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Obtaining high-quality AA6061-T6 weldment is difficult because of the dissolution of its strengthening
precipitates at temperatures beyond 250�C. In this work, the surface quality, mechanical and wear
properties of AA6061-T6 friction stir welded joints at varying SiC addition (0.56-1.72 g) and number of
weld passes (1-6) were investigated and discussed. SiC content was varied by changing the center groove
width (CGW). Also, microstructure analysis of the entire welded joints was performed. For the first time, a
process map predicting the surface characteristics of SiC reinforced AA6061-T6 friction stir welded joint at
varying combinations of CGW and number of weld passes was developed. Increasing the number of passes
resulted in better matrix refinement, particles fragmentation and improved particles distribution while
increase in SiC content produced particles clustering and lower particles fragmentation. All the reinforced
joints showed higher hardness but lower ductility than the unreinforced joint. Only joints reinforced with
0.56 g SiC showed improved tensile strength than the unreinforced joint (156 MPa) with the highest value of
�196 MPa (67% of the base metal) obtained at 4 weld passes. Increased hardness and tensile strength
obtained as the weld passes increased from 2 to 4 was traced to better grain refinement, improved particles
distribution and fragmentation. However, slight reduction in these properties at 6 passes was observed.
Ductile fracture mode was found in all the joints except for joints reinforced with 1.01-1.72 g of SiC that
showed evidence of brittle fracture. The specific wear rates of the entire reinforced joints are lower than
that of the unreinforced joint. The weldment formed with 0.56 g SiC addition at 4 weld passes exhibited the
best combination of properties among the entire weldments.
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1. Introduction

A precipitation hardened AA 6061 (i.e., AA 6061-T6) is
now widely being applied for manufacturing wheel rims,
engine chases and car frames in automotive industry, wings and
fuselages in aerospace industry and some structural compo-
nents in the marine and railway industries (Ref 1, 2). These are
due to some unique properties of this aluminum alloy such as
high strength to weight ratio, excellent corrosion resistance,
high toughness, good ductility and low cost (Ref 3). In the

process of fabricating large-sized aluminum components,
friction stir welding is currently the most suitable joining
method because the joint quality is not limited by the high
thermal conductivity, high reflectivity (Ref 4) and surface oxide
layer formation (Ref 5) that characterise aluminum alloys.
However, the dissolution of the strengthening precipitate (b’’-
Mg5Si6) at the welded joint is an issue of concern peculiar to
welding of AA 6061-T6 (Ref 6). As a result, mechanical and
wear resistance properties at the joint are inferior compared to
the other parts of the weldment. In order to overcome this
challenge, several efforts including optimisation of the process
parameters (Ref 7), post-heat treatment of the weldment (Ref 8)
and addition of reinforcement particles at the joint to form
metal matrix composites (MMCs) (Ref 9) have been tried.

Among these, addition of reinforcement is increasingly
receiving attention because of the availability of the reinforce-
ment particles. Several reinforcement particles including
ceramics (SiC, Al2O3, WC, B4C) (Ref 10, 11), agricultural
waste products (rice husk, cow horn, fly ash) (Ref 12, 13),
carbonaceous particles (graphite, carbon nanotubes and gra-
phene) (Ref 14) and metal chips (Cu, stainless steels) (Ref 15,
16) have been tried and yielded obvious improvement in the
joint quality. For example, Khojastehnezhad and Pourasl (Ref
17) investigated the microstructure and mechanical properties
of AA 6061-T6 reinforced with and without Cu plate insert.
Defect-free weldments were obtained at a rotational speed of
950 rpm and traverse speed of 50 mm min � 1. Weldments with
the Cu plate insert showed higher hardness and tensile strength
due to higher dislocation density and strong metallurgical
bonding between the Al matrix and Cu insert. Effects of SiC
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addition on the microstructure and mechanical properties of the
friction stir processed AA 6061-T4, using double tool passes,
have been investigated by Choi et al. (Ref 18). Better grain
refinement was achieved with the SiC addition producing
harder surface (75 HV) than the surface without reinforcement
(55 HV).

It has been established that the quality of the metal matrix
composite joints is influenced by some factors such as type,
size, shape and volume of reinforcement particles in the matrix
(Ref 19). Other factors include particles distribution homo-
geneity, degree of aluminum matrix grain refinement and
particles fragmentation which can be controlled by the number
of weld passes. Compared with SiC and Al2O3, B4C reinforced
AA 6061-T6 friction stir welded joint has been found to have
highest hardness, while SiC addition showed the lowest wear
rate (Ref 20). Likewise, Sahraeinejad et al. (Ref 21) investi-
gated the mechanical properties of the AA 5059 surface that
was reinforced with SiC, Al2O3, B4C particles using friction stir
processing technique. B4C reinforced surface showed the
highest hardness because of the inherent high hardness of
B4C. Nanoparticle�s additions have been established to yield
better mechanical and wear resistance properties than the
micro-particles additions in the MMC joints (Ref 22, 23).
Increasing the number of friction stir processing passes has
been reported to increase the mechanical and corrosion
properties of Zircon reinforced AA 5052 composite (Ref 24).
So far, single and double weld passes are usually applied during
FSWof AA 6061-T6 so as to control the extent of the softening
effect (i.e., dissolution of strengthening precipitates) at the
joint.

