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Abstract: In the present work, attempts were made to join AA6061-T6 sheets by Friction Stir Welding (FSW) process.
AlL,O5 nanoparticles were added into the aluminum matrix for refining the microstructure of the nugget zone (NZ) and to
restrict the growth of granularly in the heat-affected zone (HAZ). In order to illustrate the influence of Al,O; nanoparticles on
mechanical properties, namely ultimate tensile strength, micro-hardness distribution, and wear resistance of the welded joints,
FSW was conducted with and without nanoparticles at a constant rotating velocity of 2000 rpm and transverse velocity of 70
mm/min. For characterization of microstructures, optical and scanning electron microscopes were employed. The findings
revealed that Al,O; nanoparticles addition along the joint line resulted in remarkable refining of grains structure in the weld
nugget zone. This was due to the pinning effect produced by nano-sized Al,O; particles which prevent the grain growth
followed by recrystallization during FSW, leading to a remarkable reduction in grain size. Also, the sample with nanoparticles
joined at rotating and transverse velocities of 2000 rpm and 70 mm/min showed higher tensile properties than the sample
without nanoparticles. However, the employment of single FSW pass resulted in an unusual Al,O; nanoparticles distribution
and void initiation at the interface between Al-matrix and Al,O; nanoparticles in the heat-affected zone resulted in the early
fracture of welded joints during tensile loading. Moreover, Al,O; nanoparticles addition results in the reduction of frictional
coefficient and increment in wear resistance due to fine small grains size and large distribution of hardness in NZ of friction
stir welded specimens.

Keywords: FSW, AA6061-T6, Nanocomposites, Microstructural Evolution, Mechanical Characteristics,
Reinforced Nanoparticles, Wear Behavior

during (CFWP) of Al-metals, e.g., solidification cracking,
porosity/gas interruption, and occurrence of intermetallic
brittle phases, etc. Thus, for joining thin aluminum alloys
(CFWP) was not acceptable [5-6]. The friction stir welding
(FSW) is the most appropriate process to weld aluminum
alloy in their solid state [7]. FSW is more capable of joining
both like/dislike aluminum metals and alloys [8-11]. In
contrast, no melting occurs in FSW in comparison to fusion
welding. Because of this reason, this process resolves the
issues regarding CFWP [6]. In FSW, localized heat is
produced via localized friction occurred at tool and base
metal interface and in turn, the mechanical force is applied
that results in severe plastic deformation. Also, the amount of
generated heat was strongly affected by processing
conditions, which could be limited by rotational and traveling

1. Introduction

Nowadays, weight reduction and less fuel consumption are
the two most important demands in the marine, aerospace,
and automobile industries. In order to fulfill such demands,
soft and light metals as Al-alloys are the most suitable [1-2].
Heat treatable Al-alloys especially AA6061-T6 was most
commonly employed in marine frames, pipelines, aircraft,
and construction, etc., due to their high corrosive resistance,
an extremely large rate of material strength to weight ratio,
and ability of weld [3-4].

The most serious concern in regards to joining of
aluminum alloys, if conventional fusion welding process
(CFWP) was adopted, is their weakening mechanism in the
joint area. This was attributed to barriers which come across
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velocities. By keeping all parameters constant, the enhanced
heating intensity is acquired by raising the rotating velocity
or reducing the transverse velocity. Increase in heating
intensity results in a more uniform plasticized flow of
material adjacent to the surface of tool which results in wider
weld nugget zone and vice-versa [7, 11].

