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Abstract In the present work, the AA5052 aluminum sheets
were joined by friction stir welding (FSW) technique. In order
to refine the microstructure of stir zone (SZ) and to prevent the
grain growth of heat-affected zone (HAZ), the SiC nano-
particles were added to the weld nugget. To obtain the opti-
mum condition for FSW, three rotational speeds (800, 1000,
and 1250 rpm) and three traveling speeds (30, 50, and 80 mm/
min) were applied. Microstructural evolutions were character-
ized using optical and scanning electron microscopes.
Besides, the mechanical properties (tensile strength, hardness,
and wear test) of weldment were also studied. The results
showed that adding the SiC nano-particles led to the signifi-
cant grain refining of the welds. However, the improper SiC
powder distribution during one pass of FSW resulted in the
premature fracture of workpiece. The specimens joined at the
rotational speed of 1000 rpm and welding speeds of 50 and
80 mm/min exhibited the highest ultimate tensile strength.

Keywords FSW . AA5052 . Nano-composite .Mechanical
performance .Microstructural characteristics

1 Introduction

The major demands in transportation industry such as auto-
motive and aerospace are a reduction in weight and fuel con-
sumption. To meet these requirements, the light metals such as

aluminum alloys are the best candidates [1, 2]. Among alumi-
num alloys, the AA5052 is widely used in building, construc-
tion, automotive, aircraft, marine, etc. because of its excellent
corrosion resistance, weldability, high fatigue strength, and
moderate strength [3, 4].

However, the major concern regarding the aluminum al-
loys is their poor weldability when the conventional fusion
welding is used. That is because there are many shortcomings
during the fusion welding of aluminum alloys, e.g., gas and
shrinkage porosities, solidification cracks, slag inclusions, etc.
Thus, the conventional welding techniques are not suitable for
joining the aluminum alloys [5, 6]. On the other hand, the
most promising method for welding of aluminum alloys is
friction stir welding (FSW), which was developed as a solid-
state welding technology [7]. This process has been success-
fully used for welding of similar and dissimilar aluminum
alloys [8–11]. Contrary to the fusion welding processes, there
is no melt during FSW. Consequently, this process overcomes
the shortcomings of conventional fusion welding [6].

During the FSW, the heat is generated by friction be-
tween tool and base metal. The applied pressure leads to
severe plastic deformation as well. The generated heat is
strongly influenced by welding parameters and can be
controlled by traveling and rotation speeds. When other
factors are kept constant, higher heat input is obtained by
increasing the rotational speed and/or by decreasing the
traveling speed. Higher heat input leads to better plastic
flow of material and the wider nugget whereas the lower
heat input will result in the narrower nugget [7, 11].

Many efforts are made to fabricate the metal matrix com-
posites by friction stir processing (FSP) as well [12–14]. In all
of these works, the researchers tried to produce a composite
layer on a metal surface while no joining takes place during
FSP. It was found that the number of FSP passes had signifi-
cant effect on the particles distribution such that the further the
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FSP passes offered better particle distribution [15, 16]. The
effects of rotating and travel speeds on powder distribution and
mechanical properties of composites, fabricated by FSP, were
studied by many researchers. Asadi et al. [17] produced
AZ91/SiC composite by FSP. They reported that an increase in
the rotating and travailing speeds led to a decrease in the grain size.

Sun et al. [18] used SiC powders during the FSWof copper
sheets. They incorporated nano-particles in the weld line and
investigate the effect of these particles on the microstructure
and mechanical properties of welds. It was shown that SiC
particles were aggregated in the first pass but their distribution
became more uniform after employing the second pass.
Bahrami et al. [6] used SiC nano-particles during the FSW
of AA7075-O sheets. They reported that adding the nano-
particles in stir zone led to enhancement of mechanical prop-
erties of joints. They reported the presence of defects and
banded structure consisting of particle-rich and particle-free
regions in some of specimens as a result of SiC addition.
Abbasi et al. [19] used SiC nano-particles during the FSWof
AZ31 magnesium alloy and investigated the effect of nano-
particles on microstructure and mechanical properties. Their
results showed that the added SiC particles were distributed
throughout the nugget zone. Consequently, metal matrix com-
posite was successfully fabricated by employing proper rota-
tion and traverse speeds. Abdolahzadeh et al. [20] investigated
the effect of SiC nano-particles on the microstructure and me-
chanical properties of AZ31 alloy too. They observed onion
ring structure containing SiC-rich and SiC-free regions in the
SZ of welded specimens. They reported that by adding the SiC
nano-particles, the grain size was reduced from 44 μm in base
metal to 5 μm in the SZ.