Till date, the mechanical and wear performances of the AA
6061-T6 and other heat-treated aluminum alloy have not been
investigated under different weld passes (2-6) and reinforce-
ment contents. The reinforcement content can be changed by
varying the width of the center groove created in the workpiece.
Though the center groove width has been established to be
critical to producing high-quality friction stir welded joint
(reinforced) (Ref 25), the surface characteristics of the joints
under different weld passes and center groove widths have also
not been analyzed in the past. In this work, FSW of SiC
reinforced AA 6061-T6 was carried out at optimised process
parameters. The surface quality, microstructure, mechanical and
tribological properties of welded joints were investigated at
varying reinforcement contents and weld passes. A process map
predicting the visual surface characteristics of the SiC rein-
forced AA 6061-T6 joints at varying SiC contents and weld
passes was developed.

2. Materials and Methods

2.1 Materials Preparation and Welding Process

As-received AA 6061-T6 rolled sheet (i.e., base metal) was
machined to 18 plates, each of dimension 100 9 50 9 6 mm
(L9 B 9 H). The chemical composition (wt.%) of the AA
6061-T6 is Al, 98.08; Mg, 0.51; Si, 0.63; Zn, 0.06; Cr, 0.06;
Mn, 0.02; Fe, 0.30; Ni, 0.02; Cu, 0.31; Ga, 0.01. The plates
were temporarily joined together in pairs and machined at the
center so as to produce nine samples with different center
groove profiles, as detailed in Table 2. Thereafter, the grooves
were filled with SiC particles (average size of 6 lm) and later

closed by passing a rotating pinless friction stir tool over them.
This was done so as to prevent sputtering of the SiC particles
during friction stir welding (FSW) process. The average mass
(g) and volume of the SiC powder contained in each groove are
given in Table 1. Figure 1 presents the scanning electron
micrographs and XRD spectrum of the SiC utilised in this
work.

Each sample was friction stir welded producing a total of
nine weldments. A tapered pin tool made with high speed steel
was used. The tool shoulder is of diameter 20 mm while the
tool pin is of length 4.5 mm and diameter 4 mm at the tip.
Based on the findings from the previous work of the authors
Ref 26, the entire welding process was performed at tool
rotational speed of 850 rpm, traverse speed of 45 mm min-1 and
tilt angle of 2.5�. The welding was performed along the center
groove with about 1 mm offset to the retreating side (RS) so as
to improve material flow to the RS. As detailed in Table 1, the
number of FSW passes utilised ranged from 2 to 6 for each
average mass of SiC added with a minimum time-gap of �7
min in between two successive passes. All welding passes were
along the same direction in order to enhance even distribution
of the reinforcement particles. Following similar procedures,
FSW of AA 606-T6 without reinforcement was also performed
so as to serve as a reference.

2.2 Microstructure Analysis

Samples of dimension 20 9 10 9 6 mm were transversely
cut from the friction stir welded joints (FSWJs). The cross-
sectioned surfaces were cleaned, ground and polished to 0.3 lm
surface finish. The surfaces were later etched using modified
Poulton�s reagent (50 ml Poulton�s reagent + 25 ml HNO3 + 1
ml HF + 1 ml H2O) for about 5-7 s. Thereafter, the grain
structure and grain size of the samples (i.e., welded joints) were
examined using Xoptron optical microscope (X-80 series)
equipped with digital microscope image analyzer. The rein-
forcement particles distribution and Si composition (wt.%) in
each joint after FSW were determined using a combination of
scanning electron microscopy (SEM) and energy-dispersive x-
ray spectroscopy (EDX). The difference between the Si
composition in each joint and in the as-received aluminum
alloy (i.e., base metal) was used to estimate the amount of SiC
retained in the joint after the FSW. The SiC size in each FSW
joint was determined using an image J processing software and
analyzing at least three SEM images taken at the top, middle
and bottom regions of the stir zone.

2.3 Mechanical and Wear Tests

Vickers micro-hardness measurements of the FSWJs and the
base metal were performed along and across the cross-sectioned
surface of the joints by using 300 gF load for a dwell time of 10
s. A minimum spacing of about 1.5 mm was allowed in
between two successive indentations so as improve the
reliability of the results obtained. Tensile tests were done using
Instron universal testing machine at a constant cross-head of 0.5
mm min�1. Three tensile specimens (cut across the joint) were
prepared from each weldment following ASTM E8/E8M-13.
The average of the results obtained from the three specimens
represents the tensile properties of the weldment. The base
metal specimens were also prepared and tested following
similar standard.

Wear tests were performed on the friction stir welded and
base metal surfaces using pin-on-disk methods. The tests were
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performed at room temperature using 20 N and 50 N loads,
varying sliding distance (200-1000 m), sliding speed of 0.3 m
s�1 and disk speed of 48 rpm. The utilised disk (Ø = 120 mm)
is made of hardened EN-31 carbon steel of hardness 62 HRC.
The weight in gram of the sample before and after each test run
was measured and recorded. The volume loss in mm3 (VL) was
calculated by VL ¼ WL � 1000ð Þ=‘ where WL is the weight
loss in g and ‘ in is the density of each sample in g.cm-3. The
specific wear rate (SWR) in mm3 N�1 m�1 of each sample was
determined using SWR ¼ VL= Sd � Lð Þ where L is the applied
load in N and Sd is the sliding distance in m . The friction
coefficient was recorded automatically by the wear testing
machine. The worn surfaces of the samples were analyzed
using SEM.

