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Abstract The effect of TiO2 particles on the mechanical and corrosion properties
of the friction stirred welded 7075 aluminium alloys were studied. Surface topog-
raphy of the welded samples was carried out with a scanning electron microscope
(SEM). Energy dispersive spectroscopy (EDS) was performed to analyze the pres-
ence of TiO2 particles in the weld. The tensile strength of the base 7075 Al alloy
was compared with the reinforced and unreinforced weld. The tensile strength of the
base alloy is high as compared to weld alloy. The drastic decrease in tensile strength
of the welded sample may be ascribed to the dynamic recrystallization followed by
grain growth which is the consequence of heat generated due to the friction between
the tool and weld material. Residual stresses generated due to welding also affect the
strength of the weld. However, the tensile strength of the reinforced alloy is found to
be more in contrast to the unreinforced 7075 aluminium alloy. It can be interrelated
to the existence of TiO2 particles which is incorporated in the matrix. The fracture
surface was examined through SEM. Overall it shows the ductile mode of fracture.
However, in the presence of TiO2 particle, there is evidence of both intergranular and
transgranular fracture. The corrosion behavior was studied by conducting potentio-
dynamic polarization test with 3.5 wt% NaCl solution. The base alloy shows more
corrosion resistance than the unreinforced and reinforced weld.

Keywords Friction stir welding · Stir zone · Nugget · Dimple · Transgranular
fracture · Intergranular fracture

1 Introduction

High strength to weight ratio and high fracture toughness of 7075 Al alloy makes
it suitable for various applications which include automotive, aerospace, defense,
and marine industries [1, 2]. Depending on the area of application, this alloy is
joined with the same or different Al alloy. For joining purpose, solid state joining
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especially solid-state welding has gained a lot of attention. Friction stir welding
(FSW) comes under solid state joining which is vastly suggested for Al alloys [3,
4]. It is a hot deformation process where the tool rotates and generates heat by the
friction between the tool and the base metal [5]. Welding defects are inevitable,
but FSW is confronted with less welding defects. Not only fewer welding defects
but the weld portion imparts high mechanical strength also. The joining is possible
without the temperature exceeding 0.8 Tm (K) and typically, the welding tempera-
ture for aluminum 7075 alloy lies between 425 and 480 °C [5]. Many researchers
have worked on FSW of 7075 aluminum alloy [4, 5]. In addition to this, some work
has also been carried out on friction stir welding of heat treated 7075 alloys to
the other grades of aluminium alloy [6]. The change in properties of weld metal is
related to the change in microstructure which is associated with structure–property
co-relation. Tool geometry, rotating speed of the tool, welding speed, and the prior
condition of weld metal are the measure factors that affect the property of the weld
metal during FSW. Composite preparation through the addition of reinforcement
to the matrix by the process of friction stir welding has gained a lot of attention.
Aluminium metal matrix composite has been synthesized successfully by FSWwith
improved properties and homogeneous distribution of reinforcement. The effect of
reinforcement like SiC, TiC, carbon nanotubes (CNT), and TiO2 has already been
studied on different properties of friction stir welding of aluminium alloys [7–12].
Bahrami et al. have studied the effect of SiC on the properties of FSW of 7075 alloy.
Both the tensile strength and the toughness are increased due to the amalgamation
of SiC nanoparticles in 7075 Al alloy [13]. Lim et al. have used multi-walled carbon
nanotube (MWCNT) as a reinforcement in the matrix of Al alloy [12]. It is observed
that the factors like the rotation of the tool speed and the penetration of the probe are
going to affect the distribution of MWCNT. Homogeneous distribution is achieved
when the rotation of the tool is increased from 1500 to 2500 rpm. Micron size SiC
particles have also been used as a reinforcement for Al 6351 alloy where the grain
growth is restricted due to SiC particles [14]. Mechanical behavior is studied for Al
2618 metal matrix composite reinforced with 20% Al2O3 where the tensile test is
conducted for the nugget zone at different strain rates and high temperature i.e. in the
range of 400–500 °C [15]. Above 10–2 s−1 strain rate, it shows higher ductility and
strain rate sensitivity. Hybrid composite is also synthesized by FSW where SiC and
graphite particulate are used as reinforcement in 6063 Al alloy. Surface composite
using graphite and graphite + SiC are also synthesized at different volume frac-
tions. SiC particulate reinforced composite shows improved property as compared
to graphite and graphite+ SiC reinforced composite [8]. Palanivel et al. have worked
on the synthesis of Aluminum metal matrix hybrid composite where TiB2 and BN
are used as reinforcement [16]. It is noticed that the wear mode in case of sliding
wear is changed from adhesive wear to abrasive wear. As per available literature, no
researcher has studied the influence of TiO2 powder on the mechanical and corrosion
properties of FSW of 7075 aluminium alloy.
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2 Experimental Procedure