The wear resistance of different materials and composites
processed by the FSW and FSP has been studied by many
researchers [21–24]. The metal matrix composites prepared in
these works exhibited lower friction coefficient and better wear
resistance compared to unprocessed specimens. Barmouz et al.
[25] investigated the wear properties of Cu/SiC composite pre-
pared by FSP. Their results showed that increasing the volume
fraction of reinforced particles enhanced the wear resistance of
composite layer. They also reported that the addition of nano-
particles increased the wear resistance more significantly com-
pared to micro-size SiC particles.

The aim of this study was to join the AA5052-O aluminum
sheets as well as to fabricate the Al-SiC nano-composite si-
multaneously. The effect of SiC nano-particles on the mechan-
ical properties and microstructural evolutions of weldments
were also investigated.

2 Experimental procedure

The AA5052-O aluminum sheets with 4 mm in thickness
were joined by FSW. Table 1 shows the composition of the

studied alloy. In order to add the SiC nano-particles to the stir
zone, a groove of 0.6 mm in width and 3.5 mm in depth was
designed, Fig. 1. The SiC powders had the diameter in the
range of 45 to 64 nm. To prevent scattering of particles during
the FSW, the top of the groove was first covered using a tool
that had a shoulder of 14 mm in diameter. The main welding
tool had a concave shoulder with 14 mm in diameter. The
threaded pin had the length and diameter of 3.7 and 4 mm,
respectively (Fig. 2). The tools used in this study weremade of
H13 steel. The FSW was carried out at the rotating speeds of
800, 1000, and 1250 rpm and traveling speeds of 30, 50, and
80 mm/min. The tilt angle was 2.5°, whereas the plunge depth
was 0.6 mm. The employed conditions and the codes of spec-
imens are given in Table 2.

To study the microstructural evolution, the specimens were
etched for 20 s using modified Poulton solution. The etching
solution composed of 50 mL of Poulton reagent (12 mL
HCl+6 ml HNO3+1 mL HF (48 %)+1 mL H2O), 25 mL
HNO3, and 40 mL of a solution consisting of 3 g chromic acid
per 10 mLwater. Afterward, the microstructural changes were
characterized using optical and scanning electron microscopy
(SEM). The SEM technique was also used to investigate the
fracture surface of specimens.

In order to study the mechanical properties of welds, the
strength, micro-hardness, and wear resistance of joints were
investigated. Prior to the preparation of tensile specimens, top
surfaces of joints were machined to remove the marks left by
the shoulder. The sub-sized tensile specimens were prepared
according to ASTM E8M-04. Tensile test was carried out at a
cross-head speed of 1 mm/min.

Micro-hardness test was carried out on the center line of the
SZ employing a 100 g load for 15 s.

The wear test was performed on the top surface of joints
using the pin on disk method; the test was carried out under
the normal load of 15 N. The rotating and sliding speeds were
144 rpm and 0.09 mm/s, respectively.

3 Results and discussion

3.1 Microstructural observation

Figure 3 shows the typical macrostructures of AA5052 after
the FSW. As mentioned previously, the size of the nugget can
be affected by heat input. Figure 3b is related to specimen that
has experienced lower heat input compared to Fig. 3a due to
higher traveling speed. As can be seen, the lower heat input in

Table 1 Chemical compositions of used Al alloy (wt.%)

Element Si Fe Mg Mn Cr Cu Al

Alloy AA5052-O 0.25 0.23 2.55 0.07 0.15 0.03 Balance
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this specimen has led to the smaller nugget. Figure 3b shows a
wider nugget comparing to two previous specimens that led to
higher rotating speed and consequently higher heat genera-
tion. This effect was also seen in other specimens.