3. Results and Discussion

3.1 Visual Surface Characteristics of the Weld Joints

Visual observation of the FSWJs revealed that their bonding
strength and surface quality varied as the center groove width
(CGW) and number of weld passes changed. The weld joints
produced at varying CGWs (1.5-3.5 mm) with increasing
number of weld passes (1-6) were classified into three, as
presented in the process map shown in Fig. 2. The three joints
visual characteristics, as shown in Fig. 3, are (i) smooth and
strongly bonded joint with no visible surface defect, (ii) rough
and weakly bonded joint characterised with discontinuous
tunnels at the surface and (iii) poorly bonded joint characterised
with continuous tunnels at the surface. The process map

presented in Fig. 2 is valid for SiC reinforced AA 6061-T6
FSWJ under optimal parameter settings of 850 rpm rotational
speed, 45 mm min�1 traverse speed and 2.5� tilt angle. The tool
pin is tapered with 4 mm diameter at the tip. Figure 3 presents
the typical examples of FSWJs produced for each CGW as the
number of weld passes increased. As shown in Fig. 3a, smooth
and strongly bonded FSWJs with no visible surface defects

Table 1 Processing conditions for the friction stir welding

Samples Groove size, mm Mean mass of SiC added, g Mean volume of SiC added, mm3 Number of weld passes

A1 95 9 1.5 9 4.5 (L 9 W 9 H) 0.56 176 2
A2 4
A3 6
B1 95 9 2.5 9 4.5 1.01 312 2
B2 4
B3 6
C1 95 9 3.5 9 4.5 1.72 535 2
C2 4
C3 6

Fig. 1 (a) SEM image showing SiC particles size and shape, (b) XRD spectrum of the as-received SiC particles

Fig. 2 A process map showing SiC-reinforced AA 6061-T6 friction
stir welded joints visual characteristics at different center groove
width with increasing weld passes. (Rotation speed of 850 rpm,
traverse speed of 45 mm min-1, tool tilt angle of 2.5�C, tapered tool
pin diameter of 4 mm at the tip)
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were produced when the CGW was 1.5 mm for the number of
weld passes ranging from 1 to 6. This joint characteristic is
considered ideal for the FSW of SiC reinforced AA 6061-T6
because no visible defects were found on the surface and strong
bonding is observed at the joint. This was found possible
because the CGW was relatively small and the volume of
reinforcement is also small. Therefore, sufficient volume of
aluminum alloy (i.e., matrix) was plasticised hence, the material
flow was efficient. Also, the volume of reinforcement added
was not sufficient enough to hinder the stirring and flow of
plasticised aluminum alloy. As a result, defect-free and strongly
bonded joints with smooth surface were produced with 1.5 mm
CGW. Similar observation was found by Bodaghi and Dehgani
(Ref 27) when the CGW was set below 2 mm during FSW of
AA 5052 with SiC nanoparticles addition. The surface
smoothness was observed to improve as the number of weld
passes increased because the process temperature increased
with increasing the weld passes (Ref 28). This invariably
increased the matrix material plasticity hence, enhanced matrix
material flowability which resulted in drawing of more
aluminum alloy to the stir zone.

At 2.5 mm CGW, ideal joint characteristic was obtained
with single and double weld passes only. Rough and weakly
bonded FSWJs characterised with discontinuous tunnels at the
surface were obtained with 3 and 4 weld passes, while poorly
bonded FSWJs characterised with continuous tunnels along the
weld center were found when the number of weld passes was 5
and 6. Generally, increasing the CGW while keeping other
conditions fixed implies that the volume of reinforcement
added increased, whereas the matrix (i.e., the aluminum alloy)
volume reduced in the stir zone. This is believed to have
hindered the stirring action and matrix material flowability
during FSW process. Ideal joint characteristics obtained with 1
and 2 weld passes suggest that the sufficient matrix alloy
flowed into SZ and stirring of this volume of material was
sufficient to give proper bonding. Hence, no visible defects
were observed. At 3 weld passes and beyond, the process
temperature increased but continuous drawing of matrix alloy
into the SZ was difficult due to large CGW. As a result, re-
stirring of the materials already contained in SZ (which has
high content of reinforcement particles) largely occurred. Due
to this, defects such as tunnel and poor surface quality were
initiated.

At 3.5 CGW, the amount of matrix alloy that was being
stirred was insufficient. Therefore, stirring of reinforcement
particles largely occurred and proper bonding did not occur.

Therefore, no joint with ideal characteristic was produced, at
3.5 CGW, for all the number of weld passes (1-6) utilised in this
work. Finally, it can be inferred from this process map that
smooth and strongly bonded SiC particles reinforced AA 6061-
T6 FSWJs with no visible surface defect can be obtained when
the CGW is 1.5 mm for 1 to 6 passes. This can also be achieved
for up to double passes when the center groove width is 2.5
mm. Outside this condition, it is practically difficult to obtain
smooth reinforced FSWJ without any visible surface defect.

