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Abstract The strength of the welded joint obtained by solid state stir
welding process was found to be improved as compared to fusion welding
process. The deposition of reinforcements during friction stir welding
process can further enhance the strength of the welded joint by locking the
movement of grain boundaries. In the present study, the aluminium alloys
AA2024 and AA7075 were welded effectively by depositing the
multi-walled carbon nanotubes in to the stir zone. The mechanical properties
and microstructures were studied by varying the traverse speed at constant
rotational speed. The results show that rotating tool pin stirring action and
heat input play an important role in controlling the grain size. The carbon
nanotubes were found to be distributed uniformly at a welding speed
(traverse speed) of 80mm/min. This enhanced the mechanical properties of
the welded joint. The microstructure and Electron dispersive X-ray analysis
(EDX) studies indicate that the deposition of carbon nanotubes in the stir
zone was influenced by the traverse speed.

1 Introduction

Friction Stir Welding (FSW) is an efficient method for joining nonferrous metals which was
invented by The Welding Institute (TWI), in the year 1991 [1]. Since, FSW utilizes a non
consumable specially shaped tool, the absence of filler material is observed, which leads to
less distortion tool. The tool includes a profiled pin (or probe) and a cylindrical shoulder. The
probe helps to increase the frictional force between the work piece and the pin, and stirs the
plastically deformed work piece material, resulting in a porosity free weld. The joining takes
place at much low temperatures, in which the metal is in plastic zone. Though this method
was initially applied to weld wrought aluminum alloys and later this technique applied on
variety of materials with variety of joint scenarios of which metals and polymers were also
included.
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FSW has proven to be an alternative joining technique in which less distortion, less plastic
deformation and low residual stresses resulted when compared with other conventional
joining methods [2]. Therefore, the weld defects in FSW are less than defects in fusion
welding process. The quality of the welds depends mainly on the process parameters like tool
rotational speed (rpm), axial force (KN), and tool traverse speed (mm/s). The weld joints
produced between pure aluminium and interstitial free steel, the positioning of the tool pin
center towards the soft material which was placed on retreating side yielded good quality
welds [3].

In recent years the concept of FSW was utilized to produce the surface composites
by depositing different types of reinforcements (macro, micro and nano) during friction stir
processing [4, 5]. The impact of particle distribution during number of pass was investigated
by various researchers. It was found that the particle distribution was improved by the
increasing the passes and the process parameters [6-10]. Jafari et al.[11] studied the outcome
of CNT on 6mm Cu plates fabricated by friction stir processing by taking the groove size
0.3mm depth and 1.5mm width, and found that there is an enhancement of mechanical
properties of the welded joint. Lim et al.[12] reported the synthesis of multi-walled CNT
reinforced aluminium alloy composite with a groove of 0.3depth and 2.3mm width by
friction stir processing, in which the hardness of the joint was improved. Izadi et al. [13]
studied the multi-pass FSP of AA5059 alloy by inserting the carbon nanotubes of mean
diameter 30-50nm in to the groove of size 2.5mm in width and 1.8mm in depth. After three
passes the reinforcements were distributed uniformly in the stir zone of the nanocomposite
which restricted the grain size and yielded higher microhardness. Morisada et al. [ 14] studied
the AZ31 surface composites by dispersing Multi-walled carbon nanotubes of outer diameter
20-50nm in a groove of 1 mm x 2 mm using friction stir processing. It has been reported that
the microhardness of the composite was increased due to grain refinement and reinforcement
of cabon nanotubes. Morisada et al. [15] reported AAS5083 composites fabricated by
fullerene powder of mean grain size 25.4 pm in to a groove of | mmx 2 mm during friction
stir processing. Sun et al. [16] reported the deposition of SiC particles in to copper plates of
2mm thickness by friction stir welding which improved the mechanical properties of the
welded joint. Abnar et al. [17] investigated the friction stir welding of AA3003-H18
aluminium alloy by depositing the reinforcements in the stir zone. He reported that Cu and
premixed Al-Cu powder were inserted between the two metals without making groove. The
mechanical properties found to be improved more for premixed Al-Cu powder, when
compared to Cu powder. Ravinder et al. [18] studied the deposition of copper nanoparticles
during friction stir welding of dissimilar aluminium alloys and found that the mechanical
properties of the welded joint improved in all the samples.

