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Abstract

Al matrix composites reinforced with in-situ synthesized TiC/Al3Ni particles were fabri-
cated by friction stir processing (FSP) using mechanically activated powders. The effects of
post-processing heat treatment on the microstructure and mechanical properties were investi-
gated. Ni-Ti-C powder mixtures were prepared by mechanical alloying (MA) and distributed
in AA1050 alloy using FSP. The microstructure of composite layers was studied by optical and
field emission scanning electron microscopy (FESEM), and structural evolutions during FSP
and heat treatment were investigated by X-ray diffractometry (XRD). XRD analysis showed
partial reaction between MAed powders and the matrix after 2 FSP passes and the formation
of Al3Ni and TiC compounds. Unreacted powders remained after 6 FSP passes, transformed to
Ni3Al and TiC after heat treatment at 550◦C. Mechanical properties of composite layers were
investigated by tensile and microhardness tests. Heat-treated surface composite layer exhib-
ited an increased tensile strength of 158 MPa with more uniform microhardness in comparison
with the as-FSPed sample.
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1. Introduction

Al and its alloys are an important class of materials
due to the combination of their low density and fairly
good mechanical properties which make them suitable
for a variety of applications. There has been a constant
effort to improve the mechanical properties of Al al-
loys during recent decades. Al matrix composites have
attracted considerable interest as high performance
materials due to their high strength-to-weight ratio,
stiffness, wear resistance, and high temperature stabil-
ity compared to unreinforced alloys [1–5]. Therefore,
they have been extensively used in defence, aircraft,
aerospace, and automotive industries [6–8].
It is widely recognized that the mechanical proper-
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ties of particulate-reinforced metal matrix composites
(MMCs) are affected by the type of reinforced parti-
cles, particle distribution, and size and volume frac-
tion of the reinforcements as well as the nature of the
matrix/reinforcement interface. The interface between
reinforcement and the matrix has been identified as a
potential source of weakness in MMCs [9]. Thus, the
mechanical properties of MMCs are very sensitive to
the method of processing utilized [1, 10]. Several tech-
niques have been employed to prepare the composites,
including powder metallurgy and casting techniques
[1-2].
In-situ MMCs in which the reinforcements are

formed in the matrix through a reaction between el-
ements or compounds have been developed in recent
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decades. In-situ MMCs have exhibited many advan-
tages compared to ex-situ MMCs, such as a clean rein-
forcement/matrix interface, thermodynamic stability
and high bonding strength between the reinforcements
and the matrix [10]. Many researchers have investi-
gated the in-situ synthesis of intermetallic compounds
(such as NiAl3, FeAl3, Al3Ti, etc.) in Al matrix due
to their high specific strength, high specific modu-
lus, and excellent mechanical properties at both am-
bient and elevated temperatures [11–14]. Compared
with the ex-situ method, in-situ synthesis has been
shown to be suitable for the preparation of particulate-
reinforced composites with remarkable improvements
in mechanical properties [11]. Different processes such
as mechanical alloying [15], powder metallurgy tech-
niques [16], casting [17], and electromagnetic separa-
tion method [18] have been suggested for the fabrica-
tion of in-situ composites.
During recent decades, friction stir processing

(FSP) as a severe plastic deformation process has been
used by many researchers to fabricate MMCs. FSP
was developed, based on the principles of friction stir
welding (FSW), by Mishra et al. for microstructural
modification of materials [19]. In this process, a rotat-
ing tool with a concentric shoulder and pin is plunged
into the surface of a workpiece and revolved in the
expected direction. The microstructure of the stirred
zone is significantly refined and homogenized as a re-
sult of severe plastic deformation of material through
stirring and thermal exposure resulting from friction
between the tool and matrix. FSP has many applica-
tions such as the formation of ultrafine-grained struc-
ture in Al alloys [20, 21], microstructure homogeniza-
tion in Al alloys fabricated by powder metallurgy [22],
and improvement of the properties of cast Al alloys
[23]. Furthermore, by adding second phase particles
during FSP, surface composite layers can be formed
on Al alloys [24, 25].
Very recently, a few studies have focused on the

application of FSP in the in-situ fabrication of Al ma-
trix composites. In these investigations, a very thin
layer of reacted material has been reported to form
on the surface of initial powder that makes a core-
shell structure [26, 27]. However, a complete desired
reaction between constituents has not been reported
in previous works even after heat treatment [28].
The present study aimed to investigate the effects

of post-heat treatment on the progression of in-situ
reactions and properties of FSPed surface composite
layer using reactive powders. The surface composite
layer was fabricated on AA1050 substrate by FSP,
with dispersing reactive Ti-Ni-C powders prepared
by double stage mechanical alloying (MA). Structural
evaluations were performed during FSP and after an-
nealing using X-ray diffractometry (XRD). The dis-
tribution of particles in the matrix and mechanical
properties of surface composite layers were studied.