For this study, plates of aluminium 7075 alloy were taken whose dimension was
of (12 × 10 × 6) mm3. Welds were produced with and without TiO2. The average
particle size of TiO2 was in the range of 2–5 µm with a purity of 99%. A groove
of 2 mm depth and 1 mm width was prepared along the weld line to accommodate
TiO2 powder in both the plates, which is represented in Fig. 1 (left).

FSW was conducted at a spindle speed of 750 rpm under a load of 100 kg. It was
done at a feed rate of 35mm/min. The FSWwas attached with a hot worked tool steel
(H13) with a hardness of 52 HRC and the shoulder dia. was 18 mm. The pin dia. and
height were 6 and 5.8 mm, respectively. The experimental setup is shown in Fig. 1
(right). The transverse section was polished and etched with Keller’s reagent. Then
the polished surface was examined with a scanning electron microscope (SU3500
HITACHI SEM). Compositional characterization was done with energy dispersive
spectroscopy (Oxford EDS) attached to SEM. The tensile test was done in a universal
testing machine (UTE-HGFL-TS-20) and the test sample was prepared according to
ASTM E8M-04 standard. The test was done at a rate of 0.003 s−1. The fracture
surface of the tensile sample was studied through SEM. The corrosion test was
done in POTENTIOSTAT 302 N attached with NOVA 2.1 software. 3.5 wt% NaCl
solution was prepared for the test. Platinum and saturated Ag/AgCl were used as
counter and reference electrode, respectively. The potential sweep range was from
−1 to +1 V. The sample to be corroded was used as a working electrode. The scan
rate was 0.05 mV/sec. Optical micrographs of the corroded surface were captured
by an optical microscope (Leica DM 1705M).

Fig. 1 The groove along the weld line of 7075 aluminium alloy (left) and the tool set up of for
FSW of 7075 aluminium alloy (right)
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3 Results and Discussion

3.1 Microstructural Characterization

Different zones are created during FSW which comprises of nugget or stir zone
(SZ), thermomechanical affected zone (TMAZ), and heat affected zone (HAZ) [17].
Different zones of the unreinforced and reinforced weld are shown in Figs. 2 and 3,
respectively. Figure 4 shows thehighmagnification imageof the stir zonewith smooth
onion rings which symbolize a good weld quality. Onion rings are the characteristic
features of the FSW that are formed due to both rotational and translationalmovement
of the probe [18]. In certain cases, onion rings get disappear due to high tool rotational
speed, as a result of the easy flowability of thematerial [19].Hasan et al. have revealed
that there is no deleterious effect of the onion rings on the weld behavior [20]. The
distribution of TiO2 particles is seen in Fig. 5b. It is also verified through EDS
(Fig. 5d) where well defined peaks of Ti are present.

Fig. 2 SEM microstructure
of base alloy and heat
affected zone of FSWed
uneinforced 7075 aluminium
alloy
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Fig. 3 SEM microstructure of different zones of FSWed 7075 aluminium alloy reinforced with
TiO2 powder

Fig. 4 The presence of onion rings in the SEM image of nugget or stir zone for 7075 aluminium
alloy reinforced with TiO2 powder

