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Abstract
In this research work, welding of highly dissimilar aluminum alloy (6061-T6) and titanium alloy (Ti6Al4V) has been car-
ried out using copper (Cu) interlayer with the friction stir welding (FSW) process by varying the tool rotation speed and 
tool traverse speed. FSW is a welding technique in which the plates to be joined are plastically deformed due to friction by a 
non-expendable rotating tool and welded as the tool traverses along the length of the plates. In the absence of any interlayer, 
the welded joint of the alloys, as mentioned above, failed along the joining surface due to the formation of the intermetallics, 
leading to low strength and brittleness. High strength and good quality joints are obtained using a Cu interlayer between 
the two alloys and a tapered tool at a lower tool rotation speed, and traverse speed due to appropriate deformation, uniform 
mixing, and effective temperature rise during welding. Also, using the interlayer between the Al and Ti alloys enhanced the 
joint strength by reducing the formation of Al3Ti intermetallic. Other non-optimal conditions resulted in wormhole defects 
and intermetallics formation, thus resulting in degraded joint quality and strength. The joint welded at optimum welding 
conditions failed in a pure ductile manner, while the others were either in hybrid or brittle mode. Tool rotation and traverse 
speeds are found to be crucial for proper mechanical mixing as they impact the weld’s structure, phase development, and 
mechanical characteristics. Furthermore, the optimal process parameters were validated with the help of ANOVA.

Keywords  Friction stir welding · Dissimilar metals · Intermetallics · Interlayer · ANOVA

1  Introduction

Joining dissimilar metals has wide applications in many 
industries, such as aviation, marine, defense, and locomo-
tives [1, 2]. Weight and cost reduction of manufactured 
units with enhanced output is demandable to maximize the 
throughput in industries and compete in the global market 
[3]. Assembly of aluminum (Al) and titanium (Ti) alloys 
is highly applicable in the aerospace industries, where 
an increase in the strength-to-weight ratio is a significant 

prerequisite [4]. For example, in aircraft production, the 
fuselage of an airplane is joined by skin-stringer joints, 
seating tracks, heat exchangers, and welding of aluminum 
skins to titanium ribs aircraft. Aluminum has high strength, 
is light in weight, is cheap, and can easily deform. Titanium 
is tough, non-corrosive, and has a high melting point and 
strength. Due to balancing attributes, these two materials are 
extensively used in various structural parts [5].

On the other hand, successfully joining dissimilar metals 
such as titanium and aluminum alloys is quite challenging as 
the two alloys have huge contrast in mechanical, chemical, 
and metallurgical properties [6]. There have been several 
attempts to weld these two metals in the past. Various weld-
ing techniques, for instance, ultrasonic welding [7], MIG 
welding [8], laser welding [9], and cladding [10], have been 
attempted. However, the traditional processes have various 
complications, such as the compulsion for a gas shield, weld-
ing equipment, and geometrical restrictions of the welds [7, 
9, 11]. The most important phenomenon for failure is the 
formation of brittle intermetallics in the Al/Ti joint [11]. 
Wei et al. [12] established the vacuum diffusion joining of 
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titanium and aluminum alloys. This research work inves-
tigated that TiAl3 intermetallic composite was developed 
in the diffusion bonding of pure Ti–Al joints [13]. Friction 
welding of Ti–6Al–4 V and AA5052 round bars was car-
ried out, but the joints cracked with the development of 
Ti2Mg3Al18 intermetallics in the weld region [14].

FSW, an innovative welding technique established by 
The Welding Institute (TWI) in 1991, is a possible option 
for joining difficult-to-weld alloys. Since its establishment, 
the friction stir weld method has gained wide recognition 
as a high-quality welding method for the automotive, ship 
manufacturing, and aerospace industries [15]. FSW is an 
environmentally friendly and green welding technique that 
often eliminates the use and evolution of harmful gases 
and substances [16]. Green production has recently gained 
significant importance by reducing hazardous discharges, 
eliminating waste, and reutilizing resources [17]. FSW is 
conducted using a revolving tool that plastically deforms the 
adjacent material to produce the joint with considerable heat 
[18], as shown in Fig. 1. It has wide applicability and poten-
tial to prevent the formation of hard and brittle intermetal-
lics at the joint. FSW solves the problem of joining similar 
metals [19], different metals, and incompatible metals [20].

Dissimilar friction stir lap joining of pure Al and Ti was 
reported with Al3Ti forming at the interface of the Al/Ti 
diffusion process [21–26]. Dressler et al. [27] concluded 
that friction stir butt welding could effectively weld Al/Ti 
alloys. AA6061 and Ti6Al4V alloys with high thickness 
were welded with a novel tool. The joint strength was only 
35% of Al alloy [3]. The poor weld strength was caused 
by insufficient stirring. It was reported that the Al3Ti layer 
continuously existed along the joint of AA6061 and Ti alloy 

welds [13]. It was also found that during welding, a higher 
tool offset leads to the formation of more Al/Ti intermetal-
lics and weld cracks along the joining area [28]. However, 
the growth of Al/Ti intermetallics at the joining surfaces 
remains problematic as it reduces the quality of the joint [29, 
30]. The joint cracked near the interface of Al and Ti due to 
the development of Al3Ti [31].