A number of contributions were tested for producing the
metal matrix composites (MMC) via FSP [12-14]. In their
works, attempts were made by the researchers for fabricating
layers on the composite surface of parent metal in which no
weldment of parent material took place via friction stir
processing. Again, taking into consideration that the FSP
passes had a direct impact on the distribution of
nanoparticles, while increment in FSP passes lead to the
uniform dispersion of nanoparticles [15-16]. However, the
influence of transverse and rotational velocities on
nanoparticles dispersion and properties (mechanical) of
nanocomposites produced via. FSP was reported by
numerous researchers. Ezatpour et al. [17] fabricated
6061/A1,0; nanocomposite via. FSP and conclude that the
size of grains is decreased by an increment in both traveling
and rotating speeds. Saeidi et al. [18] used ALO;
nanoparticles during FSW of 5083/7075 aluminum sheets.
They embedded nanoparticles in the joint area and reported
the consequences of these nanoparticles on microstructure
and toughness behavior of the weldments. The results reveal
that Al,O3 nanoparticles were uniformly distributed in nugget
zone for single FSW pass and comprise of smaller grain size
when compared with unreinforced welds. Nikoo et al. [19]
incorporated Al,O; nanoparticles on the faying portion of
parent alloy during FSW of AA6061 nanocomposites. Their
studies indicated three important findings: first, an
appreciable enhancement in the properties (especially
mechanical) of weldments was noticed due to the addition of
nanoparticles in the nugget zone; second, it was noticed that
for samples welded at lower traveling speed, severe
agglomeration of nanoparticles occurred; third, excellent
bonding between Al,O; nanoparticles and AA6061 matrix
occurred for samples welded at higher heat input. Marzoli et
al. [20] have used Al,O; nanoparticles during FSW of
AA6061/20p aluminum alloy for studying their influence on
various mechanical and microstructural characteristics. They
reported that stirring action of the tool had a remarkable
effect on the shape and distribution of Al,O; nanoparticles.
Due to this action, the sharp edges of the bigger nanoparticle
broke down to change into round particles and due to this
reason, a small number of round particles were present in

NZ. Consequently, using efficient rotational and travel
velocities the MMC was successfully fabricated. Minak et al.
[21] used AL,O;5 nanoparticles during FSW of AA6061/22p
aluminum alloy. They reported the influence of nanoparticles
addition on mechanical and microstructural properties and
found the structure called onion ring that contains Al,O;
nanoparticles—rich and Al,O; nanoparticles—free regions in
the nugget zone of FSWed samples and also found an
appreciable decrement in grain size from 100pm to 10um in
weld nugget zone. Many attempts were made by the
researches to elaborate the study on wear resistance behavior
for different composites and their allied materials via FSW
and FSP [21-23]. The MMC fabricated in the literature
reveals low-frictional coefficient and improved resistance to
wear when compared with unreinforced samples. Prado et al.
[24-25] conducted the study to investigate the wear resistance
of nanocomposites prepared via FSW. Their results reveal
that Al,O; nanoparticles significantly improved the wear
properties when increasing the number of reinforced
nanoparticles in the nugget zone. Defect-free and uniform
dispersion of reinforcement particles in single FSW pass is a
demanding issue which leads to an asymmetric flow of
material [12]. For achieving the uniform dispersion of Al,O3
nanoparticles in the aluminum metal, various methods, such
as increment in passes and reversing the direction of tool
rotation during alternate pass has been tried without much
success.

With the dual aim of minimizing the ejection of
reinforcement particles from the weld line during the single
pass and to ensure that distribution of these nanoparticles is
uniform in the nugget welded zone, a novel deposition
strategy has been adopted in this work (Figure la). The
arrangement provides good interfacial bonding and allows
vigorous intermixing of reinforcement particles with the base
material that leads to increment in property gradient. The
objective of the present study was to weld AA6061-T6 sheets
and to produce Al-Al,O3; nanocomposites simultaneously and
to study the impact of adding Al,0O; nanoparticles on grains
structure and various properties (mechanical) of FSWed
aluminum matrix.

2. Materials and Methods

AA6061-T6 thin Al-sheets of thickness 2.5 mm were used
for FSW. AA6061-T6 chemical composition was obtained by
electro-dispersive X-ray spectroscopy that is given in Table 1.

Table 1. Chemical composition of AA6061-T6.

Chemical Composition Mg Si Cu

Mn Cr Zn Ti Al

Wt.% 0.901 0.615 0.258

0.0454 0.19 0.054 0.0195 Bal

For incorporating the Al,O; nanoparticles in the weld
nugget, cylindrical holes of diameter 1.5 mm and depth 3 mm
were drilled on abutting edges of base material at an equal
distance of 13.33 mm. Total 30 numbers of holes were drilled
[15 numbers on each sheet] and filled with 460 mg quantity

of Al,O; nanoparticles (Figure 1a).