3.2 Tensile Test Analysis

The tensile test data is shown in Table 1. This shows that the tensile strength of the
base alloy is high as compared to weld alloy. The drastic decrease in tensile strength
of the welded sample may be attributed to the dynamic recrystallization followed by
grain growth which is the aftermath of heat generated due to the friction between the
tool and weld material. Residual stresses generated during welding also affect the
strength of the weld. However, the tensile strength of the reinforced alloy is found to
be more in contrast to the unreinforced 7075 aluminium alloy. It can be interrelated
to the presence of TiO2 particles in the matrix. Dislocation density is increased due
to the thermal mismatch between the reinforced particle and the matrix alloy which
in succession increases the strength of the reinforced FSWed sample [21].
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Fig. 5 SEMmicrographs of stir zone present in the weld sample: a unreinforced and b reinforced,
and bulk EDS of the weld c unreinforced and d reinforced

Table 1 Ultimate tensile
strength (UTS) of base and
FSWed 7075 Al alloy

Base 7075 Al
alloy

FSW without
reinforcement

FSW with
reinforcement

UTS (MPA) 430.19 132.68 140.42

3.3 Fractography

It is observed from Fig. 6a, b that the mode of fracture is ductile and which is
confirmed through the dimple like features present in the SEM micrographs.

Fig. 6 Fracture surface of the weld 7075 aluminium alloy: a unreinforced and b reinforced with
TiO2
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In the case of a reinforced FSWed sample, TiO2 particles are partially bulged out
from the center of the dimples present in the fractograph. It indicates that the interface
between the TiO2 particle and the matrix acts as the nucleation site for the fracture
and the decohesion finally terminates with ductile fracture. Dimples are shown as
red arrow marks in Fig. 6b. However, some evidence of transgranular fracture (black
arrowmark present in Fig. 6b is also perceived in some regions of the fracture surface
of the reinforced weld.

3.4 Corrosion Plot Analysis

It is observed from the corrosion plot (Fig. 7) and Table 2 that the base 7075 Al
alloy shows higher corrosion resistance than the reinforced as well as unreinforced
weld. The diminution of corrosion resistance in the weld is due to the welding
defect and residual stress generated during welding. It has already been revealed that
7075 alloy is a precipitation strengthened alloy. The precipitate gets coarsen as the

Fig. 7 The potentiodynamic
polarization curve for base
alloy, unreinforced and
reinforced weld, and HAZ of
reinforced weld

Table 2 The parameters for
potentiodynamic curves

Different regions of
sample

Icorr (mA/cm2) −Ecorr (mV vs. SCE)

Unreinforced weld
(Stir zone)

1.077E−02 862.97

Reinforced weld
(Stir zone)

4.302E−04 871.24

Reinforced weld
(HAZ)

4.0304E−02 848.3

Base alloy 3.7005E−04 858.26
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Fig. 8 Optical micrographs of pits formed due to corrosion in base alloy, unreinforced and
reinforced weld

welding temperature reaches the mushy state temperature. A galvanic cell is devel-
oped between the precipitate and the matrix where the precipitates formed in grain
boundary acts as a cathode and the rest area behaves as an anode [22]. However, the
corrosion is a pitting type of corrosionwhich is visible in Fig. 8. The pitting corrosion
mainly depends on the chloride ion concentration [23]. The improvement in corrosion
resistance of reinforced weld is because of the passivation provided by uniformly
distributed TiO2 particles in an aluminium alloymatrix. Uniform distribution of TiO2

particles also prevents the formation of a galvanic cell.

4 Conclusions

i. Reinforced particle i.e., TiO2 was successfully incorporated into 7075
aluminium alloy through friction stir welding. These are uniformly distributed
in the matrix.

ii. The tensile strength of TiO2 reinforcedweld ismore than the unreinforcedweld
sample. The reduction in tensile strength of the weld sample in comparison to
the base alloy sample is due to dynamic recrystallization followed by grain
growth. The increase in tensile strength of the reinforced weld is due to the
addition of TiO2 particles.

iii. Ductile fracture is observed in both unreinforced and reinforced TiO2 weld.
There was some sign of transgranular type brittle fracture in the reinforced
weld.

iv. The base alloy shows higher corrosion resistance than the weld. The incorpo-
ration of the reinforced particle increases the corrosion resistance of the weld
alloy. Pitting type of corrosion is observed inweld alloy and the improvement in
corrosion resistance of reinforced weld is because of the passivation provided
by uniformly distributed TiO2 particles in an aluminium alloy matrix.
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