On the other hand, the level of generated heat has pro-
nounced effect on weld soundness. As it can be seen in
Fig. 3b, the big holes are formed in the nugget zone due to
insufficient heat generation in the joining process resulting in
the improper material flow. However, by increasing the rotat-
ing speed to 1000 rpm, the sound welds were produced, i.e.,
specimen 1000-50 shown in Fig. 3c. In case of specimen 1250-
80, the zigzag-type path was observed in the stir zone (SZ). In
this specimen, some kind of powder agglomeration was ob-
served. Increasing the welding speed and/or decreasing the
rotating speed led to insufficient heat input and consequently
to low material flow. In such a case, the zigzag mark or tunnel
defect can occur in the SZ. Besides, the improper material flow
can result in localized accumulation of particles and in the
zigzag line [26]. Thus, in the mentioned specimen, the high
welding speed is likely responsible for the observed defect.

However, the intact welds were obtained at the traveling
speed of 50mm/min for all studied rotating speeds. Therefore,Fig. 2 Schematic of FSW tool

Fig. 1 Dimension of a machined
adjoining side of sheets and b
prepared groove after matching
(dimensions are in millimeter)
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it can be concluded that 50 mm/min is the optimum travel
speed in the current work.

Figure 4 illustrates the initial microstructure of AA5052
having the average grain size of 36 μm. During FSW, there
are generally four zones: base metal (BM), heat-affected zone
(HAZ), thermo-mechanically affected zone (TMAZ), and stir
zone (SZ) [8, 27, 28]. For the specimen 1000-50, these zones
are shown in Fig. 5. Referring to this figure, the grain size of

SZ is considerably smaller than that of the base metal. This is
attributed to the severe plastic deformation and continues dy-
namic recrystallization occurring in the SZ [7, 27].

The presence of reinforced particles is another factor that
influences the grain size of SZ. The added particles act as
barriers against grain boundary motion and prevent the grain
growth via Zener effect [5, 29]. According to Zener pinning
effect, the driving force for grain boundary migration would
be counteracted by the pinning pressure exerted by reinforce-
ment particles. Consequently, normal grain growth would be
inhibited and the average grain size could not exceed a critical
maximum grain radius (RC) given by the equation RC=4r/3f,
where r and f are the radius and volume fraction of reinforce-
ments, respectively [30]. Thus, the nano-particle incorporation
in the weld line results in finer grains in the nugget.

However, the distribution of particles is a major concern
regarding the fabrication of reinforced composites. The dif-
ference in the distribution of SiC nano-powders is obvious
in case of 1000-80 specimen, Fig. 6. According to this fig-
ure, there is a difference in the grain size between the
particle-rich and particle-free regions. For instance, the mean
grain size of SZ in the particle-rich regions (5 μm) is obvi-
ously smaller than that of the particle-free regions (12 μm).
This confirms the effect of SiC nano-powders on the

Table 2 Specimens code and process conditions

Specimen
number

Specimen
codea

Rotation
speed
(rpm)

Traveling
speed

Condition

1 800-30 800 30 With powder

2 800-50 800 30 With powder

3 800-80 800 30 With powder

4 1000-30 1000 50 With powder

5 1000-50 1000 50 With powder

6 1000-80 1000 50 With powder

7 1250-30 1250 80 With powder

8 1250-50 1250 80 With powder

9 1250-80 1250 80 With powder

10 1000-50-n 1000 50 Without
powder

Welding condition: tilt angle, 2.5°; plunge depth, 0.6 mm; rotation direc-
tion, clockwise
a The first number indicates the rotation speed and the second indicates
the traveling speed

Fig. 3 Imperfections in cross section profile of specimens a 800-50, b
800-80, c 1000-50, d 1250-80, and e 1000-50-n

Fig. 4 Microstructure and grain size of base metal before welding
process

Fig. 5 Different zones in joint area of specimen 1000-50-n
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refining of microstructure. In this regard, the effect of nano-
powder addition is obvious by comparing the microstruc-
tures of 1000-50 and 1000-50-n specimens. It can be seen
that the specimen 1000-50 has a mean grain size consider-
ably smaller (about 70 %) than that of the specimen 1000-
50-n which had no SiC nano-powders.