The Al,O; nanoparticles had a diameter of 15 nm with 99.99%
of purity and >30 specific surface area. The tool for FSW had
a cylindrical shoulder with diameter 15 mm and pin
(cylindrical) of length and diameter of 2.30 mm and 5 mm,
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respectively (Figure 1b). FSW was done at a constant rotating
speed of 2000 rpm, and transverse speed of 70 mm/min
(Figure 1c). The tilt of the tool was taken as 0°, whereas the
depth of the plunge was 0.2 mm. The embedded conditions
along with the specimen nomenclature are mentioned as 2000-
70 (sample with nanoparticles) and 2000-70-w (sample
without nanoparticles). Samples underwent etching process for
20 seconds using Keller’'s reagent in order to reveal
microstructure and their allied characteristics. Thereafter, the
microstructural evolutions as the well-fractured surface of
samples are characterized using optical microscopy (OM:
Leica DM 2700M) and scanning electron microscopy (SEM:
Jeol-124Nx, Japan). Tensile and wear properties of the

,

(@]

weldments were also evaluated. Before preparing samples for
tensile test, the upper surface of welds was processed through
the machining process for eliminating the rough impressions
caused by the shoulder surface. For cutting of tensile test
samples (Figure 1d), ASTM-E8M-11 was used. Tensile tests
are done using the x-head velocity of 2 mm/min. Micro-
hardness testing is done along the central portion of the nugget
zone at a distance Imm below the top surface (Figure 1d), by
employing 200g load for a period of 15 seconds. The test for
wear was done along the upper portion of welds by employing
a pin-on-disk arrangement. Tests were performed with 15 N of
normal load along with 142 and 0.07 of rotational (rpm) and
sliding velocities (mm/s).

Holes for reinforcing AlyO,

3mm ¥ \ nanoparticles
\\\ o \?‘“‘“
_I{_t‘} Downward force '(c):
Toolshoulder
Tool pin

Transversespeed (J9)

| D Tool rotation (w)

Base material

Transversedirection

. Rolling direction
(RD)

Samples for microstructural
and micro hardness

50 mm

40 mm

(TD)

Samples for tensile testing
measurements

Figure 1. (a) Representation of nanoparticles reinforced into the aluminum matrix, (b) Design and dimensions of FSW tool, (c) Design of joint and schematic
of FSW process, (d) Representation of specimen extracted for various characterization tests.

3. Results and Discussion
3.1. Macro and Microstructural Characterization

Figure 2 depicts macrographs of  with/without
nanoparticles samples after the FSW. Higher heating
intensity during FSW results in the formation of basin shape
nugget zone. It can be noted that the width of the basin in
case of the sample without nanoparticle (Figure 2b) is wider
than the width of the sample with nanoparticle (Figure 2a).
Even though the amount of heat input is same in both the
cases, as the Al,O3 nanoparticles limit the flow of plasticized
material [26].

Retreating side

Figure 2. Cross-sectional macro images of FSWed samples, (a) with
nanoparticles, and (b) without nanoparticles.
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Micrographs of (a) base material, FSWed samples (b)
AlL)Os-free and (c) Al,Os-included are illustrated in Figure 3.
Figure 3a illustrates the micrograph of AA6061-T6 having
more elongated grains with average granularly of (38um), In
FSW process, the four zones namely base material (BM),
nugget zone (NZ), thermo-mechanical affected zone
(TMAZ), and heat affected zone (HAZ) were formed [8, 27-
28]. For a sample without nanoparticles, different zones are
depicted in Figure 3b. In reference to Figure 3b, base
material composed of more elongated grains towards the heat
affected zone which does not experience the thermal cycle
and induced plastic deformation because of which grains are
more similar to the parent metal with an average granularly
of (31pm). Whereas, TMAZ experienced partial
recrystallization due to which the material is deformed
plastically only by the stirring action of the pin that is not
sufficient for the dynamic recrystallization to occur as a
result the size of grains in the TMAZ is bit bigger (21pm) in
comparison to nugget zone and also bent in nature towards
the downward flow of the material during the process [6].
But the nugget zone contains fine equiaxed recrystallized
grains (18 pum) than the base material (38um) due to the
application of severe plastic deformation and the origin of
continuous dynamic recrystallization in the nugget zone [7,
27]. Figure 3c shows the micrograph for a sample with
nanoparticles. Micrograph represents the generation of
namely two regions as nanoparticle-rich and nanoparticles-
free region (more discussed in Figure 4). This was due to the
presence of Al,O; nanoparticles that strongly influences the
grain size of the NZ. It can be seen that the sample with
nanoparticles had a grain size which is considerably (63%)
smaller than that of the sample without Al,O; nanoparticles.
Thus, incorporating nanoparticles along the weld line gives
more fine grains in the nugget zone. This affirms the
influence of AlL,O; nanoparticles on the refining of the
microstructure.

e R R A S

Figure 3. (a) Representation of microstructures (a) base material before
ESW, (b) Different zones occurs in a sample without nanoparticle during
FSW, (c) Nugget zone for the sample with nanoparticles.

