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Abstract

In this article, the friction stir welding of dissimilar AA6061-T6/AA7075-T6
aluminum alloys was studied experimentally. The joining process was imple-
mented with and without the addition of the TiO2 nanoparticles. To infer
the resulting quality, tensile tests were carried out and the microstructure of
the welded samples was investigated by the optical microscope. Furthermore,
the samples were welded using gas tungsten arc welding (GTAW) to provide
further comparisons with the FSW process. The ultimate tensile strength and
maximum elongation increased by 12.3 and 12.5% respectively by adding TiO2

nanoparticles. Microstructure observation shows that equiaxed grains formed
in the FSW process and no precipitation aging occurred in the melting zone
-however, precipitation particles can be observed in the heat-affected zone.
Coarser grains can be obtained by adding TiO2 nanoparticles, resulting in good
dispersion at the stir zone and retarding the dynamic recrystallization (pinning
the grain boundary movements). The sample welded by the GTAW process
showed very weak strength compared to the samples welded by the friction stir
welding process.

1. Introduction

The welding process is a permanent joining method to
connect different parts together. Due to increasing the
temperature to the melting or softening temperature
of the material, metallurgical and mechanical changes
are produced in the welding zone and its neighbor zone.
The welding method is selected according to the type of
welded materials (chemical composition, similar or dis-
similar joining and melting temperature of the sheets),
the need for filler material, the deposition rate of the
filler metal and geometrical characteristics of the weld
(welding position, thickness of sheets, and depth of
penetration). Among the different welding processes,
Friction Stir Welding (FSW) process is a solid-state

joining process, which used widely in welding of simi-
lar and dissimilar metals particularly aluminum alloys.
The FSW process is considered as the most important
improvement in metal joining in the former decades.
The fusion welding can lead to the melting of the alu-
minum alloys and consequently, the strength of the
joint decreases due to the formation of Al2O3 composi-
tion. In the FSW process, a particularly-shaped cylin-
drical tool rotates and penetrates into the workpiece.
The plunging of the tool continues until the shoulder
of the tool reaches the top surface of the workpiece
and then the tool moves along the welding seam at a
constant rate. The rotational movement of the tool
generates heat and the regions around the FSW tool
are softened due to the frictional heat. The shoulder
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avoids flowing the softened material outward. Accord-
ingly, a weld joint is made by extrusion and forging
of thermally softened material from the leading side to
the trailing side of the rotating tool. Consequently, the
two different sides of the weld line, which are called ad-
vancing, and retreating side may have different proper-
ties. The friction stir welding process has few mechan-
ical and metallurgical benefits compared to the fusion
welding processes. The FSW process is used widely
in different industries such as automobile industries.
The friction stir welding of dissimilar alloys, mainly
in aluminum alloys, has some restrictions. Hitherto, a
number of researchers have investigated the effects of
weld parameters on the strength and mechanical prop-
erties of welded dissimilar aluminum alloys. The main
controllable process parameters are the material type,
rotational speed, pin profile, and feed rate. The ef-
fects of process conditions investigated in the friction
stir welding of dissimilar aluminum alloys [1-4]. The
joint strength depends on the quality of the welding
procedure and the weld quality influences the mate-
rial mixing during dissimilar friction stir welding. The
rotational and the feed rate are the main influencing
parameters on appropriate material mixing. Jamshidi
Aval et al. [5] studied the FSW of dissimilar aluminum
alloys (AA5086-O and AA6061-T6). The material mix-
ing improved at higher rotational speed and lower feed
rate. The profile of the pin can create the desirable
mixing flow in the weld zone, which determines the
joint strength and leads to the absence of defects [5,
6]. Moreover, further studies revealed that a bulky
volume of the material was just extruded around the
retreating side and then deposited behind the pin, i.e.
lack of complete stirring in the welding zone [7]. The
location of welding pairs (where the alloy is in the ad-
vancing or in the retreating side) can vary the mechan-
ical strength and the quality of materials bonding of
dissimilar alloys in the friction stir welding. The al-
loy location pointedly can improve the material flow
[1] or affect the chemical composition of the nugget
[2] and the formation of intermetallic particles. Ad-
ditionally, the thermal distribution has a noteworthy
effect on mechanical properties and weld quality [8].
Mishra and Ma [9] comprehensively discussed different
aspects of FSW and friction stir processing(FSP) in a
review article in 2005. Furthermore, in a similar article
published lately in 2017 by Ma et al. [10], the signifi-
cant advances in the FSW and FSP were summarized.
FSP established according to the basic principles of the
FSW process.