The grain sizes related to different zones of all spec-
imens are summarized in Table 3. All the weld nuggets
show the formation of fine recrystallized equiaxed grains
because of applied severe plastic deformation and the
occurrence of dynamic recrystallization. On the other
hand, as noted earlier, the SiC nano-particles exhibit sig-
nif icant impeding effect on the grain-boundary

movement, which in turn results in the grain-size refine-
ment of SZ.

Referring to Table 3, an increase in the rotating speed has led
to larger grain size in the weld nugget. At a constant traverse
speed, as the rotating speed increases, the generated heat in-
creases and consequently the nugget grains will grow [2, 26].
Cavaliere et al. [31] also reported that the grain size in the weld
nugget of AA6056 joints was increased with increasing the
rotating speed from 500 to 800 rpm. On the other hand, the
grain size was decreased by increasing the traveling speed. This
is due to lower level of heat input provided at higher traveling
speeds [7]. As FSW resembles the hot severe plastic deforma-
tion (SPD), the generated heat as well as the applied strain rate

Fig. 6 Banded structure in SZ of
specimen 1000-80: a distribution
of SiC particles in SZ and
formation of particle-free and
particle-rich regions, b grain size
difference between these regions,
c SEM micrograph of particle-
rich and particle-free regions,
and d Si WDS image of (c)

Table 3 the grain sizes related
to different zones Specimen code SZ grain

size (μm)
TMAZ grain
width (μm)

HAZ grain
size (μm)

BM grain
size (μm)

800-30 14 17 38 36

800-50 11 20 35 36

800-80 5 22 36 36

1000-30 9 17 40 36

1000-50 5 17 37 36

1000-80 7 18 35 36

1250-30 11 16 39 36

1250-50 9.5 16 36 36

1250-80 6.5 17 37 36

1000-50-n 12 18 42 36

Int J Adv Manuf Technol (2017) 88:2651–2660 2655



have significant effect on the grain refining so that the size of
dynamically recrystallized grains decreases with decreasing the
temperature or increasing the strain rate [2].

Figure 7 depicts the SEM images taken from agglom-
erated SiC particles in the specimen 1000-50. In Fig. 7a,
the SiC nano-particles are accumulated in a zigzag-type
line. Figure 7b presents the higher magnification of the
marked region in Fig. 7a. The defects such as cracks/
microvoids can be formed adjacent to these agglomerated
particles due to the poor adhesion between the particles
and matrix. Figure 7c illustrates the Si map taken from the

area of Fig. 7b. This figure conforms that the SiC nano-
particles are agglomerated in this region.

3.2 Microhardness

SiC particles exhibit pronounced effect on microhardness of
nugget. In fact, if they are agglomerated they can act as pre-
ferred nucleation sites via particle stimulate nucleation (PSN)
mechanism for the formation of new grains during dynamic
recrystallization. This results in extensive small grains. After
the recrystallization and in the grain growth stage, the individ-
ual SiC particles suppress grain coarsening by impeding the
boundaries and resulting in finer grains, i.e., Zener effect. On
the other hand, these ceramic particles have high hardness
themselves [14, 30] which exhibit strong resistance to dislo-
cation motion. Therefore, the produced nanocomposite exhib-
ited high levels of hardness and strength.

The micro-hardness profiles taken from the weld nugget of
specimen 1000-50 with and without the addition of SiC nano-
particles are presented in Fig. 8. Obviously, the micro-
hardness amount increased with adding nano-particles.
Referring to Table 3, it is clear that the specimen produced
using nano-particles has much smaller grains compared to
without particle one. These finer grains are responsible to
higher hardness.

Figure 8 also shows that when the powders were added, the
hardness in advancing side (AS) was higher than that of
retreating side (RS). However, in case of FSW without

Fig. 7 SEM image of SZ of
specimen 1000-50, a powder
accumulation in zigzag line, b
high magnification of highlighted
area, and c Si WDS image of (b)

Fig. 8 Variation of micro-hardness in the centerline of weld nugget for
specimen 1000-50 with and without nano-particles
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powders, the hardness profile shows the same trend for bothAS
and RS. In other words, the hardness profile regarding the
specimen without nano-particles shows a more uniform hard-
ness in the SZ. This difference in the behavior of two sides
implies that the difference between the retreating side and ad-
vancing side are enhanced due to the addition of nano-particles.