Figure 4 presents the optical and SEM photo-images of the
NZ for FSWed sample with nanoparticles. According to

Figure 4 (a, b), ALO; nanoparticle-rich and Al,O;
nanoparticle-free regions have grain size difference. The
mean grain size in NZ for the nanoparticle-rich region (6 pm)
was less than the nanoparticle-free region (14um). Added
Al,O3 nanoparticles act as the obstruction to the motion of
grain boundaries and impede the grain growth via a
mechanism called Zener-pinning [5, 29] which influences the
dispersion of fine small particles on the migration of
high/low angle grain boundaries by exerting pinning force or
pressure that contradicts the driving force pushing the grain
boundaries. Therefore, the normal growth of the grains is
reserved and could not exceed the mean size of grain from a
critical radius (R;) followed by the equation as (R, =
4r /3v,)[30].

(2) ANAEPRArcERE,

(

¥

Figure 4. (a) Optical photo image depicts the dispersion of Al,O;
nanoparticles in NZ by forming nanoparticle-rich and nanoparticle-free
zones, (b) SEM photomicrographs of Al,O; nanoparticle-rich and Al,O;
nanoparticle-free region highlighted in (a).

Figure 5 represents the optical and SEM photo images
taken from agglomerated Al,O; nanoparticles in HAZ for the
sample with nanoparticles. In Figure 5a, the ALO;
nanoparticles were agglomerated in the form of flow bands.
Figure 5b illustrates the highlighted portion of Figure 5a, in
higher magnification. The defects in the form of small cracks
are formed adjacent to agglomerated Al,O; nanoparticles
because of poor adherence at the interface between
nanoparticles and Al-metal. Figure Sc depicts the Si mapping
extracted from a portion of Figure 5b, which confirms the
presence of agglomerated Al,O; particles in the highlighted
area of HAZ. However, a major concern in producing
composite reinforced with Al,O; nanoparticles is the
distribution of nanoparticles as discussed earlier is dependent
on processing parameters.

The addition of Al,O; nanoparticles put significant pinning
effect on the migration of grain boundaries, which results in
refinement of grains in the NZ. Increasing the rotational
speed by keeping welding velocity remain constant it results
in creating the large size of the grains in NZ [2, 26, 31]. If,
however, the rotational speed is raised again, the amount of
generated heat will also increase due to which grains in the
NZ will start to evolve [2, 26]. As FSW process is similar to
SPD, where the heat generated and rate of strain has an
influential effect on the refinement of grains such that
dynamic recrystallization (DRX) grains size keep on
decreasing by a decrement in the process temperature or
increment in the rate of strain [3].
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Figure 5. Optical and SEM photo images of flow bands occurred in HAZ for sample with nanoparticles, (a) Optical image illustrating the nanoparticles
accumulated in flow lines, (b) SEM photomicrograph for agglomerated nanoparticle in regions highlighted in (a), (c) Si mapped image of (b) confirms the

agglomeration of Al,Os; nanoparticles.
3.2. Microhardness Measurements

Al,O; nanoparticles exhibit a noticeable impact on the
micro-hardness variation in NZ. In fact, if the Al,O;
nanoparticles are accumulated they behave as most
preferable sites for nucleation via the mechanism called
particle stimulate nucleation which results in fine small new
equiaxed grains after DRX. On the completion of DRX and
grain growth stage, individual Al,O; suppress the coarsening
of the grains by providing the hindrance to the motion of

boundaries of grains and result in fine granularly, i.e.,
pinning-effect, whereas such reinforcing Al,O; nanoparticles
already have a higher distribution of hardness [14] that
provides more obstruction to the density of dislocation
motion. Hence, the nanocomposites produced in the present
study exhibits high strength and hardness. Figure 6 presents
the micro-hardness profiles extracted from the NZ of samples
with/without nanoparticles.