Thus the above literature review show that different researchers have successfully
produced the surface composites by depositing the reinforcements in the stir zone. Hence, the
present study focuses on the effect of traverse speed on microstructure and mechanical
properties due to the deposition of multi-walled carbon nanotubes on fricton stir welded
dissimilar aluminium alloys AA2024-T3 and AA7075-T6.

2 Experimental Details

In the present study the dissimilar aluminium alloys selected as base metals are AA2024-T3
and AA7075-T6 with dimensions of 100 mmx 50 mmX 4.85mm . The chemical composition
and mechanical properties of the base metals are shown in Tablel and Table2. Fig. 1 shows
the as received multi-walled carbon nanotubes having purity more than 90% with a nominal
diameter of 10 to 20nm. The reinforcements were inserted in to the groove of Imm in width
and 2mm in depth which is being cut precisely by a wire cut machine i.e 0.5mm width and
2mm depth in each base metal. The welding is performed by a 5T NC FSW machine and the
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welding tool used is made of tool steel (W-Co) with dimensions- shoulder diameter of 18mm,
pin height 4.65mm and cylindrical pin diameter of Smm. The welded joints were fabricated
by a double pass friction stir welding process. Initially a rotating tool with out pin is passed
gently over the groove with carbon nanoparticles to compress and avoid the sputtering of
nanoparticles during welding process, then the welded joints were fabricated by using a
rotating tool with pin. The process parameters selected are at a contant rotational speed of
1400 rpm and axial load of 1 kN, the welding speed (traverse speed) was varied as
70,80,90mm/min. In the experimentation a total of 4 welded joints were fabricated in which
thee joints are with nanoparticles and one joint with out nanoparticles. The process parameter
selected for the welded joint without nanoparticles are 1400 rpm, 80 mm/min and 1kN, since
with the same process parameters the strength of the welded joint with nanoparticles was
found to be maximum. The tensile test specimens (ASTM-E8) were cut by using EDM wire
cut machine and the tensile test was carried out on 12 samples by INSTRON universal testing
machine of 30 kN. The microhardness of the samples was carried out by Wilson vickers
hardness tester. The samples were prepared for microstructure examination and etched with
keller’s reagent. The stir zone microstructures were obtained by optical microscope and
elemental identification was done by FESEM.

Table 1. The chemical composition of the alloys in this work (%owt)

Alloy Material Cu Mg Mn Zn Si Fe Cr Al
AA2024-T3 4.46 1.42 0.63 0.05 0.04 0.11 | 0.001 | Balance
AA7075-T6 1.7 243 0.08 6.93 0.05 0.12 | 0.001 | Balance

Table 2. Mechanical Properties
Base Material Yield Strength | Tensile Elongation Hardness
AA2024-T3 376Mpa 446Mpa 17% 144
AAT075-T6 489Mpa 573Mpa 13% 172

Fig. 1. FESEM image of Carbon nanotubes
3 Results and Discussion

The weld quality and weld pool geometry are observed to be effected by process parameters
during friction stir welding process. During FSW, defects may be formed due to variation in
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the velocity field around the rotating tool. Defects may also be formed due to the material
flow at high or low rotational speeds. The flow lines within the stir zone are observed to be
formed at different positions of the weld as the material layers undergo different levels of
plastic deformation. It has been observed that by the change in traverse speed the strength of
the welded joints has changed, with nano-particles. This may be due to change in the
distribution and amount of reinforcements present in the microstructure.