3.3 Tensile test

Ultimate tensile strength (UTS) of parent metal and welds are
shown in Fig. 9. According to this diagram, the specimens
welded at the rotating speed of 1000 rpm and traveling speeds
of 50 and 80 mm/min have maximum UTS among all speci-
mens. This result shows that SiC particles are distributed more
uniform under these conditions.

Figure 10 shows the fracture appearance and failure loca-
tion of the tensile specimens of 1000-50 and 1000-50-w. As it
can be seen in Fig. 10a, for the 1000-50 specimen, fractures
occurred at the advancing side with no plastic deformation.

This is in good agreement with the results reported by Sun and
Fuji [18]. They noted that after the FSWof copper, the failure
occurred in the area having severely agglomerated SiC parti-
cles. Bahrami et al. [6] also reported the similar results in the
FSWof AA7075 alloy containing nano-powders. Referring to
Fig. 10, the accumulated powders (dark region) in the fracture
zone of 1000-50 specimen are clearly visible in this figure. In
case of 1000-50-n specimen, Fig. 10b, the failure took place in
the base metal and far from the nugget, showing necking and
noticeable ductility. As for the specimens welded using incor-
porated SiC particles, the failure occurred in the regions of
accumulated powders, a logical correlation between the
strength and microstructure of specimens cannot be
established.

Figure 11 presents the SEM images of fracture surface
regarding the 1000-50 and 1000-50-n specimens. As illustrat-
ed in the Fig. 11a, the SiC particles are severely accumulated
and in turn failure can take place around this area. It is most
likely that the agglomerated powders acted as the crack-
nucleation sites and this is the reason for the low UTS of this
sample. As noted previously concerning Fig. 10, for specimen
1000-50-w, the failure occurred after necking in the base met-
al. The fracture appearance of this specimen indicates its duc-
tile fracture, Fig. 11b. As a result, the agglomeration of SiC
particles, caused by improper distribution of these particles
due to one pass of FSW, is responsible for premature fracture
and low strength of samples processed by only one pass of
FSW.

The strengthening mechanism of FSW composite can be
explained based on (i) Hall-Petch, (ii) Orowan strengthening,
and (iii) dislocation strengthening. These are somehow
discussed in the Sections 3.2 and 3.5. As mentioned there,
the nano-particles can pin the grain boundaries and in turn
prevent the grain growth. In such a case, the smaller grains
led to higher strength and hardness according to Hall-Petch
equation. As for the interaction of particles with dislocations,
two cases can take place depending on the size of particles. If

Fig. 9 UTS values at all welds in comparison with the base metal

Fig. 10 Cross section and
fracture location of tensile
specimens after failure of a 1000-
50 with powder and b 1000-50
without powder
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the size of particles is small, the dislocation can cut the parti-
cles and then are piled up leading to strengthening. However,
in case of large particles, the lopping occurs which again leads
to strengthening the materials.

3.4 Wear test

The results of wear testing are presented in Fig. 12 and Table 4.
These include the weight loss and the friction coefficients dia-
grams regarding the 1000-50 and 1000-50-n specimens

compared to the parent metal. Referring to these results, in case
of 1000-50-n specimen, the friction coefficient is greatly lower
than that of the starting material (i.e., not subjected to FSW).
This is most likely because of smaller grain size and higher
hardness in the SZ of FSWed sample. As for the 1000-50 spec-
imen, the friction coefficient is lower than that of the starting
material but higher than that of the1000-50-n specimen. The
addition of SiC particles led to a decrease in the friction coef-
ficient provided that these particles uniformly distributed with-
in the metal matrix. Thus, the decrease in friction coefficient
can be enhanced by increasing the number of FSW passes [32].
That is because the improper distribution of particles results in
the powder accumulation. In such a case, a poor adhesion be-
tween the particles and matrix will exist. Therefore, during the
wear testing of this specimen, the lamination and separation of
surface layer can take place rather than erosion that leads to
higher weight loss compared to the starting material and 1000-
50-n specimen. According to Fig. 12, the higher amplitude of
friction profile of this specimen can be also as the result of
improper distribution of SiC particles.