110 -

120 - I . Rotational speed («) =2000 rpm . .
Advancing side <= Transverse speed (9) = 70 mm/min @ Retreating side

100 - Base Material HAZ and TMAZ Nuggetzone  HAZ and TMA{ Base Material

Vickers micro-hardness number

20 | Base Material | HAZ and TMAZ Nugget zone

HAZ and TMAZ | Base Material

(=

-0 9 8 -7 6 5 4 -3 2 -1 0 1 2 3 4 5 6 7 8 91

Centreline distance from nugget zone, mm

>e
== Without Nanoparticle
—=- With Nanoparticle

Figure 6. Microhardness measured transversely from weld centreline for samples with and without Al,O3 nanoparticles.
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Clearly, the level of micro-hardness was increased with the
addition of AlL,O; nanoparticles. It’s clear that the sample
prepared by using Al,O; nanoparticles had a fine size of
grains in comparison with the nanoparticles-free sample.
Such fine small equiaxed grains are the reason for more
hardenability. Figure 6 reveals some important conclusions
as to when AlLO; nanoparticles are incorporated, micro-
hardness towards AS is much high in respect to RS. This was
due to a higher temperature and less particle velocity
occurred on the AS that results in more extrusion and forging
of the plasticized material on RS which is extracted and
scattered more towards AS [22, 30]. Consequently, with an
asymmetrical circulation of plasticized deformed material
more distribution of nanoparticles will occur on AS. Whereas
for nanoparticles-free FSWed sample, hardness profile
exhibit a similar trend on two sides from the nugget zone.
The micro-hardness variation in nanoparticles-free sample
illustrates consistent hardness distribution in NZ. Such
variation in trend on both sides of the nugget zone was
increased by adding Al,O; nanoparticles into the Al-matrix.

3.3. Tensile Properties Evaluation

The calculated values of tensile strength for AA6061-T6
and FSW welds are depicted in Figure 7. In accordance with
the Figure, FSW samples joined with Al,O; nanoparticles
show the highest tensile strength compared to sample without
nanoparticles but less than the base material.

200
150
100
S0
o

Base Material 2000 rpm-70 mm/min 2000 rpm-70 mm/min
(With Nanoparticle)  (Without Nanoparticle)

Ultimate Tensile Strength, MPa

Samples

Figure 7. UTS values for base metal and friction stir welded samples
with/without Al,O; nanoparticles.

These results show the uniform distribution of Al,O;
nanoparticles in the nugget zone under these processing
parameters. This is because the grain boundaries can pile-up
by the Al,O; nanoparticles and as a result prevents the
growth of grains. In such cases, smaller grains can lead to
strength and hardenability at maximum [30]. When such fine
particles interact with the dislocation density, it can lead to
two conditions depending upon the nanoparticles’ size.
Condition-1, if there are small size nanoparticles, the cutting
of such nanoparticles is done by dislocation and in turn pile-
up leading to strengthening (Orowan strengthening).
Condition-2, for large size nanoparticles, the formation of

loops will occur, which again the reason for materials
strengthening. Figure 8§ illustrates the photo images of
fracture appearances and fracture locations for the tensile
samples with and without nanoparticles and base material. It
can be seen that in Figure 8a, the tensile sample for the base
material shows ductile failure. For sample without
nanoparticles, Figure 8b, failure will occur more towards the
base material from the nugget zone showing appreciable
ductility. It is clearly depicted in Figure 8c, that for the
sample with nanoparticles fracture occurred on the AS from
HAZ with no plastic deformation.

Fractured surface

Fracture location of tensile samples
(a)

(© Fracture location

Fracture location

Figure 8. Cross-sectional photo images of fracture location and the
fractured surface of tensile samples (a) base material, (b) without Al,O;
nanoparticles, and (c) with Al,O; nanoparticles.