The joint strength depends on controllable factors
and uncontrollable factors. Statistical tools can be
used for finding the optimum condition of welding.
Among the different techniques of the design of exper-
iments method (DOE), the Taguchi method and Re-
sponse Surface Method (RSM) are more appropriate
for statistical analysis of joint strength by the FSW

process. Devaiah et al. [11], Wakchaure et al. [12] and
Ugrasen et al. [13] used the Taguchi method for finding
the optimal condition of FSW process implementation
in order of best mechanical properties. Devaiah et al.
[11] studied the joining of AA5083 and AA6061 alu-
minum alloys. The effectiveness of each process param-
eter was determined by using an analysis of variance
(ANOVA). The ANOVA results showed that the rota-
tional speed, traverse speed, and tool tilt angle are the
most significant factors. Additionally, a similar study
was directed by Ugrasen et al. [13] to weld AA6061
and AA7075 aluminum alloys. The results showed that
the contribution of rotational speed, feed rate, and the
number of FSW passes on the strength of the weld
is 63%, 24%, and 13% respectively. Jagathesh et al.
[14] studied the influencing factors on joint strength
of AA2024 and AA6061 dissimilar friction stir weld-
ing using Box–Behnken response surface methodology.
Statistical analysis showed that the optimum tensile
strength is obtained at 500rpm rotational speed and
40mm/min traverse speed.

Sharifi Asl et al. [15] investigated the joining of
dissimilar AA6063-T4 aluminum alloy and AZ31B-O
magnesium alloy sheets by using the FSW process.
A special groove was designed to combine the TiO2

nanoparticles within the stir zone. The FSW process
leads to the formation of Al3Mg2 and Al12Mg17 in-
termetallic compounds and adding the nanoparticles
and formation of intermetallic compounds can consid-
erably increase the joint strength and the hardness.
Madhu et al. [16] studied the fabrication of aluminum-
based composites by Friction stir processing (FSP).
The unannealed TiO2 particles (about 1µm size) were
dispersed into the commercially pure aluminum ma-
trix by 6 passes of FSP and the FSP passes led to the
formation of Nano-size particles in the matrix. The
microstructural observation showed that Al3Ti inter-
metallic compounds and Al2O3 ceramic compounds are
created which leads to an increase in the joint strength
and decrease in the ductility. Mirjavadi et al. [17]
investigated the effect of adding TiO2 nanoparticles
in FSW of AA5083 alloy plates. A square pin tool
was used for welding. The optimized rotational speed
of 710rpm and feed rate of 14mm/min condition was
obtained and then the AA5083+TiO2 nanoparticles
welded plates undergoes to multi-pass FSW process
(from 1 to 4 passes). The results showed that the
hardness and strength of samples were increased by
40% and 25% respectively after four passes of FSW.
Also, better wear resistance and lower friction coeffi-
cients obtained for samples prepared by four passes of
FSW.