In order to mitigate the formation and influence of 
unwanted intermetallics, the use of different interlayers has 
been proposed by various researchers in FSW of different 
metals and alloys [32–36]. The welding of AA6061 to AISI 
4340 was conducted using a silver interlayer, and the thick-
ness of intermetallics was reduced, thereby enhancing the 
tensile strength [37]. Excellent bonding between Ti alloy and 
stainless steel (SS) without cracks and preventing signifi-
cant martensitic changes were achieved using a Cu interlayer 
[38]. Different interlayers were used in FSW of wrought Al 
that shifted the fracture position from the advancing side 
(AS) to the retreating side (RS) by forming a composite 
mixture and increasing the strength [39]. Silver was used in 
laser welding–brazed dissimilar Al and Ti, and it was found 
that the incompatibility between the metals was reduced by 
the reduction of TiAl3 [40]. In another study, Ti-mesh inter-
layer was used in laser welding–brazed Al and Ti, in which 
more TiAl3 was found at the joints, increasing the weld’s 
microhardness [41]. FSW of Al and Ti alloys with zinc foil 
in the middle was investigated, but the joint became more 
brittle due to Zn0.69Ti0.31 intermetallic in the weld area 
[42]. In another study, an Al2O3 nanoparticle was used as 
reinforcement in FSW of Al and Ti, and defect-free was 
obtained due to the pinning effect and thermal stability of 
the process, which limited the growth of intermetallics at 
the joint interface [43].

Abdollah-Zadeh et al. [44] carried out the friction stir 
butt welding (FSBW) of AA1060 with pure Cu. It was found 
that the intermetallics of Al and Cu were less brittle than 
that of Al and Ti. During the FSW of AA1060 with pure 
Cu, the intermetallics mainly formed were Al2Cu, Al4Cu9, 
and AlCu, and the joints had excellent properties with good 
strength [45, 46]. It was also established that at temperatures 
predicted during FSW (approx. 410 °C), Cu is more soluble 
in aluminum than in titanium. Hence, AlaCub and CucTid 
compounds are less brittle and harder in the welded region 
than Al3Ti intermetallics. Moreover, since the melting point 
of copper is (~ 1050 °C), which is higher than that of Al 
(~ 670 °C) and lower than that of Ti (~ 1665 °C). Therefore, 
according to the rule of mixture, Cu is expected to improve 
the quality of the Al/Ti alloy welded joints with respect to 
physical properties and microstructure evolution [47]. In Al/
Ti welding, the production of Al3Ti is unavoidable and takes 
place at a specific temperature. In the FSW of aluminum, 
selecting an appropriate interlayer with base metals proved 
necessary to manage rotating force and temperature [48]. 

Fig. 1   Schematic diagram of the FSW process with the tool traverse 
and rotation directions
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The interlayer used in the research work had a lower melt-
ing temperature than the FSW processing temperature and 
melted during the process. As a result, the processing load 
and torque increased, but the welding temperature decreased. 
In this context, researchers further investigated the micro-
structure and physical characteristics of pure Al and Ti in 
FSW with niobium (Nb) as a middle layer under particu-
lar welding conditions [5]. Nb acted as an excellent middle 
layer to delay the production of the Al3Ti intermetallics by 
restricting the interaction between pure Al and Ti. Another 
study found that Cu as a middle layer reacts with pure Al and 
Ti to form a solid solution and an intermetallic Al2Cu [47].

Elemental mixing in weld nuggets and the development of 
intermetallics are controlled by the tool’s location and faying 
contact between aluminum and titanium [49], while other 
factors, such as tool rotational speed and welding speed, are 
also primarily accountable [50]. From the literature review, 
the research gaps that can be enumerated are as follows:

1.	 Most Al/Ti alloys have been welded by the FSW process 
without any interlayer, where intermetallics’ growth sig-
nificantly reduces the joint strength.

2.	 FSW of Al and copper has been performed, and it was 
found that the intermetallics formed were less brittle than 
that of Al/Ti joints, so the use of Cu as an interlayer in 
FSW of Al and Ti could help improve the joint quality.

3.	 FSBW of pure Al and Ti plates had also been studied 
with the addition of pure Cu as interlayer with only the 
tool offset as a variable parameter, whereas other factors, 
such as rotational tool speed and welding speed, have 
not been explored. Also, the work on validating optimal 
process parameters through statistical tools is limited in 
the FSW of dissimilar joints with interlayers.

4.	 Various attempts have been made to diminish the for-
mation and growth of intermetallics in welding differ-
ent metallic alloys under different processes. However, 

the intermetallics reduction by interlayers in FSBW of 
AA6061 T6 and Ti6Al4V alloys has not been studied.

Considering the literature gaps and wide industrial appli-
cations as discussed earlier, the investigation conducted in 
this paper aims to enhance the joint properties by reduction 
of intermetallics with the use of Cu interlayer and deter-
mination of optimal process parameters such as tool rota-
tion speed and traverse speed in FSBW of AA6061-T6 and 
Ti6Al4V alloys with interlayers.