Fig. 1. (a) Cross-sectional SEM micrograph and (b) XRD
pattern of Ni-Ti-C powder obtained from a total 10 h of

double-step MA.

2. Materials and methods

Commercially available Ni (Merck, 99%,< 20 µm),
Ti (Sigma-Aldrich, 99.9%, 40–60µm), and C (Merck,
99%, < 50 µm) powders were used as starting mate-
rials for powder preparation. Powder mixtures with
a composition of Ni-32wt.%Ti-8wt.%C were milled
using a planetary ball mill (Sepahan Equipment
Company, Iran) similar to a Pulverisette 5 Fritsch.
Chromium steel balls of 15 mm diameter with a ball-
to-powder weight ratio of 10 : 1 were used as the grind-
ing media. Hardened chromium steel vial was evacu-
ated and filled with argon (99.99%) to prevent oxida-
tion during the MA process with a rotational speed
of 600 rpm. The mentioned stoichiometric composi-
tion was tailored to achieve 50wt.%TiC with remained
Ni to react with the Al matrix during FSP. Double
stage MA was used to prevent self-propagating high-
-temperature synthesis (SHS) reaction during the MA
process and formation of TiC during milling, accord-
ing to a previous report [29]. In the first step, MA
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Fig. 2. Schematic illustration of the samples prepared for
FSP of Al-Ni-Ti-C system.

was conducted on Ni-Ti and Ni-C powder mixtures
separately for 5 h. Powders obtained in the first step
were mixed and MA was repeated for 5 h in the sec-
ond step to achieve a layered structure containing the
initial constituents as shown in Fig. 1.
Commercially available pure Al (AA1050) was

used as the substrate in the form of sheets of
10 mm thickness that were cut into 200mm × 60mm
× 10mm samples. Rank holes of 2 mm diameter and
3mm depth were drilled in the surface of the spec-
imens at 1 mm intervals. Ni-Ti-C powders obtained
from a total 10 h of MA were placed into the rank
holes as shown schematically in Fig. 2. FSP was per-
formed using a hardened high carbon steel tool of
18 mm diameter and 5mm length in the shoulder with
a threaded cylindrical pin of 6 mm diameter and 5 mm
length. Surface composite layers were prepared by 2,
4, and 6 FSP passes. A milling machine (X52, Machine
Tool Works Co., Ltd.) was used to conduct the FSP
experiments. The press-in depth of the tool shoulder
into Al plate was set to 0.2 mm. FSP was conducted
with a rotational tool speed of 1400 rpm and a tra-
verse speed of 40 mmmin−1 along the center line of
drilled holes. Multi-pass FSP was applied in opposite
directions to alter the retreating side and the advanc-
ing side in each pass when the workpiece was cooled to
room temperature after the previous pass. FSPed sam-
ples were annealed at 550◦C for 4 h to study the influ-
ence of heat treatment on the microstructure of FSPed
samples and investigate the possibility of in-situ reac-
tions between unreacted MAed powders and the ma-
trix during post-heat treatment.
Structural evolutions during MA and FSP and af-

ter annealing were investigated by using X-ray diffrac-
tometry with monochromatic CuKα radiation (λ =
0.15406 nm). X-ray diffraction (XRD) scans were per-
formed between 20◦ and 90◦ in 2θ with a step size
of 0.05◦ and a dwell time of 10 s per step. Powder
diffraction files (PDF) of the International Centre for
Diffraction Data (ICDD) were used to identify the ex-
isting phases.
The microstructural examination was carried out

on cross-sections of FSPed samples using an opti-
cal microscope (OM) (IM7200, Meiji Techno Co.,
Axbridge, England) and field emission scanning elec-

tron microscope (FESEM) (Mira 3-XMU). Powders
were mounted in a conductive mounting resin and pre-
pared by metallography techniques. Cross-sectional
samples were polished using grinding paper up to 1200
grit followed by polishing using alumina suspension
on polishing cloth for scanning electron microscopy
(SEM). Energy dispersive spectroscopy (EDS) was
used for elemental point analysis of specific phases.
To evaluate the hardness of FSPed samples, 100 g