AA7075 aluminum alloy is an interesting alloy
which has been welded to different alloys by many
types of research. Rajakumar and Balasubrama-
nian [18] established relationships between mechanical
properties of six different aluminum alloys (AA1100,
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AA2219, AA2024, AA6061, AA7039, and AA7075) and
optimized process parameters. Ahmed et al. [19] stud-
ied the FSW of AA7075-T6 and AA5083-H111 (for
similar and dissimilar joints). The welding process was
carried out by 300rpm rotational speed of and different
traverse speeds (50, 100, 150, and 200mm/min). Mi-
crostructural studies showed that recrystallization and
grain refinement occur in friction stir welding. Sig-
nificant grain refining happened in the nugget zone of
AA7075 while relatively coarser grains were obtained
in AA5083 joints. The ultimate tensile strength var-
ied between 245-267MPa and maximum elongation be-
tween 3 to 5.6%. Shahabuddin et al. [20, 21] in-
vestigated the effect of tool geometry and the envi-
ronment of welding (underwater) on the strength and
hardness of welded AA7075-T6 aluminum alloys. Sar-
avanan et al. [22] investigated the properties for fric-
tion stir welded AA6061-T6 and AA7075-T6 aluminum
alloys and the effect of process parameters was dis-
cussed. Subsequently, the most appropriate conditions
for FSW welding were proposed. Moreover, the effect
of heat input on the joint strength of AA6061-T6 and
AA7075-T6 aluminum alloys calculated by Saravanan
et al. [23]. The results showed that maximum strength
can be obtained by welding with the intermediate heat
conditions. The formation of finer grains and good ma-
terial mixing in the stir zone are the leading reasons for
the enhanced strength. Ramesh Babu and Anbumalar
[24] used the FSW process for joining AA7075-T6 and
AA6061-T6 aluminum alloys by varying the input pa-
rameter namely the rotational speed at constant feed
rate and load. The tensile strength and the surface
hardness of the stir zone increased with an increase
in the rotational speed. Nouri and Kazemi Nasrabadi
[25] studied the fracture behavior of the AA7075-T6
alloy joint made by FSW. Substantial plastic defor-
mation occurred around the notch tip, which showed
the elastic-plastic behavior of the welded joint. Ductile
failure was developed according to the load-carrying ca-
pacity of the friction stir welded samples. Chetan et al.
[26] investigated the friction stir welding of AA6061T6
and AA7075T651 aluminum alloy. Furthermore, TIG
welding was conducted and the hardness of the welded
samples was measured. The welded samples by FSW
showed higher hardness in comparison to the welded
samples by TIG welding. Safari and Joudaki [27] stud-
ied the friction stir welding of AA 6061-T6 and AA
7075-T6 aluminum alloys by developing a 3D coupled
thermo-mechanical finite element model according to
the Coupled Eulerian-Lagrangian (CEL) method. The
model was used to predict the material flow as well as
the defect formation during the FSW process explic-
itly and precisely. Additionally, a similar study was
conducted by Alavi Nia and Shirazi [28].

The friction stir welding of AA7075 and AA6061
aluminum alloy is of great importance and interest,
due to the wide usage of the aluminum alloys in the

aeronautic industry. AA6061 alloys are high strength,
high corrosion resistance, and lightweight aluminum
that have high ductility and toughness. Meanwhile,
AA7075 exhibit super high strength that has been used
extensively in aircraft component and other highly
stressed applications. Both materials of the AA6061
series and AA7075 series are extensively employed in
marine fittings, automobiles, and aircraft applications.
Both aluminum alloys are used for the manufactur-
ing of structural parts, modern seats, tubes and their
fittings in the aircraft. Hence, their weldability is im-
portant for different applications. Among the recent
researches in the field of FSW, the researches focus
on the dissimilar joining of AA7075 and AA6061 alu-
minum alloy, which is listed above [1, 13, 22-24]. Some
researches [1, 13] used annealed alloy in their inves-
tigations, while precipitation hardening is an impor-
tant mechanism of strengthening in the aluminum al-
loys. The annealed alloy is too soft to be used in the
aerospace industry, i.e. yield strength about 100MPa.
But T6 artificial gaining heat treatment can increase
the yield strength to about 250MPa. In most of the
researches previously published [22-24] on the FSW
of AA6061-T6 and AA7075-T6 aluminum alloys, the
attitude was the investigation of process parameters.
As mentioned in the literature review, adding TiO2

nanoparticles can increase the strength and hardness of
the welded samples mostly because of grain refinement.
Another main contribution of the current study is the
determination of the role of adding TiO2 nanoparticles
in dissimilar welding of precipitation hardening alu-
minum alloys. In the current work, the microstruc-
tural and mechanical properties of friction stir welds
between the AA7075-T6 and AA6061-T6 aluminum al-
loys (hardened by artificial aging) was investigated.
For this purpose, dissimilar friction stir welding of
AA7075-T6 and AA6061-T6 aluminum alloys was stud-
ied with and without the addition of the TiO2 nanopar-
ticles. The tensile test was used for assessing the joint
weldability. It should be declared that the FSW of
AA7075-T6 and AA6061-T6 aluminum alloys had not
been studied until then.

2. Material and Methods

In this section, the joining of dissimilar sheets by fric-
tion stir welding procedure with and without adding
TiO2 nanoparticles is introduced, then welding by
GTAW process is pronounced and at last, the sample
preparation for tensile test and microstructure explo-
ration are explained.