This is because of the presence of severely agglomerated
AlLO; nanoparticles in HAZ [30-32]. Figure 9 presents the
SEM photomicrographs of the fractured portion of samples
with and without nanoparticles. As depicted in Figure 9a, the
AlLL,O; nanoparticles are densely agglomerated in the HAZ
because of which fracture of the sample took place along the
above-mentioned region. It is well understood that
agglomeration of Al,O; nanoparticles will act as the initial site
for nucleating the crack/void at the interface between Al-
matrix and Al,O3 nanoparticles, which is responsible for lower
ductility and sudden premature fracture of the sample.
Whereas, for the sample without nanoparticles, the occurrence
of deep small dimples indicates the mode of ductile fracture
and affirms the improvement in ductility (Figure 9b).

Figure 9. SEM photomicrographs for the fractured surface of samples (a)
with AL,O; nanoparticles, (b) without Al,O; nanoparticles.
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3.4. Wear Testing Measurements

The corresponding results for wear resistance tests are
illustrated in Figure 10. The results comprise of weight loss
and the frictional coefficient for 2000-70 and 2000-70-w
samples compared with the base material (Table-2).

Table 2. The amount of weight loss after wear test for samples with/without
nanoparticles and base material.

29

Furthermore, in the case of 2000-70 samples, the frictional
coefficient was substantially less in comparison to the parent
metal. It is obvious due to fine small grains size and large
distribution of hardness in NZ of friction stir welded
specimens. As far as 2000-70 sample is concerned, the
frictional coefficient is comparatively less than that of the
base metal but higher in comparison with the 2000-70-w
sample. This was due to the addition of Al,O3 nanoparticles
which results in the reduction of frictional coefficient

- Weight loss (mg) provided that these nanoparticles are distributed uniformly
Parent material 5.6 ithin the alumi .
2000-70 (With ALOs) 75 within the aluminum matrix.
2000-70 (Without ALO3) 4.1
1
as = Base material
e 2000-70 (With Al,O3)
s 2000-70 (Without Al,O;)
@
- — ] '
& | i
S { ks (i Bl 51 ] :f;q {
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Time (s)

Figure 10. Frictional coefficient values for the sample with and without Al,O3 nanoparticles in comparison with the base material.

Therefore, with an increase in FSW runs, decrement in the
coefficient of friction can be enhanced [32]. This is due to
unusual Al,O; nanoparticles distribution which results in
nanoparticles agglomeration. For such cases, the poor
adhesion between the Al,O; nanoparticles and the Al-metal
would occur. So, during wear test for such sample,
separation, and overlay of coated surface layering could
happen instead of erosion which results in large weight loss
compared to parent material and 2000-70-w sample. Based
on Figure 10, the high peak amplitude of the frictional trend
for this sample can also be the result of non-uniform
dispersion of Al,O3 nanoparticles in HAZ.

4. Conclusions

The effects of AlLO; nanoparticles addition on
microstructural and mechanical characteristics of friction stir
welded nanocomposite were studied. It was found that the
AA6061-T6/Al,0; nanocomposite can successfully be
fabricated through FSW in a single FSW pass at optimal
rotating and transverse velocities of 2000 rpm and 70
mm/min. Macrostructural and microstructural studies showed

that the amount of high heating intensity during FSW results
in a difference in width of the nugget zone as Al,O;
nanoparticles limit the flow of plasticized material. However,
the incorporation of Al,O; nanoparticles provides substantial
influence on the grain refinement in the nugget zone via
pinning effect which prevents the grain growth followed by
recrystallization during FSW, leading to a significant
reduction in grain size. Besides, average grains size was
decreased from 38 pm for parent metal to 6 pm for the
sample with nanoparticles. Mechanical characteristics reveal
that the micro-hardness in NZ for the sample with Al,O4
nanoparticles is comparatively higher than sample free-
nanoparticle which is due to the existence of strong-ceramic
nanoparticles, and their role in reducing the size of the grains
via Zener-pinning effect and providing the hindrance to the
motion of dislocations. Whereas, the ultimate tensile strength
for ALLO; nanoparticles sample is higher than nanoparticle-
free sample under the same processing parameters which are
mainly due to the refinement of grains and Orowan
strengthening mechanism occurred due to fine dispersed
nano-sized Al,O; particles. Less resistance to wear with high
loss of weight was observed due to unusual AlO;
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nanoparticles distribution in the HAZ on the advancing side
leads to aggregation of nanoparticles in HAZ and poor
bonding between accumulated Al,O; nanoparticles and
aluminum matrix which results in overlay/lamination and
surface layer separation.
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