3.2 Microstructure Analysis

Microstructure analysis was carried on some samples cut
from the surface defect-free joints. Samples A1, A2 and A3
were obtained from the defect-free joints produced with 1.5 mm
CGW at 2, 4 and 6 weld passes, respectively. As previously
presented in Table 2, the mass of SiC added in these joints is
average of 0.56 g. In order to investigate the effect of varying
SiC contents, samples A1, B1 and C1 were also cut from the
middle of the joints formed with 1.5 mm, 2.5 mm and 3.5 mm
CGW, respectively. The number of weld pass was fixed at 2.
Though sample C1 (3.5 mm groove width) was not defect-free
(base on visual observation of the weld surface), it was added
so as to show trend during the investigation. The mass of the
reinforcement in the samples A1, B1 and C1 is average of 0.56
g, 1.01 g and 1.72 g, respectively.

Figure 4 shows the secondary electron (SE) mode scanning
electron micrographs of the core of the stir zone of the samples.
Though it was previously established that more reinforcement
particles are pushed out of the groove as the CGW becomes
wider during FSW (Ref 25), the results obtained in this current
work reveals that more particles were retained in the FSWJ as
the CGW increased. This is partly due to increased volume of
SiC added at wider CGW. Also, the sealing of the groove after
particles addition by passing pinless tool over the groove also
prevented excessive sputtering of the particles during the FSW.

This observation was further established by conducting
EDX area scan (200 9200 lm) analysis randomly at three
different regions within the SZ. The average of the results of the
EDX analysis for each sample is presented in Table 2. The
amount of the retained SiC particles in each sample was
estimated by determining the average composition of Si (wt.%)
in the SZ. The composition of Si in the as-received AA 6061-
T6 has been previously given as 0.63 wt.% (see Table 1). Any
increase in the Si composition is evidence of retained SiC
particles in the welded joint. Carbon was not quantified because

Fig. 3 Typical examples of the visual characteristics of the SiC-reinforced AA 6061-T6 friction stir welded joints (a) smooth and strongly
bonded joint with no visible surface defect, (b) rough and weakly bonded joint characterised with discontinuous tunnels at the surface and (c)
poorly bonded joint characterised with long continuous tunnels along the weld center
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of the limitation of the SEM/EDX technique to accurately
quantify it. As seen in Table 2, sample C1 (3.5 mm CGW with
�1.72 g SiC added) has an average of 47.5 ± 2.6 wt.%
composition of Si, while sample B1 (2.5 mm CGW with �1.01
g SiC added) has an average of 32.8 ± 1.5 wt.%. Sample A1
with 0.56 g added SiC (1.5 mm CGW) has an average of 9.4 ±
0.3 wt.% Si composition in the SZ. This result confirms the fact
that the amount of retained SiC in the FSWJ increased as the
CGW increased (due to increased SiC particles initially added)
during FSW increased.

On the other hand, increasing the number of weld passes (in
samples A1-A3) was observed to result in more homogenous
SiC particles distribution and higher volume of smaller
particles. The higher number of particles found in joints formed
at higher number of weld passes, as clearly observed in Fig. 4b-
d, is due to fragmentation of the added SiC particles into
smaller sizes during FSW. The average size of the SiC particles
retained in each joints was measured, and the results are
presented in Table 3. The average particles size decreased (5.5-
4.3 lm) with decrease in the mass of SiC added (1.72-0.56 g).
The reason for this is that tool stirring was increasingly being
hindered as the amount of reinforcement in the joint increased.
Hence, lower degree of fragmentation occurred. Fragmentation

phenomenon caused the breaking of bigger SiC particles into
smaller sizes. More significantly, the particles size decreased
(4.3-2.2 g) with increasing the number of weld passes. This is
evidence that higher SiC particles fragmentation occurred as the
weld passes increased from 2 to 6 (Ref 29).

Optical micrographs revealing the grain structure of the
base metal and the stir zones of the unreinforced and some
selected reinforced FSWJs are presented in Fig. 5. As
presented in Table 3, substantial grain refinement occurred
during the friction stir welding because the average grain
size in the SZ of the unreinforced joint (� 19 lm) was
significantly lower than that in the base metal (� 143 lm).
This was due to severe plastic deformation causing dynamic
recrystallisation in the SZ (Ref 24). Much smaller grain sizes
found in the reinforced joints revealed that further aluminum
matrix refinement occurred with the SiC addition. This was
as a result of pinning effect hindering grain growth,
therefore, aiding nucleation of new grains (Ref 19). As seen
in Fig. 5c, e, respectively, clustering or agglomeration of the
particles was evident in sample C1 (1.72 g SiC, 2 passes)
and large particles-free regions were observed in sample A1
(0.56 g SiC, 2 passes).