2.1. FSW Procedure

AA6061-T6 and AA 7075-T6 aluminum alloys are two
common alloys in the industry. The strengthening of
both alloys was done by precipitation hardening and
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artificial aging. In addition, the friction stir welding
process implies a considerable hot working on the sam-
ples, the thermomechanical process leads to recrystal-
lization and grain refinement in the FSW process. The
magnitude of applied thermomechanical load (includ-
ing the temperature and material flow) has an impor-
tant role in the strength of joints. The dimensions of
the welded sheet were 100×100×6mm (length-width-
thickness). A simple fixture was prepared to clamp
the sheets in their position for butt joint welding. The
chemical compositions of the workpieces are reported
in Table 1 and Table 2 for AA7075-T6 and AA6061-T6
aluminum alloys respectively.

The FSW tool was designed and fabricated from
H13 hot work tool steel. The diameter of the shoulder
was 20mm with a 20◦ conical threaded pin (5mm di-
ameter at shoulder face, 4.7mm length). Fig. 1 shows
the prepared tool for the FSW process. Due to the
high hardness and low machinability of tool material,
the initial part was heat-treated. The annealing pro-
cess was carried out at 900◦C (holding time 1 hour)
and cooled in the furnace. After then, the machining
operation was performed to prepare the desired shape
of the tool. A secondary heat treatment operation
was done to harden the tool. The H13 tool steel has
4-5% Chromium alloy and considerable Molybdenum,
Vanadium, Silicon alloy, which shifts the Continuous
Cooling Temperature (CCT) diagram to the right side
and high hardness can be obtained even by applying
low cooling rate. Consequently, the tool heated up to
1020◦C (holding time 25 minutes) and was quenched
in the oil. Tempering heat treatment was done at
530◦C. The Vanadium and Chromium element can cre-
ate Vanadium Carbide and Chromium Carbide com-
positions that lead to high-temperature corrosion and
erosion resistance and improved thermal fatigue prop-
erties. Thus, the H13 steel tool is a good choice for the
FSW tool. Table 3 shows the chemical compositions of
H13 tool steel.

Fig. 2 shows the designed fixture to clamp the

sheets in their proper position while penetration and
traverse of the tool and also restricts the transverse
force in the welding. A milling machine was used for
welding. After some trial and error, the rotational
speed of 710 revolutions per minute (rpm) and feed
rate 28mm/min was selected to implement the exper-
imental tests. The angle of the spindle (tilt angle)
was 3◦ with respect to the vertical direction. The tool
tilt angle can improve the metal flow, but in the cur-
rent study, the effect of tilt angle variation was not
considered. After plunging the tool in the workpieces
(4.7mm plunging depth equal to the height of pin),
the tool rotated without longitudinal traverse to pro-
duce the required heat for implementing friction stir
welding (15 seconds). The FSW process was repeated
again by the addition of TiO2 nanoparticles. The two
parts of welding sheets were positioned as the square
butt-welding procedure. A narrow gap (5mm width
and 0.2mm height) was created by a milling tool. The
TiO2 nanoparticles filled and were compacted in the
gap. The weight of TiO2 nanoparticles was 20g. Fig.
2b shows the workpiece with the TiO2 nanoparticles
filled the gap before FSW. The particle size of TiO2

powder was about 120nm.

Fig. 1. The prepared H13 steel tool for welding.

Table 1
The chemical composition of AA7075-T6 aluminum alloy (weight percent).

Element Al Zn Cr Mg Mn Cu Fe Si
Percent Base 4.83 0.26 1.8 0.01 1.29 0.4 0.27

Table 2
The chemical composition of AA6061-T6 aluminum alloy (weight percent).

Element Al Zn Cr Mg Mn Cu Fe Si
Percent Base 0.01 0.05 0.95 0.09 0.22 0.35 0.51

Table 3
The chemical composition of H13 tool steel (weight percent).

Element Fe Mo V Cr Mn C Si
Percent 91.70 1.48 0.95 4.37 0.47 0.39 1.07
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Fig. 2. The setup of friction stir welding a) Conven-
tional, b) By adding TiO2 nanoparticles.