3.1 Microstructure

Fig. 1 and Fig. 2 show the microstructures of the welded joint at varying traverse speed.
During FSW process the fine grains are formed in the material due to intense plastic
deformation at high temperatures, which is referred as dynamic recrystallization[14]. Heat
input is the controlling factor which determines the grain size during the FSW process, where
as the conditions change due to the addition of reinforcements in to the metal matrix[6]. Also
it has been reported by Humphrey et al.[19] that the migration of grain boundaries takes place
at higher temperatures. Thus by increasing the rotational speed or decreasing the welding
speed promotes higher temperatures in the weld zone which leads to coarse grain size [20].
The migration of grain boundaries can be controlled by the reinforcements addition which
breaks the initial grains and impedes the grain growth [21]. The addition of reinforcements in
to the metal matrix creates more number of misoriented low angle grain boundaries during
the plastic deformation, which results more nucleating sites in the stir zone. Thus the low
angle grain boundaries are transformed in to high angle grain boundaries and new grains are
nucleated at favourable sites, which yielded fine grain microstructure [4]. The stir zone
microstructure with carbon nanotubes at a traverse speed of 70mm/min and 80mm/min are
shown in Fig. 1. The material flow in the stir zone was found to be optimum at a traverse
speed of 80mm/min which improved the distribution of nanoparticles and yielded fine grains
in the microstructure as shown in Fig. 1(b). At a traverse speed of 70mm/min the distribution
of carbon nanoparticles were not even which yielded combination of coarse and fine grains as
shown in Fig. 1(a). Similarly as the traverse speed was increased to 90mm/min the heat input
decreased which influenced the material flow and the nanoparticles are distributed randomly
in the microstructure as shown in the Fig. 2(a). Due to more heat input the microstructure of
the welded joint without nanoparticles yielded coarse grains as shown in Fig. 2(b).
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Fig. 1.Microstructure of Stir zone at (a)l 70 mm/min (b) 80 mm/min
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Fig. 2. Microstrucure of Stir zone at (a) 90 mm/min (b) 80 mm/min without nanoparticles

3.2 EDX Results

Elemental identification was obtained by Electron dispersive X-ray analysis (EDX) as the
optical microscopy does not show the amount of distribution of the elements in the stir zone.
The EDX patterns of the stir zone for different traverse speeds are shown in the Fig. 3 and
Fig. 4. The results show that the carbon nanotubes were deposited in all the samples, but there
is a slight variation in the deposition of the reinforcements in the stir zone. This is due to the
difference in material flow under various traverse speed. Thus the process parameters of
1400 rpm, 80 mm/min and 1kN are found to be optimum where the heat input is sufficient for
the material flow to distribute the carbon nanotubes uniformly and maximum amount in the
stir zone as shown in the Fig. 3(b). If the heat input is higher or lower than the material flow
may not be proper and which influences the distribution of nanoparticles in the stir zone. Fig.
4(b) shows the EDX results for the sample without nanoparticles at a traverse speed of 80
mm/min. As the heat input was optimum at a traverse speed of 80 mm/min exhibited the
maximum carbon nanotube reinforcements of 16.49 wt% and minimum amount of 12 .47
wt% at a traverse speed of 90 mm/min.
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Fig. 3. EDX results of Stir zone with nanoparticles at (a) 70 mm/min (b) 80 mm/min
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Fig. 4. EDX results of Stir zone with nanoparticles at (a) 90 mm/min (b) 80 mm/min without

nanoparticles
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3.3 Tensile Strength