3.5 Strengthening mechanisms

In all strengthening mechanisms, the strength is enhanced by
prohibiting the mobility of dislocations. In such cases, the
reinforcements or second particles pin the grain boundaries
or act as an obstacle for dislocation motion opposing the dis-
location mobility resulting in an increase in material strength.

Grain boundary serves as a barrier to the movement of
glide dislocations. According to Hall-Petch equation
(σys=σi + kyd

−1/2), the yield strength of polycrystalline mate-
rials depends on the grain size. Thus, the finer the grain size,
the higher the yield strength will be. A practical and useful
approach to refine the gains is introducing the reinforce parti-
cles in the matrix. This is especially more beneficial in case of
materials which suffer from the lack of second phases to pin

Fig. 11 Fracture micrographs of 1000-50 specimens awith nano-powder
and b without nano-powder

Fig. 12 Effect of one pass
welding of specimen 1000-50 on
friction coefficients
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the boundaries or when the grain-boundary mobility is high
due to the material characteristics.

When the dislocation mobility in a solid is restricted by the
introduction of solute atoms, the resultant strengthening is
called solid-solution strengthening. It is well known that any
solute implies a stress/strain field due to the size difference with
solvent atoms. This stress/strain is enhanced when the size of
solutes are too large or too small in relation to the size of the
host atom. A solute atom is said to be a point source of dilation.
Consequently, the stress resulted from the interactions of dislo-
cations and solute-atom fields can lead to extra strengthening.
Such an interaction due to size difference is called the elastic
misfit interaction or dilational misfit interaction. This interac-
tion represents an energy barrier to dislocation motion.

Alloys can be also strengthened by addition of
reinforcements/particles that obstruct dislocation motion. For
example, by adding the SiC particles to aluminum alloys, the
material receives attractive strength properties even up to its
melting temperature. However, the increase in strength de-
pends on the both volume fraction and inter-particle spacing.
As for their size, the strengthening potential for dislocation
looping around incoherent particles is normally less than that
associated with particle cutting process. Thus, comparing to
other methods, this kind of strengthening can be among the
strongest hardening techniques. With respect to microstruc-
ture, the reinforced alloys are more stable than those hardened
by precipitation, thereby making them more suitable for load
bearing application at elevated temperatures.

The last type of strengthening is work hardening. In this
regard, the enhanced strength can be attributed to the high
dislocation density. However, in the presence of
reinforcements/second particles, this effect is much more pro-
nounced since there is another source for increasing the dislo-
cation density as a result of the large difference in the formabil-
ity and/or thermal expansion (about 10:1) of the metal matrix
and the added ceramic particles. Accordingly, such mismatch/
misfit strains can be relieved by the generation of new disloca-
tions around these particles, leading to enhanced strengthening.

4 Conclusions

The effect of welding parameters and the addition of SiC
nano-particles on the microstructure and mechanical

properties of AA5052 alloy joined by FSWwere investigated.
The results can be summarized as follows:

1. The optimum rotating and traveling speeds were
1000 rpm and 50 mm/min, respectively.

2. The addition of SiC nano-particles exhibited pronounced
effect on the grain refining of the nugget as the reinforce-
ments act as preferred nucleation sites and also pin the
grain boundaries, So that the mean grain size reduced
from 36 μ in base metal to 5 μm in case of the 1000-50
specimen.

3. The specimen prepared using SiC nano-particles had low-
er UTS compared to the without powder specimen. The
powder agglomeration in the SZ is responsible to this
phenomenon.

4. The microhardness of the SZ of the specimen produced
using nano-particles is considerably higher than that of the
specimen without powder. This is as the result of the pres-
ence of hard ceramic particles (SiC) and also the role of
these particles in reducing of the grain size via Zener
effect and also impeding dislocation mobility.

5. Improper powder distribution in the SZ led to lower
wear resistance and higher weight loss of specimens
during wear test. This is due to particles accumulation
and poor adhesion between the agglomerated particles
and the matrix which leads to lamination and separation
of surface layer.

6. One pass FSW resulted in the agglomeration of SiC nano-
particles in the advancing side so that failure of tensile
specimens occurred in this area.
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