the friction coe�cient with sliding distance of 500m for base metal, FSPed
sample with and without reinforcement particles.

At the beginning of the test, in all the tested samples, similar to those reported in the literature (47,48), the
friction coefficient increased to a peak value followed by a lower steady state value. The initial increase
in the friction coefficient may be due to the increase in the friction force needed to overcome the highly
adhesive contact between the ball and the tested surface (48). The large fluctuations of the friction
coefficient, which were observed in all the curves presented in Fig. 13 may be attributed to the periodical
accumulation and elimination of wear debris on the worn track (47). Moreover, the repeated banding
structure in the tool travelling direction resulting from the tool pitch, which was considered one of the
significant characteristics of FSW/FSP (49), may contribute to this fluctuation.

The friction coe�cients of the surface composites are presented in Table 3. Friction coe�cient of BM is
0.663 and after FSP of the base metal, this value is Increased to 0.878. By adding MAX phase and Al2O3

particles, the friction coe�cients of specimens are reduced. Table 3 describes that the specimen with
100% MAX has a better friction coefficient than other specimens. Decrease in grain size, increase in
hardness and better dispersion of particles in the matrix improve wear properties of this sample. These
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mechanisms were reported for FSPed Al7075 with different reinforcement agents (8,41,42). In addition,
hard ceramic particles such as Al2O3 and TiC have a load-bearing behavior (27) and then cause notable
reduction of direct load contact between the matrix and particles, thus the wear resistance of surface
nanocomposite is improved.

Lower friction coe�cient suggests that the mechanism of wear is chie�y abrasive because of the harder
surface scratching over the softer surface. Again, for hybrid ratio of 100% MAX phase friction coe�cient
is minimum, which is consistent with microhardness and wear tests. According to Figs.11-13, FSP leads
to an increase in wear resistance and a decrease in the friction coe�cient. It obviously shows the hybrid
effect of certain combination of MAX phase and Al2O3 particles on the wear and friction performance of
the surface composites. Two reasons for the hybrid effects may include the hardening effect provided by
A12O3 and TiC hard particles and the lubrication effect provided by Ti3AlC2.

3.4.3. Worn surface analysis

To examine the wear mechanism, surface morphology of the worn specimen and wear debris were
analyzed. Fig. 15 shows SEM micrographs of worn surface and debris of BM and other FSPed
specimens. Fig. 14 (b) shows pits and deep grooves which prove adhesive wear in wear surface
morphology of FSPed base metal. It reveals that intensive material removal and plastic deformation has
occurred (47). Wider and deeper grooves in worn surface of this specimen indicate that adhesive wear
has happened. Presence of reinforcing particles in specimens FSPed with MAX phase and Al2O3 powders
prevents adhesive wearing and drastic material removal. The debris particles in Fig. 10 (c) and (d) are
related to oxidization and removal of base aluminum and segregation of reinforcement particles from
surface composite layer during wear test. As it can be seen in Fig. 14 (e), it was observed that there were
some parallel grooves in the smooth worn surface of the 100% MAX composite. Piled up and partly
broken materials at the edge of grooves are evidences indicating metal �ow and crater as well as micro-
cracks on the FSPed worn surfaces. The evidences indicating both adhesive and abrasive wear
mechanisms in other samples have been observed. The metal removal rate during sliding is less in
abrasive mode compared to the adhesive mode of wear. Therefore, it can be concluded that the as-
received BM and FSPed BM have adhesive wear mechanism, and surface nanocomposites have both
adhesive and abrasive wear mechanisms. According to wear rate (Fig. 12 and 13), abrasive wear is the
dominant wear mechanism in specimens equipped with surface composite layer.