Tensile tests are carried out to find the effect of traverse speed on the strength of the friction
stir welded joints with and without nanoparticles. The factors which influence the
mechanical properties are grain size, the interaction between the reinforcements and base
metals and dislocation density[4]. The generation of dislocation density was higher at the
interface due to large thermal mismatch between the carbon nanotubes and aluminium
matrix, which enhances the strengthening of the matrix by work hardening[22]. And the
dislocations movement will be hindered by the nanosized carbon nanotubes which were
distributed in the matrix. The tensile strength and microhardness of the friction stir welded
joints are shown in the Table 3. Fig. 5(a) shows the effect of traverse speed on the tensile
strength of welded joints. It has been observed that the strength of the welded joint was
maximum at a traverse speed of 80 mm/min. This is due to the uniform distribution of carbon
nanotubes in the stir zone which restricted the movement of grain boundaries and pins the
movement of dislocations during elongation[14,17,18]. At 70 mm/min the heat input is more
than the earlier case but the plasticity of the material is more and distribute the nanoparticles
randomly and thus the strength decreases. As the welding speed is increased the heat input
decreases and the material flow around the rotating tool pin influences the distribution of
nanoparticles and yeilded the second heighest tensile strength of 443.2 MPa. Thus due to
optimum heat input the maximum tensile strength of 449.71 Mpa was obtained for the
process parameters of 1400 rpm, 80 mm/min and 1 kN. The strength of the welded joint was
improved by 8.8% when compared to the welded joint without nanoparticles .

Table 3. Mechanical Properties of Friction Stir Welded Joints

Traverse 70 80 90 80(without
Speed(mm/min) nanoparticles
Tensile 436.2 449.71 443.2 410.3
Strength(MPa)

Microhardness(Hv) 173.5 189.3 179.7 145.2
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Fig. 5. Mechanical Properties of the welded joint (a) Tensile Strength (b) Microhardness

3.4 Microhardness

The important factors which influence the microhardness of the composites are amount of
reinforcement distribution, heat input, grain size and dislocation density. It has been reported
that the fine grains yield higher microhardness as per the Hall-Petch equation [8]. Since the
reinforcing phase and the matrix have different coefficient of thermal expansion which
generates the dislocations and yields high hardness [23]. The average microhardness of the
stir zone is shown in the Table 3 for all welded joints. It has been observed that the
microhardness of the welded joints with nanoparticles was higher than the welded joint
without nanoparticles, due to the distribution of reinforcing particles in the stir zone. But the
distribution is found to be varying due to change in the process parameters [16,17,18]. Fig.
5(b) shows the effect of traverse speed on the microhardness of welded joints. The maximum
hardness was achieved for the welded joint fabricated at a traverse speed of 80 mm/min and
minimum hardness at 70 mm/min. Even though heat input was higher at lower traverse speed
the pin stirring action was found to be better at traverse speed of 80 mm/min and uniform
distribution of nanoparticles was achieved. This enhanced the microhardness as fine grains
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are formed. As the traverse speed is increased the heat input decreases and non-uniform
distribution of particles takes place, due to change in material flow behavior around the tool
rotating pin. The microhardness of the welded joint was improved by 23.3% when compared
to the welded joint without nanoparticles.

4 Conclusions

The dissimilar aluminum alloys were fabricated effectively by depositing the multi-walled
carbon nanotubes during friction stir welding process. The nanoparticles were deposited in
all the welded joints irrespective of process parameters and enhanced the mechanical
properties. Heat input and stirring action of the tool pin are the important factors which
enhances the uniform distribution of nanoparticles in the stir zone. The process parameters
combination play an important role in distribution of nanoparticles in the stir zone, which
enhances the mechanical properties of the welded joint. Microhardness and tensile strength
were observed to be maximum at a traverse speed of 80 mm/min when compared to the
welded joint obtained at 70 mm/min and 90 mm/min. The heat input was found to be
optimum at 80 mm/min and uniform distribution of nanoparticles was achieved due to better
stirring action of pin. Thus, the fine grain size were observed in the microstructures due to the
dispersion of nanoparticles, locks the dislocations movement and enhances the strength of
the welded joint. The tensile strength and microhardness of the welded joint was improved by
8.8% and 23.3% when compared to the welded joint without nanoparticles.
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