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Abstract—In this current research, tungsten carbide (WC) micro-particles were dispersed into an aluminium
(A3003) matrix by the way of multi-pass friction stir process (FSP) to fabricate a new surface composite
(hereafter referred to as WC/A3003). Mechanical and microstructure properties affected by the influence
number of stirred passes (FSP passes) were studied in detail. The microstructural studies showed that increas-
ing the number of processed passes provided to the uniform dispersion and improved grain-refinement of WC
micro-particles. The microstructural examination of the interface indicated excellent intermetallic metallur-
gical grains bonding between the matrix and the solid solution of WC/A3003 matrix. The mechanical out-
comes showed that microhardness improved with a more homogenous spreading of reinforcement by increas-
ing the FSP passes. The strength and ductility of the processed composites were also enhanced. As a result, a
tensile strength, microhardness, and ductility of 143 MPa, 91.5 HV, and 30% elongation, respectively, were
achieved in the 6-pass composite. Thus, the detailed studies of the as-developed composites provided many
interesting and useful outcomes for further siding and roofing applications.
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1. INTRODUCTION

Aluminium-based hybrid metal matrix composites
(AHMMCs) with incorporation of reinforcement par-
ticles are progressively used in the automotive, aero-
space, marine and structural industries such as; pres-
sure vessel, gasoline tanks, garage doors, storage tanks
etc due to their high specific strength, low density,
high stiffness as well as better thermal stability and
good wear resistance [1–3]. Generally, ceramic or
carbide particles (ZrO2, SiC, Al2O3, TiC, B4C, etc.)
enhance the strength, wear resistance, and elastic
modulus of the matrix, which are disengaged with the
reinforcements. However, the strength introduced by
the carbide particles is inversely proportional to the
ductility because of the de-bonding of the particulate
hybrid metal matrix and the development of porosity
at the ceramic-matrix interface. Typically, it is caused
by the better wettability and high incompatibility
between the thermal coefficient of the development of
metal matrix composite with incorporation of rein-
forcement particles [4]. The secondary particles and
brittle interface formed by biochemical reactions
during the joining process encourage easy nucleation

and dissemination during plastic deformation [5, 6].
Furthermore, carbide- or ceramic-reinforced alumin-
ium metal matrix composite grieve decrease in electri-
cal resistivity because of the reduced electrical resistiv-
ity of the carbide or ceramic particles [7]. The electri-
cal resistivity of AMCs used as rocket or aerospace
constituents must be measured because the develop-
ment of static electricity in the spacecraft has damag-
ing consequences on the safety of shuttle f lights.
These disadvantages significantly limit the widespread
application of the composites. Consequently, there is
an urgent need for the development of new types of
reinforcement particles [8]. Firm metallic units have
been employed as additional support for carbide parti-
cles in composites because of their good wettability
and coefficient of thermal expansion being closer to
Al-metal matrix, which might endow a better amalga-
mation of strength, ductility and intermetallic bonding
to the matrix [9, 10].

The metal particle-reinforced Al-metal-matrix
composites (AMMCs) may reveal excellent mechani-
cal, thermal, and electrical properties if no intermetal-
lic bonding occurs at the developed matrix interface
[11]. Regrettably, so far comparatively very little con-
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Table 1. Elemental composition of aluminium alloy (A3003)