Fig. 16 shows the surface pro�les of wear tracks of BM and other FSPed specimens after testing under
dry conditions. The wear track of the FSPed BM was the deepest and the most broad one, while the track
of 100% MAX was the shallowest one because of its lowest friction coe�cient. Contrary to the
expectation that the specimen containing harder particles usually has a shallower wear track (50), the
specimen with max phase particles showed the shallowest wear track. As mentioned above the layered
structure of MAX phases can act as lubricant and result in lower wear rate. The composite consisting of
these particles exhibits lubrication characteristics.
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4. Conclusions
This study explored fabrication and characterization of Al7075-T6 / Al2O3 / MAX phase hybrid surface
nanocomposite by FSP at different hybrid ratios of reinforcements, and engaged with effects on
mechanical and wear properties. Results showed that maximum tensile strength and hardness value
were achieved for Al-100% Al2O3 composite due to more grain re�nement and effective dispersion of
nanoparticles. The microhardness and tensile strength of the as-received alloy and optimum surface
nanocomposite specimens were about 88 Hv, 292.19 MPa and 108 Hv and 351.12 MPa, respectively.
Surface nanocomposites revealed low friction coe�cients and wear rates, which were signi�cantly lower
than those obtained for the substrate. Scanning electron microscopy tests revealed both adhesive and
abrasive wear mechanisms on the surface of the wear test specimens.
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Tables
Table 1: Chemical composition of aluminum 7075-T6 used in this study (in wt. %)

Element Al Mg Si Fe Cu Zn Cr

Composition (Wt.%) Bal. 2.45 0.39 0.51 1.65 5.71 0.23

Table 2: Average grain size values measured from optical micrographs

Material and process As
received

FSPed
Al

Al-100%
Al2O3

Al-50% Al2O3+50%
MAX

Al-100%
MAX

Average grain size
(μm)

16±0.5 7.6±0.5 3.3±0.5 4.6±0.5 5.4±0.5

Table 3: Tensile properties of the base metal and FSPed specimens
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Microhardness
(Hv)

Depth
of
wear
trach
(µm)

Weight
Loss
(mg)

Friction
Coe�cient

Ultimate
Tensile
Strength
(MPa)

Total
elongation
(%)

surface
roughness
(nm)

Sample

88 -551.1 0.055 0. 663 292.19 0.332 ---- BM

71 -655.5 0.067 0.878 243.21 0.244 ---- FSPed
BM

94 -475.3 0.034 0.192 327.86 0.304 252.9 100%
MAX

108 -523.6 0.043 0.421 351.12 0.251 156.8 100%
Al2O3

101 -491.2 0.041 0.324 339.39 0.274 218.1 50%
Al2O3
50%
MAX

Figures

Figure 1
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Schematic of work piece used in this study.

Figure 2

(a) SEM micrograph and (b) XRD spectrum of the Ti3AlC2 MAX powder used in this investigation.
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Figure 3

Schematic of the threaded tool and its dimensions (dimensions are in mm).
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Figure 4

Schematic process of composite fabrication by FSP method.

Figure 5

Schematic image of tensile and wear test samples (dimensions are in mm).



Page 20/28

Figure 6

Optical micrograph of a) different zones of FSPed Al alloy, b) base metal, c) FSP boundary and d) SZ
after three passes FSP.
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Figure 7

Optical micrographs of fabricated composites produced by (a) 100 % Al2O3, (b) 100 % MAX, (c) 50 %
Al2O3 + 50 % MAX.
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Figure 8

FESEM micrographs of fabricated composites produced by (a) 100 % Al2O3, (b) 100 % MAX, (c) 50 %
Al2O3 + 50 % MAX, (d) EDS results of the particles in A area and (e) EDS results of the particles in B area.
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Figure 9

AFM micrographs from the fabricated composites in the SZ: a) 2D image reinforced by Al2O3 b) 3D
image reinforced by Al2O3, (c) 2D image reinforced by 50 % Al2O3 + 50 % MAX, and (d) 3D image
reinforced by 50 % Al2O3 + 50 % MAX, (e) 2D image reinforced by MAX, (f) 3D image reinforced by MAX.
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Figure 10

Microhardness pro�les of the composites along the thickness cross section for different states.
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Figure 11

Stress-strain curves for as-received alloy and FSPed specimens.

Figure 12

Variations in weight loss as a function of sliding distance for as-received alloy and FSPed specimens.

Figure 13
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Variations in wear rate as a function of sliding distance for as-received alloy and FSPed specimens.

Figure 14

Variation of the friction coe�cient with sliding distance of 500 m for as-received alloy and FSPed
specimens.
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Figure 15

SEM microgragh of worn surfaces of (a) base metal, (b) FSPed base metal, (c) FSPed reinforced by 100
% Al2O3, (d) FSPed reinforced by 50 % Al2O3 + 50 % MAX and (e) FSPed reinforced by 100 % MAX.



Page 28/28

Figure 16

The surface pro�les of the wear tracks for as-received alloy and FSPed specimens.