loading was applied for a dwell time of 10 s using a
microhardness testing machine (Nexus Innova 4300).
Hardness measurements were obtained along a line
from FSPed layer to the base material to achieve hard-
ness profiles. The mean value of three measurements
was reported as the hardness of each point. Tensile
test specimens were prepared according to the ASTM
E8-M standard with a gauge length of 32 mm. Sam-
ples were cut from the stir zone of FSPed samples
longitudinal to the center line using a wire cut ma-
chine. Tensile tests were carried out with a strain rate
of 10−3 s−1 on at least three samples.

3. Results and discussion

3.1. Microstructural characterization

Figure 3 shows the typical optical macrographs of
the stir zone of FSPed samples after 2, 4, and 6 passes.
No macrostructural defect such as tunnels and worm-
holes can be observed in the stir zone of FSPed sam-
ples. Figure 3a depicts the non-uniform distribution of
MAed powder particles in the Al matrix after 2 passes
of FSP. This indicates that materials’ flow and stir-
ring action have not been adequate to distribute the
particles after 2 FSP passes. Increasing the number
of FSP passes to 4 resulted in a more uniform distri-
bution of particles. After 6 FSP passes, a noticeable
improvement in the microstructure with a more sym-
metric stir zone was observed (Fig. 3c). It is well un-
derstood that the rotating tool creates severe plastic
deformation and the particles are distributed due to
the thermo-mechanical effect and stirring of the ma-
trix [19].
To investigate structural evolutions during the fab-

rication of surface composite layers, XRD analysis was
performed on FSPed samples. XRD patterns of the
FSPed surface composite layers obtained from differ-
ent passes are presented in Fig. 4. Very weak peaks
corresponding to Al3Ni (ICDD PDF#00-002-0416)
and TiC (ICDD PDF#00-006-0614) appeared in the
XRD pattern after 2 passes of FSP.
According to thermodynamic data, different Ni-Al

intermetallic compounds, namely, Ni3Al, NiAl, Ni2Al3,
and NiAl3, exhibit negative free energy of formation
[30]. Qian et al. have shown that for FSP conditions,
the most negative effective free energy belongs to
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Fig. 3. Cross-sectional optical macrographs of FSPed sur-
face composite layers after (a) 2, (b) 4, and (c) 6 FSP

passes.

NiAl3 among different aluminides [31]. Moreover, the
synthesis of TiC with a relatively large negative free
energy of formation (ΔGf298 = –180.8 kJ mol−1) can
be expected in the stir zone under FSP conditions [30].
After 4 and 6 FSP passes, the peaks corresponding to
Al3Ni and TiC showed a slight increase in intensity. By

Fig. 4. XRD patterns of the surface composite layers ob-
tained from different FSP passes.

increasing the number of passes, the in-situ reaction
has been promoted between Ni-Ti-C particles and the
Al matrix. This can be interrelated to the increased
interfaces in multi-layered structure powder and be-
tween the Al matrix and MAed particles as well as
higher density of induced lattice defects as easy dif-
fusion paths. The possibility of in-situ solid-state re-
actions in multi-layered mechanically alloyed powders
has been established in many compositions [32].
Figure 5 shows the cross-sectional SEM micro-

graphs of the surface composite layer obtained from
6 passes of FSP. Elongation and fragmentation of
Ni-Ti-C particles in the Al matrix and distribution
of fine in-situ synthesized particles can be seen in the
micrographs. Higher magnification of the micrograph
presented in Fig. 5b shows dark grey contrast parti-
cles distributed typically in the vicinity of the inter-
face of Ni-Ti-C particles with the Al matrix (point A).
These particles seem to be TiC as confirmed by the
EDS analysis. As shown in Fig. 5a, a grey contrast
layer (point B) can be found at the interface; this was
shown to be Al3Ni phase in EDS analysis, which is in
agreement with the XRD results.
Simultaneous severe plastic deformation around

the tool and friction between the tool and workpiece
can generate localized heat in the stir zone. It has
been reported that, during FSP, the maximum tem-
perature in the stir zone of various Al alloys can be
about 0.6 to 0.9 of melting point, depending on the
process parameters [21]. It has also been stated that
severe plastic deformation induced by FSP not only
promotes mixing but also increases the diffusion rate
of elements by heat and structural defects generation
[32]. During the FSP of Al with Ni-Ti-C particles, the
Al matrix is deformed and wrapped around the parti-
cles as a result of the stirring process and the particles
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Fig 5. FESEM micrographs of surface composite layer obtained after 6 FSP passes: (a) distribution of particles, (b) an
individual MAed particle at higher magnification, (c) and (d) EDS point analyses of depicted points.