Material Mn Fe Si Cu Zr Al

Wt % 1.2 0.7 0.60 0.1 0.1 Balance
sideration has been paid to new classifications of rein-
forcing carbide particles so far because of the low reac-
tivity of aluminum alloys. Moreover, the development
of a brittle intermetallic interface causes premature
rupture by smoothing cracks [12]. The traditional
melting processes such as stir-casting are not suitable
to join carbide particulates reinforced (MPR) because
of the high fabricating temperature [13]. Accordingly,
proposed a procedure called fragmented metal deposi-
tion (FMD) for producing AMMCs reinforced with
TiC, W, SiC, Ni, or B4C particles. FMD involves sev-
eral complex steps: pre-heat behaviour of melting Al-
reinforcement mixture emotive the heat zone, metal
stirring action, and decomposition of the melt to end
formation. However, the heat treatment of titanium or
nickel nanoparticles may reduce the interface into alu-
minium and titanium-based composites [14]. There-
fore, an opportunity for the development of brittle
intermetallic interfaces between aluminium and rein-
forcement particles, which cannot be left out. The fab-
ricated particles reveal large number of thin micro and
nano layers into Al–Ti intermetallic near un-reacted
titanium grains, so that cracks formations generated
during the solidification. It is very difficult to circum-
vent formed intermetallic layer during the exploration
process, which is a relatively high temperature process
(HTP) [15]. To developed the FSP surface as a simple
and cost-effective solid-state metal joining technique
basically based on the several plastic deformations,
modification as well as grain refinement of the parti-
cles and microstructure [16]. The procedure has been
fundamentally developed for the microstructural
alteration of constituents (metal with or without rein-
forcement) and can also be used to produce surface
composites through the development of grooves [17]
and groove-filling phenomenon after introducing
reinforcement particles into the materials [18].

Many researchers suggested that friction stir pro-
cessing might cause effective severe plastic deforma-
tion (fraternisation) of the material into processed
area, where the strain-index could be higher. Thus,
reinforcement particles could be introduced into the
processed zone of the composites [19]. The severe
plastic deformation (fraternization) by solid-state dis-
pensation technique, FSP has higher potential for
controlling the particles dynamic-kinetics of interfa-
cial zone into the matrix and the ceramic/carbide
reinforcement particles hindering the reaction in the
matrix and reinforcement particles [20, 21]. The stud-
ies of surface fabricated composites by FSP have been
focused on carbide as reinforcement particles [22].
Also, the investigators have reported high tensile
strength and ductility in metal-reinforced AHMMCs
PROTECTION OF METALS AND PHYSICAL CHEMISTR
due to excellent reinforcement bonding into the devel-
oped matrix without the formation of detrimental
interfacial phase between the reinforcement and the
matrix [23]. The metal particulate-reinforced AHM-
MCs can be fabricated by FSP. Tungsten carbide
(WC) possesses extraordinary properties, like high
stiffness, high melting point, better strength, excellent
chemical reaction, and superior erosion-corrosion
resistance [24]. Specially, tungsten carbide particles
exhibit improved electrical-resistivity than ceramic
particles [25].

Therefore, in the present investigation, WC parti-
cles were employed as reinforcement into an alumin-
ium alloy (A3003), and the resulting composite was
fabricated through FSP. However, not much studies
have been examined by the effects of multiple passes
FSP (2, 4, and 6 passes) among the mechanical,
microstructure and tribological properties (e.g. tensile
strength, microhardness and erosion-corrosion) of
processed surface composites reinforced with tungsten
carbide particles. 

2. MATERIALS AND METHODS

Commercially, available uncontaminated sheets of
the aluminum alloy (A3003) were cut into rectangles
180 mm long, 120 mm wide, and 6 mm thick, as
revealed in Fig. 1a. The elemental composition of
A3003 is revealed in Table-1. Commercially available,
analytical grade WC reinforcement powder (purity =
99.9%) shown in Fig. 2 was used in this study.

To introduce the WC particles into the aluminum
alloy (A3003), grooves of the same depth and a width
of 3 mm were carved. The grooves ended along the
longitudinal path of the alloying plate, in which the
WC particles were placed and crushed. The alumin-
ium sheet and pre-placed WC particles were fixed on a
supporting aluminum plate for the duration of FSP.
To escape the putout of reinforcement particles at time
of FSP, the grooves were covered with a smooth coni-
cal f lat shoulder. The processing was carried out using
a numerically-controlled milling machine through the
friction stir processing tool of the WC, by a shoulder
diameter of 20 mm, conical unthreaded pin root
diameter of 8 mm, tip diameter of 6 mm, length of
5 mm and tilt angle of 0°. For development defect-free
surface, the tool rotation speed and the linear speed
were set as 800 rpm and 40 mm/min, respectively.