Table 2 Elemental composition (wt.%) of the stir zones of the reinforced friction stir welded joints

Samples SiC content, g No of passes Mg, wt.% Al, wt.% Si, wt.%

C1 1.72 2 0.73 ± 0.1 51.77 ± 2.6 47.50 ± 2.6
B1 1.01 2 1.40 ± 0.1 65.85 ± 1.4 32.75 ± 1.5
A1 0.56 2 1.60 ± 0.3 89.03 ± 0.3 9.36 ± 0.3
A2 0.56 4 1.48 ± 0.1 92.38 ± 0.8 6.13 ± 0.8
A3 0.56 6 1.70 ± 0.2 90.27 ± 1.1 8.03 ± 0.5

Fig. 4 SEM (SE mode) images showing the SiC particle distribution and extent of fragmentation in the stir zones of some selected reinforced
joints
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3.3 Micro-Hardness

Figure 6 presents the hardness profile of the reinforced AA
6061-T6 joints at varying SiC contents and different number of
FSW passes. As revealed in Fig. 7a, b, the SZ of the entire
FWSed-joints exhibited higher hardness than the thermo-
mechanical affected zone (TMAZ). This is attributed to higher

concentration of the reinforcement particles in the SZ as
compared with the TMAZ. Also, increased plastic deformation
in the SZ is believed to have caused higher particles
fragmentation. Therefore, dynamic recrystallisation and pin-
ning effect (due to higher particles concentration) phenomena
causing enhanced grain refinement are more prominent in the

Table 3 Average sizes of the retained SiC and grains in the joint and base metal

Samples SiC content, g No of passes Average SiC particle size, lm Average grain size, lm

C1 1.72 2 5.5 ± 0.5 3.6 ± 0.8
B1 1.01 2 4.8 ± 0.5 5.1 ± 1.1
A1 0.56 2 4.3 ± 0.3 8.9 ± 1.6
A2 0.56 4 3.7 ± 0.4 7.8 ± 1.3
A3 0.56 6 2.2 ± 0.3 6.3 ± 1.5
Unreinforced joint … 2 … 19.1 ± 1.4
Base metal … … … 143.3 ± 11.3

Fig. 5 Optical micrographs of the (a) base metal and SZs of the (b) unreinforced and (c-f) some selected SiC-reinforced AA 6060-T6 friction
stir welded joints
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SZ [6, 19]. Consequently, the hardness is higher in the SZ.
Also, the hardness of the reinforced welded joints (SZ &
TMAZ) increased with increasing the SiC content. As the SiC
content increased from 0.56 g to 1.72 g, the SZ and TMAZ

hardness increased from 81.9 to 92.4 HV0.3 (12.8% increase)
and 71.2 to 84.6 HV0.3 (18.8% increase), respectively.

Increasing the number of weld passes from 2 to 4 (at 0.56 g
SiC content) resulted in about 7.7% rise in SZ hardness (81.9-
88.2 HV0.3), as presented in r. 7d. At 6 weld passes, the

Fig. 6 Hardness profiles of the SiC reinforced AA 6061-T6 at varying reinforcement contents and different weld passes

Fig. 7 Stress vs strain curves of the base metal and the friction stir welded joints
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hardness declined by 4.4% from 88.2 to 83.8 HV0.3. The
hardness of the TMAZ follows similar trend as the number of
weld passes increased from 2 to 6. The hardness of the
unreinforced FSWJ and the as-received AA 6061-T6 (base
metal) was found to be average of 65 ± 3.4 HV0.3 and 113 ±
2.3 HV0.3, respectively. This indicates that all the reinforced
FSWJs exhibited higher hardness than the unreinforced joint
but are closer to the base metal depending on the SiC content
and number of weld passes.

The significant reduction in the hardness of the unreinforced
FSWJ compared with the as-received metal has been previously
discovered to be due to the dissolution of strengthening
precipitates (b’’-Mg5Si6) in the microstructure of the AA 6061-
T6 (age hardened AA 6061) [6]. Improved hardness demon-
strated by all the reinforced joints is the direct result of the SiC
particle reinforcement. By increasing the number of weld
passes at fixed SiC addition, the increase observed from 2 to 4
passes is due to (i) enhanced fragmentation of the SiC particles
and (ii) better distribution of the particles as a result of
increased stirring. These two factors are adjudged to have
caused enhanced grain refinement due to higher degree of
dynamic recrystallisation and pinning effect [30]. Though
further heat generation due to increased number of passes (2-4)
is believed to have caused further dissolution of the strength-
ening precipitates, the increased hardness observed is a proof
that the positive effects of the increased fragmentation and
improved homogeneous particles distribution are more signif-
icant. However, the slight decline in hardness as the number of
passes increased from 4 to 6 could be attributed to the fact that
more heat was generated leading to further dissolution of the
remaining strengthening precipitates. The decline in hardness
shows that the softening effect due to the precipitate�s
dissolution is more significant than the effects of the increased
fragmentation and improved homogeneous particles distribu-
tion at this welding condition (Ref 1, 6, 31)

3.4 Tensile Properties

Figure 7 presents the stress vs strain curves obtained for the
base metal and the friction stir weldments during the tensile
test. The summary of the results presented in Fig. 7 is given in
Table 4. The as-received metal exhibited the best tensile
properties with ultimate tensile strength (UTS) of � 290 MPa,
yield strength (YS) of � 288 MPa and percentage elongation
(PE) of � 23.6%. The unreinforced weldment exhibited
significant reduction in the UTS (� 156 MPa) and YS (�150
MPa) which are about 46% and 48%, respectively. However, its
PE (�21.2%) is very much close to that of the base metal. The
decrease in UTS and YS can also be traced to the dissolution of
the strengthening precipitates during welding causing loss of
structural strengthening in the welded joint. The occurrence of
grain refinement in the unreinforced FSWJ showed no signif-

icant impact on the UTS. However, it is believed to have
positively influenced the ductility of the weldment since PE of
the unreinforced weldment is very close (�90%) to that of the
BM.