are surrounded by the matrix that facilitates the re-
action between Al and Ni. Brittle in-situ synthesized
TiC and Al3Ni compounds seem to break into smaller
blocks and disperse in the matrix during FSP. Severe
plastic deformation imposed by FSP can effectively
remove in-situ synthesized products, and as a result,
direct contact can be maintained between Al and un-
reacted Ni. Therefore, the reaction can continue at
the interface, increasing the volume fraction of in-situ
synthesized compounds.
Even after 6 FSP passes, some unreacted powder

remained in the matrix. It has been reported in previ-
ous research that a considerable amount of unreacted
Ni particles remained in the matrix after FSP of Al
substrates with the addition of Ni particles [27, 28].
Previous researches have reported the formation of a
core-shell structure around the induced particles with
a thin intermetallic layer on the surface of particles.
This has been attributed to the short duration of FSP
at each pass [28]. However, a complete reaction may be

Fig. 6. XRD patterns of the surface composite layers ob-
tained from different FSP passes after heat treatment at

550◦C.
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Fig. 7. Cross-sectional BSE micrographs of heat-treated FSPed surface composite layers obtained from (a) 2, (b) 4, (c) 6
FSP passes, (d) and (e) EDS point analyses of depicted points.
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achieved by finer layers in the microstructure of MAed
powders, which means shorter diffusion distances and
more interfaces between the constituents.
Figure 6 shows the XRD patterns of FSPed sam-

ples after heat treatment at 550◦C. As can be seen, by
increasing the number of FSP passes, stronger inten-
sities of Al3Ni and TiC peaks were obtained after an-
nealing of the samples. The stronger intensity of these
peaks can be considered as an evidence for increased
formation of Al3Ni and TiC. The peaks corresponding
to TiC showed an apparent increase after heat treat-
ment. High-temperature exposure seems to facilitate
the diffusion of Ti and C atoms through the layers of
MAed powder, resulting in a further reaction between
elements.
Figure 7 shows the SEM micrographs of FSPed

samples after heat treatment at 550◦C. Comparison
of Figs. 5 and 7c shows the transformation of MAed
powders after heat treatment. Instead of initial MAed
powders, colonies of TiC and Al3Ni particles can be
seen in the matrix after 6 FSP passes, which are de-
picted concerning the EDS point analysis (Fig. 7d).
However, even after heat treatment of the samples ob-
tained from 2 and 4 FSP passes, a complete reaction
between the elements in MAed particles and the ma-
trix could not take place. As shown in Figs. 7a,b, some
regions of MAed particles have remained unreacted
after annealing heat treatment. Referring to XRD re-
sults, by increasing the FSP passes, an accelerated re-
action can be expected during high-temperature ex-
posure because of the increased diffusion paths in
the matrix. In-situ formation of Al-Ni intermetallic
compounds during heat treatment of Al/Ni diffusion
couples has been investigated by several researchers
[33–36]. It has been confirmed that the exothermic
reaction between Al and Ni can proceed at about
550◦C [34]. The local temperature increase due to the
exothermic reaction can trigger Ti/C in-situ reaction
in MAed reactive powders, too. According to Bené’s
rule, the first phase that is formed during the interfa-
cial reaction between two thin metallic films is neigh-
boured to the low-temperature eutectic in the binary
phase diagram, i.e., to Al in the present system, which
is Al3Ni [37]. Formation of intermetallic compounds
induces a volume change between products and reac-
tants which can result in interfacial stresses and for-
mation of cracks. Consequently, reaction products can
distribute in the ductile matrix by fragmentation of
brittle products as well as individual nucleation. Frag-
mented and distributed particles can be seen in Fig. 7
and have been reported in previous studies, too [36,
38, 39].
It should also be noted that in all of the samples,

porosities can be found in the vicinity of intermetallic
particles. Considering the unbalanced solid-state dif-
fusivity between Ni and Al, porosities may form due
to the Kirkendall effect. Moreover, the volume change

Fig. 8. Microhardness profiles of the stir zone of the sur-
face composite layers obtained from 2, 4, and 6 FSP passes
compared to 2 passes FSPed AA1050 without powder ad-

dition.

between products and reactants can result in the for-
mation of porosities [38]. Ke et al. reported an in-
complete reaction between Ni particles and Al matrix
even after heat treatment of FSPed samples at 550◦C
[28]. Therefore, according to the results, it seems that
with reactive powder prepared by mechanical alloying,
which provides a thin-layered structure and induces a
high density of lattice defects, in-situ reaction during
heat treatment is facilitated.