The pin was moved along the same line in the dif-
ferent passes during FSP. After each pass, the work
pieces were cooled at room temperature before the
next pass. The fabrication of the surface composite is
schematically summarised in Fig. 3. The shape and
grooves were varied to obtain an adequate volume of
reinforcement particles in the processed zone. Herein,
the theoretical volume fraction of WC powder in the
groove was calculated with the following expression to
be about 36 vol % [26]:
Y OF SURFACES  Vol. 56  No. 5  2020
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Fig. 1. Schematic drawing of (a) the process of FSP in stir zone and (b) tensile testing sample.
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Fig. 2. FE-SEM image of micro tungsten carbide powder.
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where Vt is the theoretical volume ratio, Ag is the area
of the groove, and At is the area of the tool pin.

The fabricated surface at different FSP-passes were
observed by field emission scanning electron micros-
copy (FE-SEM), and energy dispersive X-ray micro-
analysis. The measurement of the grain size of the base
metal and processed zone (with or without FSP) was
carried out by the linear intercept method with prop-
erly polished and etched with Keller’s reagent. The
governing phases, which showed that a WC particle-
reinforced surface composite was achieved, were
observed by X-ray diffraction (XRD).

The tensile samples were prepared consistent with
the ASTM norms (E8/E8M-11) to the necessary
dimensions. The sample dimensions are revealed in
Fig. 1b. Microhardness observation were made along
the cross-section of the hunk (nugget) area of pro-
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cessed samples (10 × 5 × 3 mm) with an HMV-G21
tester with a 200 g load for 20 s.

3. RESULTS AND DISCUSSION
The preliminary analysis of the microstructure and

chemical description suggests to enhances the FSP
and classify reaction products by the side of
WC/A3003 boundaries (interface). The mechanical
properties (tensile strength, microhardness) and the
fracture surface analysis of the processed surface com-
posites with different numbers of passes are sum-
marised in details in Fig. 3. The effect of different FSP
passes among microstructural and enhanced mechan-
ical properties of the processed surface reinforced with
WC micro particles is discussed.

3.1. X-ray Diffraction Analysis
XRD analysis was employed to determine the pres-

ence of current stages in the 6-pass processed surface
 CHEMISTRY OF SURFACES  Vol. 56  No. 5  2020
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Fig. 3. Schematic synthesis processes of A3003 alloy composites through FSP technique.

WC

Al alloy (A3003)

Making groove on surface of Al alloy plate By WC tool

Groove fill by reinforcement

Groove covered through pin less tool

Multi-Passes FSPed through (WC) pin tool

Developed surface composite

Several passes with 

constant rotational 

and transvers speed

Characterizations
Mechanical testing

Tensile test Microhardness test

Facture analysisEDXMA XRD FE-SEM
composite, and the spectra are shown in Fig. 4. The

peaks of tungsten carbide (WC) and A3003 are evi-

dently observed, while no peaks of the WC/A3003

intermetallic and tungsten oxides are present. The

absence of a matrix interface and tungsten oxides is

accredited to the comparatively low (450°) processing

temperature. Moreover, an intermetallic and tungsten

oxides are not formed during the 2 and 4-pass process-

ing for of the smaller thermal exposure and heat input.

It was testified that the maximum (650°) temperature

of the processed zone of various aluminum alloys

during FSP was varying with 0.5 to 0.8 Tm [27], corre-

sponding to 0.14–0.21 Tm for WC, which was stimulate

to diffusion bonding of WC particles into the matrix.
PROTECTION OF METALS AND PHYSICAL CHEMISTR

Fig. 4. XRD spectrum of base metal and 6-pass composite
view of Bragg angle between (39° ≤ 2θ ≤ 40°).
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In adding, X-ray diffraction cannot be applied to
detect phases present at a low concentration.