The results obtained for samples A1, B1 and C1 reveal the
effects of increasing SiC content and increasing CGW on the
tensile properties of the weldments. Sample C1 with CGW of
3.5 mm and SiC content of 1.72 g demonstrated the least tensile
properties (UTS = � 60 MPa, YS = � 58.3 MPa and PE = �
3.5%). This is even much lower than that of the unreinforced
weldment. However, as the CGW and SiC addition reduced to
1.5 mm and 0.56 g, respectively, in sample A1, the UTS
increased to �159 MPa, the YS increased to �152 MPa, while
the PE rose to about 9.8%. Even at this condition (0.56 g, 1.5
mm CGW, 2 passes), the PE (i.e., ductility) is still low. The
improvements in the UTS and YS were insignificant, as
compared with the unreinforced weldment.

Significantly poor tensile properties (strength and ductility)
exhibited by the sample C1 are first due to excessively large
CGW. The 3.5 mm CGW, as previously explained in Sect. 3.1,
produced weak joint with evidence of tunnels on the joint
surface. Areas around the tunnel are potential sites for fracture
initiation whenever the joint is under tension. Also, the high
content of SiC resulted in the clustering of the particles (see
Fig. 4). This is adjudged to have resulted in weaker cohesion
between the retained SiC and the aluminum matrix because
Jamalian et al. (Ref 29) have established that particle�s
agglomeration in composite joints reduces ceramic-matrix
cohesion. Finally, the overall fracture toughness of the entire
joint is believed to have decreased substantially because of the
high ceramics content. Generally, ceramic is known to be
extremely hard and brittle with high fracture tendency.
Therefore, increasing ceramic content will increase the fracture
propensity of a composite joint (Ref 20). Hence, weldment with
poor strength and ductility was formed. As the SiC and CGW
decreased, better joint characteristic is found and particles
clustering reduced. Hence, the UTS and YS were enhanced.

The �24% increase in the UTS, �22% upsurge in YS and
�18 % rise in PE demonstrated by the sample A2 (0.56 g, 1.5
mm CGW, 4 passes) over the sample A1 (0.56 g, 1.5 mm
CGW, 2 passes) can be traced to improved particles distribution
homogeneity, increased particles fragmentation and substantial
improvement in aluminum grain refinement. This is in agree-
ment with the finding of Rahsepar and Jarahimoghadam (Ref
24) during multi-pass friction stir processing of zircon-rein-
forced aluminum matrix composites. The increased stirring at 4
weld passes resulted in better particles distribution and higher
fragmentation of the SiC into smaller particles. Hence, higher
UTS, YS and PE were achieved. The slight decline in the UTS
and YS but increase in PE as the number of passes increased to
6 is an indication that the effects of the particles fragmentation

Table 4 Summary of the tensile test results

Samples Base metal
Unreinforced

joint
C1 (1.72 g, 2

passes)
B1 (1.01 g, 2

passes)
A1 (0.56 g, 2

passes)
A2 (0.56 g, 4

passes)
A3 (0.56 g, 6

passes)

Elongation (%) 23.6 ± 0.9 21.2 ± 1.0 3.4 ± 1.6 5.7 ± 2.8 9.8 ± 1.2 11.5 ± 2.3 12.1 ± 1.4
UTS (MPa) 290.3 ± 1.2 155.6 ± 2.2 59.5 ± 2.5 118 .3 ± 4.7 158.8 ± 3.2 196.8 ± 2.6 177.3 ± 3.1
Yield strength

(MPa)
288.4 ± 0.9 150.1 ± 1.8 58.3 ± 2.3 109.2 ± 3.1 152.3 ± 2.8 194.03 ± 1.8 174.6 ± 3.2
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and grain refinement were subdued by the increased softening
effect (i.e., loss of structural strengthening) at 6 weld passes.

Figure 8 reveals the fracture surfaces (SEM images) of the
base metal, unreinforced and reinforced weldments after tensile
test. Dimples or microvoids formation has been found as
indications for ductile fracture, while brittle fracture is often
identified by the presence of flat surfaces on the fracture
surfaces (Ref 32). The base metal and the unreinforced joint
(see Fig. 8a &b) were predominantly characterised by the
formation of small dimples. This justifies the high ductility (PE
of 21-24%) exhibited by the two samples. The fracture surface
of sample C1 (1.72 g SiC, 2 passes), as shown in Fig. 8c,
comprises of flat surfaces and some large dimples. This
indicates that the sample underwent brittle and ductile fractures.
The occurrence of brittle fracture explains the lowest tensile
strength and ductility demonstrated by this sample because
brittle fracture is often characterised with sudden failure of
specimen during tensile test. The occurrence of the brittle
fracture can be attributed to high SiC content resulting in
particles clustering/agglomeration and low degree of fragmen-
tation.

As the SiC content reduced to 0.56 g (sample A1 in
Fig. 8d), the occurrence of the flat surface reduced signif-
icantly and more dimples were formed. This was traced to
noticeable decrease in particles clustering and increased
particles fragmentation. This confirms the improved ductility
and strength observed as the SiC content reduced. As the
number of weld passes increased (see samples A1, A2 and
A3 in Fig 8 d-f), more dimples were formed, smaller dimples
emergence increased and the flat surface disappeared. This is
an indication that the ductile fracture increasingly occurred
and a confirmation for enhanced ductility as the number of
weld passes increased. The strength also improved (2-4
passes). This observation is consistent with the findings of
Paidar et al. (Ref 33).