3.2. Mechanical properties

Figure 8 shows the microhardness profiles of sur-
face composite layers in comparison with the base
AA1050 alloy after 2 FSP passes without the addi-
tion of powders. It should be mentioned that FSP
without powder addition did not improve the mi-
crohardness, and the maximum value across the stir
zone was about 40 HV, which is comparable with
34 HV of the as-received AA1050. However, a notice-
able increase was observed in the average microhard-
ness value in the stir zone of FSPed samples with
Ni-Ti-C powder addition, which may be attributed to
the in-situ synthesis of reinforcements. The maximum
microhardness value after 2 FSP passes with Ni-Ti-
C power was 140HV. However, a non-uniform pro-
file of the hardness was obtained across the stir zone
of surface composite layer after 2 FSP passes, rang-
ing from about 50 HV to about 140HV. This can be
explained by the non-uniform distribution of MAed
particles, and consequently, in-situ synthesized com-
pounds. In other words, some areas have been free
from MAed powders, while, relatively high content of
in-situ reinforcements have been formed in some other
zones.
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Fig. 9. Microhardness profiles of the stir zone of heat-
treated surface composite layers obtained from 2, 4, and 6

FSP passes.

Mean hardness value increased with increase in
FSP passes and reached 73 HV and 85 HV, respecti-
vely, after 4 and 6 passes of FSP with MAed powder.
Such hardness increase can be directly attributed to
the formation of fine Al3Ni and TiC particles and their
uniform dispersion in the Al matrix as indicated by
XRD and SEM investigations. It is worth noting that
the microhardness curves of FSP are uniform around
the processing center line. It has been reported that
grain size reduction with an increased number of FSP
passes is not significant in Al [40]. Therefore, increased
hardness can be mainly attributed to the formation of
fine reinforcing particles and their uniform dispersion
in pure Al matrix. As seen in Fig. 3, the agglomer-
ation of reinforcing particles is apparent after 2 and
4 passes, and the particles have been more uniformly
distributed in the matrix after 6 FSP passes.

Microhardness profiles of FSPed surface compos-
ite layers after heat treatment at 550◦C are shown
in Fig. 9. Annealing has resulted in a slight increase
in the hardness values of FSPed samples. However,
by comparing the hardness profiles with those pre-
sented in Fig. 8, it can be concluded that after anneal-
ing treatment, more uniform hardness profiles have
been obtained across the stir zone. Referring to SEM
micrographs and XRD results, the transformation of
MAed particles after high-temperature exposure can
be considered as a reason for attaining the higher
uniformity of hardness in surface composite layers.
Shankar and Seigle [41] pointed out that the ratio
of the intrinsic diffusivities of Ni and Al are strongly
composition-dependent, and microstructural evidence
has indicated that A1 diffuses more rapidly than Ni
in Al-rich alloys. Furthermore, investigation on the
formation of NiAl3 at the interface of Al/Ni bilayer
showed that NiAl3 grains protrude into the Al layer
[42]. As seen in Fig. 7c, after heat treatment, MAed
particles of layered structure (see Fig. 5) have trans-
formed into individual particles, which were proved to
be TiC and NiAl3 particles according to EDS point
analysis and XRD results. As it is evident in Fig. 7,
in-situ synthesized TiC and NiAl3 particles have been
formed with individual nucleation and provided a fair
distribution in the Al matrix.
Figure 10 shows the engineering stress-strain cur-

ves of surface composite layers obtained under differ-
ent conditions in comparison with AA1050 base mate-
rial. The highest ultimate tensile strength (158MPa),
which was obtained after heat treatment of the sur-
face composite layer fabricated by 6 FSP passes, was
about 188% higher than that of the base material
(84 MPa). It is worth noting that composite surface
layers showed remarkably higher tensile strength in
comparison with the as-received base material and
FSPed AA1050. Ke et al. reported an ultimate tensile
strength of 144MPa during an attempt to fabricate