3.2. Microstructural Analysis

The FE-SEM micro images (properly polished and
etched with suitable etchant) of the processed surface
composites fabricated with different numbers of passes
are shown in Figs. 5a–5c. Figure 5a shows the pres-
ence of WC clusters after 2 passes, and a smaller vol-
ume of A3003 is occupied with clusters of tungsten
carbide particles. There are two causes for this
behaviour: first, when the WC particles fill the devel-
oped groove, the pressure (WC powder) brings the
contact surface and cold joint together. Secondly, a
large residual strain index and stress of the aluminium
alloy plate is formed owing to the softening of the
material, which is caused by the poor plastic f low
during FSP on acquired aluminium and aluminum
alloys. The particle size of the tungsten carbide clus-
ters decreases significantly with increase the number
FSP passes. As exposed in Fig. 5b, less amount of WC
particles are clusters as detected over the 4-pass FSP
processed surface, whereas a much more uniform dis-
tribution of WC particles are observed after 6-pass
FSP surface composite compared to the 2- and 4-pass
samples, as seen in Fig. 5c.

This uniformity is attributed to the accumulation of
plastic strain and repeated thermal effect, plastic dis-
tortion, and mixing in the stir zone. However, did not
observe changes in the grain size of the reinforcement
particles after increasing the number of FSP passes
Y OF SURFACES  Vol. 56  No. 5  2020
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Fig. 5. FE-SEM images of FSP composite (a) 2-pass; (b) 4-pass and (c) 6-pass.
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[28]. Moreover, showed that the ceramic particle size
and morphology may change during energetic stirring,
and several plastic strains may cause fracture, which is
related to the smaller size of the WC powder particles
[29]. Therefore, the FE-SEM micrographs of the fab-
ricated composites reveal the absence of WC particles
during all the steps of polishing, and a WC/A3003
interface was effectively developed. Moreover, the
uniformity of the microstructure after 6 passes con-
firms the effectiveness of the FSP. The grain boundary
between the WC/A3003 particles matrix on higher
magnification is revealed in Fig. 7.

The WC/A3003 interface shows excellent interfa-
cial integrity as no micropores are observed because
the plastically stretched A3003 melts the entire stirred
surface of the WC particles. As a result, micro holes
and contact bonding does not occur at the WC/A3003
interface. Furthermore, the FE-SEM images of the
6-pass processed surface composites show bright
matrix (stir zone) interfaces and no noticeable forma-
tion of coating. A high interfacial performance is
achieved due to the absence of brittle components in
the matrix, thus improving the strength and ductility
of the fabricated surface composites.
PROTECTION OF METALS AND PHYSICAL
To govern the dispersion of adjacent particles
(WC/A3003) at the interface, the matrix examination
and map scanning of the contact zone of the 6-pass
FSP WC/A3003 composite were carried out. Figure 6
shows the crossing point of the FE-SEM image and
the equivalent line scan detection of the EDXMA
analysis of the WC/A3003 surface composite. The
EDXMA results in Fig. 6b correspond to the red arrow
across the WC particle in Fig. 6a and show the occur-
rence of a dispersion layer at the WC/A3003 interface
containing a solidus solution instead of a matrix inter-
metallic.