3.5 Wear Analysis

The variations of volume loss with the sliding distance at 50
N load for some selected samples are presented in Fig. 9a. The
volume loss increased with increasing the sliding distance for
all samples. The unreinforced joint exhibited the largest amount
of material loss (�4.22 mm3) at 1000 m sliding distance
indicating the highest wear rate since volume loss is propor-
tional to the wear rate. This is due to the loss of structural
strengthening which is evident in its significant low hardness
(65 HV0.3) relative to the base metal (113 HV0.3).

Figure 9b and 8c presents the SWR of some selected at low
(20 N) and high load (50 N) conditions. The SWR followed
similar trends as the SiC content and number of weld passes
increased. However, the wear rate was higher at 50 N load, for
all samples, because of increased sliding pressure contact at
higher load condition. The unreinforced joint exhibited the
highest volume loss hence, highest wear rate under both
conditions. Improved wear resistance demonstrated by the
reinforced over unreinforced joints is mainly due to two factors.
First, the hard particles act as a barrier reducing the pressure
contact between the hard disk and soft aluminum matrix.
Secondly, the improved grain refinement in the reinforced joint
makes the aluminum matrix harder hence, enhanced resistance
to wear. As shown in Fig. 9b, the SWR reduced by a factor of
1.83 from 7.719 10�5 mm3 N�1 m�1 to 4.21 9 10�5 mm3 N�1

m�1 when the SiC content increased from 0.56 g (sample A1)
to 1.01 g (Sample B1). Increasing the SiC content to 1.72 g
resulted in decline in SWR by a factor of 1.46 to 6.14 9 10�5

mm3 N-1 m�1. This observation is confirmed by the coefficient
of friction (COF) automatically recorded during the wear test.
The average COF recorded for samples A1, B1 and C1 is 0.67,
0.54 and 0.66 (see Fig. 10). According to Mirjavadi et al. (Ref
34), lower COF implies better wear resistance (i.e., lower wear
rate).

The low SiC content in sample A is adjudged to account for
its high SWR, compared with the samples B1 and C1. Due to

Fig. 8 SEM images revealing the fracture surfaces of the (a) base metal, (b) unreinforced and (c-f) reinforced AA 6061 weldments with
varying SiC contents subjected to different passes
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this reason, larger surface of the soft aluminum matrix was
exposed to the disk contact. Also, the hardness of the joint
was found to be the lowest among the three samples (A1,
B1, C1). As a result, high volume loss leading to high SWR
was found for sample A1. Reduced SWR demonstrated by
the sample B1 indicates that the wear resistance improved
with the increase in SiC content (from 0.56 to 1.01 g). This
is attributed to reduced aluminum matrix volume exposed to
the disk contact because more area was occupied by the hard
ceramic (SiC) (see Fig. 4). Also, the higher hardness of the
joint (compared with the sample A1) contributed to the
reduction in the SWR. Despite the highest hardness exhibited
by the sample C1 (1.72 g SiC addition), its higher SWR
(compared with sample B1) was traced to the clustering of
the SiC particles, as evident in Fig. 4. As previously
explained in Sect. 3.2, SiC clustering is probably due to
hindered tool stirring caused by high volume of SiC addition
in the joint. According to Nosko et al. (Ref 35), the
reinforcement particle-metal matrix cohesion is weaker in the
region where there is particle�s agglomeration/clustering. As
seen in Fig. 11, the large pits seen in the worn surface of the
sample C1 are evidence of plowing out of the ceramic
particles during the wear test. This shows that abrasive wear
mechanism occurred. It is believed that the ceramic particles
were easily dislodged because of weaker ceramic particles-
aluminum matrix cohesion. This eventually led to serious
wear damage (increase volume loss) because more matrix
surface was eventually exposed to the hard disk contact.

EDX point and area analyses were conducted on the worn
surfaces. The main features analyzed on the worn surfaces in
Fig. 12 were spotted as 1, 2, 3 and 4 for alloy and composite,
respectively. Table 5 gives the chemical composition of these
features. The gray-contrast phase spotted as 1 is highly rich in
Fe. The presence of Fe in the entire region of the worn surfaces
suggests that initially, asperities of aluminum alloy and steel
disk surfaces were meeting each other and eventually welded
together by high local pressure forming adhesive bonds.
However, during sliding motion, the asperity joints are
adjudged to have fractured at the softer aluminum alloy surface
(Ref 36). Consequently, material removal from the alloy surface
generated wear debris that contains iron. Eventually, the crater
(spot 2) has lower iron composition. High oxygen composition
found in the crater can be traced to fast oxidation of the fresh
metallic surface during exposure to air after the material
removal (Ref 37).

Similar explanation is true for composite (SiC-reinforced
FSWJ samples) worn surface as there is the evidence of Fe
adhesion to composite surface (spot 3) in comparison with pit
region (spot 4). However, since hard SiC particles reinforced
the aluminum alloy, material loss due to wear is less thus
leaving behind more Fe-rich regions on the composite surface
compared to those on alloy surface (Fig. 12 c, d). This finding
explains the smoother surface found in the composite samples.