2.2. GTAW Welding Procedure

Gas Tungsten Arc Welding (GTAW) or Tungsten In-
ert Gas (TIG) was used for joining the dissimilar alu-
minum alloys. The sheets were placed in the butt-
welding position with a narrow gap (1mm). Alter-
native current (AC) was used for welding (15V and
200A). The temperature of the arc was very high
(about 30,000◦C) [29] and a shielding gas of Argon
(25mL/min flow rate) was used to prevent the oxida-
tion of the welded zone. The diameter of the Tungsten
electrode was 3.2mm. AA4043 aluminum alloy wire
(2.4mm diameter) was used as filler metal of the gap.
The filler metal contains Silicon alloy which increases
the penetration of molten metal in the welding zone.
Silicon alloy increases the fluidity of the melt [29]. Ta-
ble 4 shows the plan of experiments for different weld-
ing conditions.

2.3. Samples Preparation

After carrying out the welding, the parts were cooled
in the air. A transverse cutting (perpendicular to weld
seam) was done on the samples for metallographic ob-
servations. The samples were polished with sandpaper
and suspension of 1µm Al2O3 powders. The chemical
etching was implemented based on ASTM E407-2015
standard by Keller reagent (5mL HNO3+ 3mL HCl+

2mL HF acid + 190mL distilled water). The holding
time of samples was 14 seconds [30]. An electronic
microscope was used to observe the microstructure of
samples after etching. Because the aluminum metal
does not have different phases, the grain boundaries
can be recognized only in polarized light. Additionally,
the tensile test was performed to compare the strength
of the joints. The tensile test specimens were prepared
according to ASTM E8/E8M-15 [31]. Fig. 3 shows
the sample with its dimensions in millimeter. The test
specimens were cut far enough from the initial and fi-
nal part of the weld seam (at least 20mm distance) to
prevent any unwanted effects in the results.

Fig. 3. a) Tensile test specimen b) Dimensions ac-
cording to ASTM E8/E8M (dimensions in mm).

3. Results and Discussions

In this section, firstly, the tensile test results of welded
samples are presented and finally, the results of mi-
crostructure observations are reported and discussed.

3.1. Results of Tensile Tests

Fig. 4 shows the results of tensile tests for FSW,
FSW+TiO2 nanoparticle and GTAW welded dissim-
ilar aluminum welding. Fig. 5 shows the stress-strain
curve obtained from the tensile test. The maximum
stress of FSW samples is comparable with the strength
of the base metals.

Table 4
The plan of experiments.

Rotational speed
(rpm)

Feed rate
(mm/min) Voltage (V) Current (A) Shielding gas Flow rate

(mL/min)
FSW 710 28 - - -
FSW+TiO2

nanoparticle 710 28 - - -

GTAW - - 15V AC 200A 25
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Fig. 4. Comparison of the stress-strain curves for dif-
ferent welding processes.

Fig. 5. The surface of friction stir welded AA7075-T6
and AA6061-T6 aluminum alloys without adding TiO2

nanoparticles.
Table 5 reports the yield and ultimate tensile

strength, and maximum elongation of welded speci-
mens. The yield strength was obtained according to
the standard method of proof stress (a line is drawn
from 0.2% strain by the angle of the elastic modulus).
The ultimate tensile stress was the maximum stress ob-
tained in the tensile test and the maximum elongation

was determined according to the strain at failure. All of
the samples failed from base metal and no fracture from
the base zone was observed. FSW+TiO2 nanoparticle
welding showed the best joint strength for weldments.
The yield strength of FSW+TiO2 nanoparticle weld-
ing was almost equal to FSW (about 3% increase), but
the ultimate tensile strength and maximum elongation
were 12.3% and 12.5% higher than the conventional
friction stir welding process, respectively. Fusion weld-
ing (GTAW) showed the worst joint strength. The
yield and ultimate tensile strength reduced about 58%
in comparison with FSW and FSW+ TiO2 nanopar-
ticle. The maximum elongation reduced about 64
and 68% in comparison with FSW and FSW+TiO2