The interface distribution layer consists of a solid
solution metallurgically bonded to the tungsten car-
bide/A3003 interfacial line, which successfully toler-
ates the load to transmission from stronger WC parti-
cles through plastically distortion into matrix. Hence,
superior strength and better ductility may arise in FSP
matrix. As per interface structural analysis, better sol-
ubility of WC into A3003 may occur in the examined
temperature range of FSP. It was suggested that
Hume–Rothery guidelines state that for excellent sol-
ubility two different metals at sensible heat, the metal-
lic ranges of the materials f luctuate up to 17% and
 CHEMISTRY OF SURFACES  Vol. 56  No. 5  2020
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Fig. 6. Fabricated surface composite (A3003) interface of 6-pass FSP (a) FE-SEM image and (b) main elemental profiles in inter-
face by EDXMA.
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Fig. 7. FE-SEM micrograph after 6-pass friction stirred composite and grain refinement measurement.
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change in the electronegativity of elements is con-
tained by 0.5 [30–33]. The EDXMA image of the ele-
mental profile of the base metal and as-modified sur-
face composite (WC/A3003) are shown in Fig. 6b.
The developed surface composite was experimentally
predicted that the volume of the aluminum alloy (soft)
element is larger than that of the WC particles (hard)
diffused in the aluminum alloy matrix [34]. Specifi-
cally, the higher dispersion energy of WC arises from
its extremely high melting point due to the higher dis-
persion percentage of aluminum alloy than tungsten
carbide [35–37]. The FE-SEM images of the A3003
alloy and the WC-reinforced surface composite fabri-
cated through multi-pass processed composite. The
extruded microstructure with long, coarse grains in
the cast alloying elements, microstructure of the 6-
pass stirred composites and grains refinement shown
in Fig. 7. Subsequently, compared to the alloy, upon
adding WC particles, the grain size is reduced to 15 μm
after 2 passes.
PROTECTION OF METALS AND PHYSICAL CHEMISTR
Due to plastic deformation and thermal effects
increase the temperature of the materials in the stir
zone via the rotating tool [38]. The FSP passes
increases from 2 to 4 to 6, the grain-size in the stirred
zone decreases from 5 to 1.5 to 1.2 μm, respectively.
This observation moderately differs from the conclu-
sions drawn from previous investigations stating that
the FSP variables lead for uniform grains into Al-
alloys matrix [39, 40]. Also, it was found that increas-
ing of FSP passes decreases the amount of stirred WC,
and the WC particles were circulated between matrix.
The uniform distribution of the reinforcement parti-
cles allows for the fine-tuning of grains due to the
sticking effect at the interface [41]. Secondly, the
excellent spreading of WC microparticles reached after
several processed passes increases with new nucleation
locations and thus decreases the grains. Thirdly, indi-
vidual FSP passes refine ounce but also develop the
number of WC/A3003 interfaces due to good WC dis-
persion. Therefore, upon increasing the grain bound-
Y OF SURFACES  Vol. 56  No. 5  2020
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Fig. 8. Strain index of tensile test (a) base metal (A3003), and processed composite with different passes; (b) 2-pass; (c) 4-pass;
(d) 6-pass.
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aries of the WC/A3003 matrix, the enhanced interrup-
tion density increases the spontaneous formation of
low angle sub-grains interfaces at the high stacking
energy fault of A3003 for higher grain refinement into
matrix.

However, there are no specious changes in grain
size into stir zone of the aluminum alloy without WC
particles. In the presence of WC particles in the stir
zone, the particle size of the A3003 surface composite
should decrease with increase of FSP passes.

3.3. Mechanical Characteristics
3.3.1. Tensile property. The specimens were sub-

jected to the tensile test until fracture. The develop-
ment of necking is apparent in the A3003 and 6-pass
surface composite, as seen in Figs. 8a–8d, whereas
there is no apparent mark on the necking of the 2-pass
and 4-pass surface composites. Figure 9 shows the
engineering stress-strain curves (in the stir zone) of
the casted A3003 and the surface composites pro-
cessed with multiple passes. The tensile strength of the
processed composites is listed in Table 2. The ultimate
tensile strength (UTS) at 0.2% proof stress increases
with the number of FSP passes.

The enhanced tensile strength may be explained as
follows. First, the tensile strength of A3003 increases
PROTECTION OF METALS AND PHYSICAL
with decrease in grain size due to the fine-grained

strengthening (Hall–Patch equation). Dislocations

will develop throughout the fine-grain structure

during alloying owing to the different crystal orders of

adjacent grains. Hence, the directions of crystal of the

dislocations may change. Secondly, the development

of geometrically (structural) essential dislocations

could be delay [47], and the stress of the additional

thermal expansion dislocation strengthens the WC
 CHEMISTRY OF SURFACES  Vol. 56  No. 5  2020
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Fig. 10. Tensile fracto-graphs of (a) base metal (A3003) and FSPed composite (b) 2-pass; (c) 4-pass; (d) 6-pass at different passes.
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grains. The geometrical dislocations are produced at

the attached atoms interfaces owing to incompatibility

for thermal expansion of the matrix and WC particles

[49, 50]. Therefore, large variations in the thermal

coefficient of the A3003 matrix (23.2 × 10–6/°C) and

WC particles (5.2 × 10−6/°C) lead to the development

of geometrical dislocations. The tungsten carbide par-

ticles are distributed more uniformly into the stir zone

with increase in the number of FSP passes. Hence, the

strength is also improved with increase in the number

of FSP passes. Specifically, the strength of the matrix

is improved via the reinforcing WC grains. Few signif-

icant properties such as ductility after compilations of
PROTECTION OF METALS AND PHYSICAL CHEMISTR