As shown in Fig. 9c, the SWR reduced by a factor of 2.3 as
the number of weld passes increased from 2 to 4. The SWR at 4
passes (sample A2) is 3.4 910�5 mm3 N�1 m�1 and this is the

Fig. 9 Wear analysis of SiC reinforced AA 6061-T6 friction stir welded joints showing the plots of (a) volume loss at varying sliding distances
(at 50 N Laod), (b) specific wear rate against SiC content in the joint and (c) specific wear rate against number of weld passes

Journal of Materials Engineering and Performance Volume 30(6) June 2021—4365



lowest among the entire samples including the base metal.
However, from 4 to 6 weld passes, the wear rate increased by a
factor of 1.2. The wear resistance is observed to follow the
hardness trend as the number weld passes varied. Also, the
average COF recorded (see Fig. 10) for the samples confirmed
the trend. Average COF of 0.67, 0.38 and 0.57 was found for
the samples A1, A2 and A3, respectively. Besides the higher
aluminum matrix hardness, the reduction in the wear rate as the
weld passes increased from 2 to 4 is also attributed to enhanced
homogeneous SiC dispersion and increased particles fragmen-
tation at 4 passes. Better SiC particles distribution makes the
high hardness more uniform throughout the joint. As a result,
the disk contact pressure was nearly equally resisted in the
entire joint surface. Fragmentation of the particles into smaller
sizes aided their uniform distribution, therefore, limiting the
disk-aluminum contact in the entire joint surface area.

Also, smaller particles are known to have stronger cohesion
with the matrix because larger volume/area of a smaller particle
is bonded with the matrix. So, higher number of smaller sized
particles found at 4 weld passes contributed to improved wear

resistance. Simply, the drop in the SWR at 6 weld passes can be
attributed to further loss of aging effect because of the high
welding temperature experienced at 6 weld passes. This
resulted in further softening of the matrix leading to increased
aluminum matrix removal rate as it contacted the hard disk
during the wear test. Hence, the wear resistance of the joint
decreased as the weld passes increased from 4 to 6.

3.6 Conclusions

In this work, friction stir welding of SiC-reinforced AA
6061-T6 was successfully performed at optimised process
parameters (850 rpm rotational speed, 45 mm min�1 traverse
speed and tilt angle of 2.5�) under varying center groove width
(1.5-3.5 mm), SiC contents (0.56-1.72 g) and weld passes (2-6).
The following findings were obtained;

(i) A process map predicting the surface characteristics of
the SiC-reinforced AA 6061-T6 friction stir welded
joints at varying number of weld passes and center
groove width (CGW) was successfully developed.

Fig. 10 Coefficient of friction (COF) of the reinforced AA 6061-T6 friction stir welded joints formed with (a) 0.56 g SiC, 2 weld passes (b)
0.56 g SiC, 4 weld passes, (c) 0.56 g SiC, 6 weld passes, (d) 1.01 g SiC, 2 weld passes, (e) 1.72 g SiC, 2 weld passes and (f) the base metal
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Smooth and strongly bonded joints with no visible sur-
face defect were obtained at CGW of 1.5 mm for 2 to 6
passes and 2.5 mm CGW for only 2 passes.

(ii) Particles fragmentation and grain refinement increased
as the weld passes increased. However, increasing SiC
content improved grain refinement but reduced SiC frag-
mentation. Particles clustering which disappeared as the
SiC content reduced and weld passes number increased

was prominent in the joint reinforced with 1.72 g SiC
content.

(iii) All the reinforced joints showed better grain refinement,
hardness and wear resistance than the unreinforced
joint. Only the joint reinforced with 0.56 passes showed
higher tensile strength than the unreinforced joint. 0.56
g SiC reinforced joint formed at 4 passes exhibited the
best combination of properties with improvement of

Fig. 11 Worn surfaces of the reinforced AA 6061-T6 friction stir welded joints formed at different SiC contents and varying weld passes

Fig. 12 SEM images showing the regions where EDX analysis was conducted on the worn surfaces
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about 26%, 26% and 38% in hardness, tensile strength
and wear resistance, respectively, over the unreinforced
joint.

(iv) The hardness increased by 13% as the SiC content in-
creased from 0.56 to 1.72 g. The hardness increased by
� 8% as the weld passes increased from 2 to 4 passes
but at 6 passes, it decreased by �4% due to predomi-
nant aluminum matrix softening effect caused by the
excessive dissolution of the strengthening precipitate.

(v) The tensile strength and percentage elongation decreased
with increasing SiC content. The P.E. increased with
increasing the weld passes number while the tensile
strength also increased until 4 weld passes after which it
declined slightly due to the predominant softening effect
at 6 weld passes. All the samples experienced ductile
fracture except the samples with 1.72 g and 1.01 g of
SiC which showed a combination of brittle and ductile
fractures.

(vi) Increase in the weld passes from 2 to 4 reduced the
specific wear rate (from 7.719 10�5 mm3 N�1 m�1) by
a factor of 2.3 due to better grain refinement and in-
creased particles fragmentation and distribution. How-
ever, increased aluminum softening effect at 6 weld
passes caused a rise in specific wear rate by a factor of
1.2 to 4.08 910�5 mm3 N�1 m�1. Only the samples
formed with 0.56 g SiC content at 4 passes, 1.01 g con-
tent at 2 passes and 0.56 g content at 6 passes showed
better wear resistance than the base metal.
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