nanoparticle respectively. The reason for this severe
decrease can be found by microstructural observation
as it is discussed in the next section. The yield strength
and tensile strength of AA6061T6 were equal to 276
and 310MPa. The yield strength and tensile strength
of AA7075T6 were equal to 460 and 540MPa [32]. The
fracture of the samples happened in the weld metal
zone. It is recommended that the fracture zone of
the tensile test must be out of the weld area (in the
weaker base metal) for acceptable joint quality. But
in real experiments, the necking happened either in
the HAZ or TMAZ or weld metal. In these cases,
the quality of joining was acceptable if the strength
of the joining was higher than 50% of the strength of
the weaker base metal [33]. The degradation effect of
input heat on the filler metal and surrounding base
metal leads to decreasing joint efficiency. It should
be noted that the tensile test was carried out as “dis-
placement control” and the stress-strain curve is re-
lated to the behavior of the sample under a tensile
load. When the sample is loaded axially, the defor-
mation along the longitudinal axis of the sample deter-
mines the strain. When the sample is not uniform, the
total deformation depends on the deformation of base
metals, TMAZ, HAZ, and welding zone. In addition,
non-homogeneity affects the deformation of the sample.
Thus, the stress-strain curve determines the behavior
of the welded sample and different stress-strain curves
can be obtained for the different conditions of the weld-
ing process. A comparison of the stress-strain curve
of the FSW and FSW+TiO2 nanoparticles shows that
adding TiO2 nanoparticles lead to enhanced strength.

Table 5
Comparison of tensile test results for samples.

Yield strength
(MPa)

Ultimate tensile
Strength (MPa)

Maximum elongation
(mm) Fracture zone

FSW 234 252 5.05 Weld metal
FSW+TiO2 nanoparticle 241 283 5.68 Weld metal
GTAW 100 110 1.8 Weld metal
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Figs. 5 and 6 show the surface of the samples
jointed by FSW and FSW+TiO2 nanoparticles. The
surface quality is good and no crack can be seen by the
visual test (VT). Fig. 7 shows the optical micrograph
of the AA7075-T6 and AA6061-T6 base metals before
welding. As can be seen, both of the base metals are
in the as-rolled condition and grains are aligned with
the rolling direction. The black particles were seen
in the base metal (BM) are strengthening precipitates
but there is an appreciable difference in the size of the
precipitates.

Fig. 6. The surface of friction stir welded AA7075-
T6 and AA6061-T6 aluminum alloys by adding TiO2

nanoparticles.

The samples were etched after welding. The
AA7075-T6 aluminum alloy was at the advancing side
of FSW. Figs. 8 and 9 show the microstructure of the
samples jointed by FSW and FSW+TiO2 nanoparti-
cles in different zones of welding. The results show
that the grains in the retreating side (AA6061-T6) re-
crystallized and new grains formed and grew in the

heat-affected zone (HAZ). The HAZ, which is adja-
cent to the thermomechanical affected zone (TMAZ),
experiences only a thermal cycle, without undergoing
any plastic deformation. The microstructures of the
heat-affected zone (HAZ) were similar for both of the
alloys processed by FSW and FSW+TiO2 nanopar-
ticles welding. Moreover, it is similar to the nature
of HAZs in other types of fusion welding. Although
the precipitation-hardened aluminum alloys (such as
AA7076 and AA 6061) are readily weldable by FSW, a
severely softened region in the HAZ is expected, which
is basically characterized by the dissolution or coars-
ening of the originally existent primary strengthening
precipitates during the thermal cycle [34]. No con-
siderable grain evolution was observed in the thermo-
mechanical affected zone (TMAZ) and microstructure
was similar to Fig. 7b. Furthermore, the results show
that the grains in the thermomechanical affected zone
(TMAZ) of advancing side (AA7075-T6) recrystallized
and new fine grains are formed. The TMAZ experi-
ences a lower magnitude of strains and strain rates as
well as a lower peak temperature. In this region, dy-
namic recrystallization typically does not occur or only
partially occurs. The characteristic elongated grains in
the TMAZ exhibit a flow pattern around the SZ [34].

The microstructure of the FSW samples (with and
without TiO2 nanoparticles) are shown in Fig. 10. The
figure clearly shows that the stir region consists of very
fine equiaxed grains as revealed by Keller etching. The
stir zone of the weld between AA7075-T6/AA6061-T6
contains fine grains without a dendritic structure. But,
mixing in the stir zone does not happen in the atomic
scale during FSW of dissimilar metals, and it is possi-
ble to find larger concentration differences in the base
metal. Higher plastic deformation and frictional heat-
ing in the stir zone lead to dynamic recrystallization
and result in fine-grained microstructure unless exces-
sive heat is generated. It is believed that the material of
the stir zone experiences severe plastic deformations at
a high strain rate of 1-100s−1 and a cumulative strain of
up to ∼40. The maximum temperatures in this region
could reach 0.8-0.95 Tm, depending on the material,
tool design, and operating conditions [34].