Fig. 10. Engineering stress-strain curves of as-received AA1050, 6 passes FSPed AA1050, 6 passes FSPed Al-Al3Ni/TiC
and heat-treated 6 passes FSPed Al-Al3Ni/TiC.
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Fig. 11. SEM micrographs of fracture surfaces of (a) as-received AA1050, (b) 6 passes FSPed AA1050, (c) 6 passes FSPed
Al-Al3Ni/TiC, and (d) heat-treated 6 passes FSPed Al-Al3Ni/TiC.

in-situ Al-Ni intermetallic composite through FSP.
They reported incomplete reaction of Ni particles with
the Al matrix [28]. Increasing of tensile strength and
ductility of surface composite layers fabricated by FSP
have been reported by several researchers [20, 22, 23,
41]. In-situ synthesized particles can result in grain
refinement of FSPed composites via the Zener pin-
ning effect which tends to improved ductility [12, 41].
Moreover, the enhancement of yield strength in sur-
face composite layers, particularly after heat treat-
ment, can be attributed to the Orowan strengthen-
ing mechanism inhibiting the dislocations from pass-
ing through the particles [43, 44]. The Orowan incre-
ment of yield strength of the in-situ Al-Al3Ni/TiC
composite obtained from post-heat treatment due to
the second phase effect was calculated to be about
7MPa according to the method presented by Kelly
[45]. It should be mentioned that effects of particle
size distribution, shape, and spacing that exist in a
real material have not been considered in the equa-
tion. Moreover, the different thermal expansion coef-
ficients of Al and reinforcing particles can create mis-
match strains and increase the density of dislocations
around the particles [43]. Shear-lag theory, which has

been explained as the mechanism of load transfer from
the matrix to reinforcing particles using shear stresses
at the interfaces between the composite components,
may also lead to the higher strength of surface com-
posites compared to unreinforced matrix [46]. Accord-
ing to the model discussed by Nardone and Prewo
[47] the yield strength of in-situ matrix in the present
study was predicted to increase by 1.085 times the
yield strength of FSPed sample (62.7MPa). There-
fore, the yield strength of the composite by the shear-
lag theory was estimated to be 68MPa. The sum of
Orowan and shear-lag effects gives the yield strength
of 75MPa which is in good agreement with the exper-
imental offset yield strength of the sample obtained
from post-heat treatment (78.3MPa).
Figure 11 presents the SEM fractography of dif-

ferent samples after tensile experiments. On the frac-
ture surface of AA1050 base material, relatively large
equiaxed, shallow, and isolated dimples can be ob-
served, which is the typical feature of ductile fracture.
After 6 FSP passes on AA1050, elongated dimples ap-
peared on the fracture surface and the flatness of the
dimple network increased. This has been attributed
to the high degree of plastic deformation induced by
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FSP. In FSPed samples, failure occurs due to initia-
tion of voids at triple junctions and sub-grain and/or
grain boundaries.
Meanwhile, some voids may propagate through

weaker paths, such as neighboring sub-grain and/or
grain boundaries, and large dimples form by the co-
alescence of these voids [48]. The fracture surface of
the in-situ surface composite layer obtained from 6
FSP passes shows dimples of various sizes (range: 1–
10 µm). It should be noted that the average size of
dimples decreased meaningfully in surface compos-
ite layers in comparison with the base material. Heat
treatment of the FSPed surface composite layer re-
sulted in a more uniform distribution of small dimples
(Fig. 11d). This indicates the uniform distribution and
good bonding of in-situ synthesized Al3Ni and TiC
particles with the matrix that facilitates effective load
transfer.

4. Conclusions

Reactive Ni-Ti-C powder prepared through mecha-
nical alloying was successfully incorporated into the Al
matrix by FSP. Al3Ni and TiC reinforcing particles
were in-situ synthesized during FSP of Al with reac-
tive powders. Increasing the number of FSP passes
promoted the in-situ synthesis of reinforcing particles.
In-situ synthesis of Al3Ni and TiC reinforcements in
the Al matrix resulted in increasing of the microhard-
ness to 85 HV. Heat treatment of the surface compos-
ite layers obtained from 6 FSP passes provoked the re-
action between remaining MAed powders and the ma-
trix that resulted in more formation of TiC and Al3Ni.
In-situ synthesized surface composite layers obtained
from 6 FSP passes showed 129MPa tensile strength,
which increased to 158MPa after heat treatment.
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