Table 2. Tensile properties of the A3003 and FSP compos-
ites with different passes

Material 0.2% proof stress, MPa UTS, MPa Elongation, %

A3003 46.80 94.52 35.45

2-pass 74.79 116.83 14.51

4-pass 86.45 128.47 21.23

6-pass 91.50 143.10 30.15
6-pass FSP (30%) at the same time reserved with alu-
minium cast-alloy (A3003; 35%).

This behaviour is different than that of a carbide-
reinforced matrix, in which a markedly enhanced
strength is associated with a strictly declining ductility.
It was showed that an Al–4.5 Cu matrix reinforced
with 5 vol% TiB2 exhibited better yield stress (122

MPa) and only 6.5% elongation. Strong interfacial
bonding of the A3003 matrix with the WC particles is
achieved after 6 passes, as exposed in Fig. 5c. How-
ever, for smaller number of passes, the ductile elonga-
tion to rupture is considerably lower when the strength
was improved. FE-SEM images of the tensile fracture
of aluminum alloy (A3003) and composites processed
with multi-passes are shown in Fig. 10. Deep pits and
trim edges are witnessed on rupture surface of A3003
that designate typically ductile fissure that stops the
nucleation mechanism of cracks as revealed in Fig.
10a. In addition, the same type of failure occurs after
multiple passes, as shown in Figs. 10b–10d. However,
the formed pits with WC particles specify the influ-
ence of WC particles on the f lexibility of the disorders,
confirming the excellent interfacial bonding into the
developed matrix. Hence, the combination of good
Y OF SURFACES  Vol. 56  No. 5  2020
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Fig. 11. Microhardness values of FSP composite at different passes (2, 4 and 6 pass).
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ductility and higher strength is achieved in the 6-pass
stirred surface.

3.3.2. Microhardness measurement. The observed
microhardness of the processed surface is shown in
Fig. 11. The hardness of the processed surface com-
posites is higher than the cast aluminum alloy (~35 HV).
The average microhardness of the developed composites
increases with increase of FSP passes, reaching ~91.5 HV
for the 6-pass FSP composite. The significant
increased microhardness may be credited to (i) the
WC distribution mechanism and (ii) the Hall–Petch
consolidation mechanism due to ultra-fine grain of
developed A3003/WC matrix. This results in the
development of interruptions owing to thermal coeffi-
cient difference of WC particles and the new matrix.
Furthermore, the increasing number of FSP passes
leads to uniform distribution of microhardness, which
may be ascribed to the excellent distribution of the WC
particles with increases processing passes.

4. CONCLUSIONS

This research, a new developed surface composite
(WC/A3003) was successfully fabricated through
multi FSP passes. The microstructural, interfacial-
bonding analysis and microhardness, and tensile
behaviour of the developed composites as well as the
effect of the various passes were summarised system-
atically. As the FSP passes increases dispersion of WC
particles was improved, suggestively reducing the size
of the tungsten carbide reinforcement particles in the
matrix. As a result, several plastic deformations via
fraternisation occurred because of the repeated ther-
mal exposure and accumulated plastic strain. After
6-passes, the WC/A3003 composite does not contain
tungsten oxide. The solid solution between the matrix
and the grains with exceptional metallurgical bonding
is entirely changed into fine grains with increase the
PROTECTION OF METALS AND PHYSICAL
FSP passes. A ductility (% elongation), tensile
strength, and microhardness of 30%, 143 MPa, and
91.5 HV, respectively, were achieved after 6 passes.
Consequently, the detailed description of the surface
composite developed with multiple FSP passes pro-
vided interesting and useful outcomes for further
applications.
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