Fig. 7. Optical micrograph of the base metals before welding; a) AA7075-T6, b) AA6061-T6.
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AA7075-T6 AA6061-T6

Welding Zone

HAZ

TMAZ

Fig. 8. Comparison of microstructure in different zones of friction stir welding.

It is worthy to note that the equiaxed grains in
the stir zone of friction stir welded samples without
TiO2 particles are much finer than the FSW sample
with TiO2 particles. It appears that TiO2 nanoparti-
cles retard the dynamic recrystallization and restrict
the grain boundary movement. Dispersion of particles
exerts a retarding force or pressure on a low angle or
high angle grain boundary and this may have a deep ef-
fect on the processes of recovery, recrystallization, and
grain growth.

The effect is known as Zener drag. The Zener drag
is defined according to two parts: (1) interaction force
between a single particle and a grain boundary; and
(2) the total restraining force from many particles on a
grain boundary. When adding the TiO2 nanoparticles,

the second part affects the dynamic recrystallization.
The second part of Zener drag is a difficult statistical
problem and has not been solved yet [35].

The microstructure of the melting zone of the
AA7075-T6/AA6061-T6 weld joint is shown in Fig. 11.
The melting zone presents an equiaxed dendritic net-
work. The generally fine melting zone microstructure is
attributed to fast cooling rates in the associated weld-
ing.

Due to the fast cooling rate during solidification, no
precipitation aging occurs in the melting zone. Precip-
itation aging is limited by the formation of a eutectic
constituent, at the end of solidification, which takes
away the most of the matrix elements needed for pre-
cipitation reactions.
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AA7075-T6 AA6061-T6

Welding Zone

HAZ

TMAZ

Fig. 9. Comparison of microstructure in different zones of friction stir welding and adding TiO2 nanoparticles.

Fig. 10. Optical micrograph of welding zone in the friction stir welded samples a) Without TiO2 nanoparticles,
b) With TiO2 nanoparticles.
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Fig. 11. Optical micrographs of the fusion zone.

Fig. 12. Optical micrographs of the heat-affected zone.

The microstructure is mainly governed by two types
of solid-state reactions in the heat-affected zone (Fig.
12): 1. dissolution or coarsening of precipitate and
coarsening of grain in zone submitted to higher peak
temperatures and 2. partial dissolution of precipitate
and transformation of metastable phase to stable phase
in the zone submitted to low peak temperature.

4. Conclusions

In this article, welding of dissimilar AA6061-
T6/AA7075-T6 aluminum alloys was investigated.
The main findings of this research can be highlighted
as follows:

• Adding TiO2 nanoparticles lead to a moderate in-
crease in the tensile strength and maximum elon-
gation (12.5%).

• The yield and ultimate tensile strength of the gas
tungsten arc welded sample decreases more than
50% in comparison to the friction stir welded
samples.

• The welded samples by the FSW process show

suitable joint strength in comparison to the
GTAW process. Adding TiO2 nanoparticles im-
proves the weld strength.

• Without adding TiO2 nanoparticles, equiaxed
grains are formed in the stir zone without pre-
cipitation particles. The heat-affected zone expe-
riences the dissolution of the precipitates during
the thermal cycle.

• By adding TiO2 nanoparticles, dynamic recrys-
tallization is retarded and no precipitation parti-
cles are formed in FSW.

• Friction stir welding (with or without adding
TiO2 nanoparticles) shows higher strength and
better welding quality than gas tungsten arc
welding.

• No considerable grain evolution is observed in the
thermomechanical affected zone (TMAZ) in the
retreating side (AA6061-T6) but in the grains in
the TMAZ of the advancing side (AA7075-T6)
recrystallization happens and new fine grains are
formed.
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• The generated heat during GTAW is very high
and the aluminum alloys lose the precipitation
hardening properties (T6 heat treatment). The
FSW process generates moderate heat but the
time of the process is considerably higher than
the GTAW process. An acceptable mechanical
property can be obtained by proper material mix-
ing of the FSW process.
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