This present research work focuses on mitigating the forma-
tion of intermetallics with the application of copper interlayer. 
The enhanced weld properties of the Al-Ti joints were confirmed 
with the uniaxial tensile tests and microhardness measurements.

2 � Experimental details

2.1 � Materials and method

In this research work, AA6061 T6 aluminum alloy 
and Ti6Al4V titanium alloys with dimensions 
150 mm × 75 mm × 3 mm were used in a single-pass butt 
joint. Pure copper foil (99% above) with 200 μm thickness 
was used as interlayers. The edges of the plates to be welded 
were rubbed through emery paper to remove any burr pre-
sent due to shear cutting and then cleaned with acetone for 
degreasing. The K-type thermocouples were attached to the 
plate at a distance of 15 mm from the edge on the Al side 
and 10 mm on the Ti side as the tool was mainly on the 
Al side due to offset, as shown in Fig. 2. Ti was placed on 
the advancing side (AS), and aluminum on the retreating 
side (RS) since a higher temperature is produced on the AS. 
Then, the plates were appropriately fixed with the help of 
fixtures. The chemical and physical characteristics of the 
materials are given in Tables 1 and 2, respectively.

Fig. 2   Schematic diagram of the 
positioning of thermocouples 
on both Al and Ti sides during 
FSW
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Welding parameters such as tool rotation speed (rpm), tool trav-
erse speed (TS), and tool offset (TOF) were selected as variables 
for trial experiments. Both the cylindrical and tapered tools were 
tested for welding at various conditions based on available sets in the 
machine, such as (rpm-500, 710, 1000, 1400, and 2000), (TS-14, 20, 
28, 40, and 56 mm/min), and (TOF-0.5, 1.0, and 1.5 mm) respec-
tively. The trial experiments found the combination of three rotation 
speeds (500, 710, and 1000 rpm) and three traverse speeds (14, 20, 
and 28 mm/min) suitable as input variables. The tapered tool only 
with a 1.0 mm offset on the titanium side was appropriate for experi-
menting. A constant tool plunge depth of 0.2 mm was maintained 
throughout the experiment. The FSW input parameters and values 
considered in this research work are summarized in Table 3. One 
coupon was tested for each welding condition. A total of nine cou-
pons were welded under different conditions, as provided in Table 4.

2.2 � FSW machine and tool setup

The experimental setup comprises a modified milling 
machine with a 7.5 hp motor to carry out the FSW experi-
ments, as shown in Fig. 3. The tool was mounted in the 
tool holder using a suitable collate, and a particular fix-
ture has been used to carry out the experiments [51]. The 
machine consists of a low carbon steel plate of about 
250 mm × 350 mm to place the welding samples. To one 
side of the plate, nuts were fixed to help fasten the bolts for 
fixing the welding plates tightly. The other side of the plate 
had a welded metal bar fixed, which acted as a barrier to the 
sample plates—the machine bed slots to hold the welding 
samples from the top position. The collate in which the tool 
is fixed for welding is gripped firmly inside the tool holder.

The experiments were conducted with the help of tools 
made of a tungsten carbide rod with 10% cobalt. It has a 
70 mm long shoulder and 18 mm dia., with the face tapered 
by one degree, and two types of tool pins (Fig. 4 a and b) 
of 2.8 mm length were considered. Tools with a cylindrical 
pin had a diameter of 6 mm, and a tapered pin had 6 mm and 
4 mm diameters at the root and tip, respectively. Both the 
cylindrical and tapered tools were tested through trial exper-
iments. A tapered tool with the tip positioned at 1 mm offset 
towards the Ti side was found suitable for experimentation. 
The schematic diagram with dimensions and positioning of 
the plate and tool is shown in Fig. 5.

2.3 � Microstructural and mechanical 
characterizations and statistical study

In order to determine the quality of the welded joints, based 
on the literature [6, 15, 29, 30, 52], the tests carried out in 
this research work are the welding temperature, phase evolu-
tion, microstructural development, hardness variation, tensile 
strength, and morphology of fractured surfaces. One sample 
for microstructural investigation and microhardness testing, 
two for tensile tests, and one for X-ray diffraction (XRD) anal-
ysis were sectioned from each coupon, as shown in Fig. 6, 
with the help of a wire-cut electrical discharge machining. 
The samples for microhardness and microstructure were cut 
normal to the weld direction and then polished using various 
grades of emery paper. Specimens were polished on both sides 
with different grades of emery papers (400 to 2000 grades). 
For microstructural characterization, the mirror-like finish was 
given on one side of the sample using cloth polishing with 

Table 1   Chemical constituents 
(%) of Al and Ti alloy

Si Mg Cu Fe C Al Ti V

AA6061-T6 0.623 1.000 0.220 0.110 - Bal 0.039 -
Ti-6Al-4 V - - - 0.048 0.053 5.76 90.14 3.69

Table 2   Physical characteristics (%) of Al and Ti alloy [28]

Yield strength 
(MPa)

UTS (MPa) Elongation (%)

AA6061-T6 289 318 11.2
Ti-6Al-4 V 877 952 12.6

Table 3   FSW input parameters and their levels with values

Parameters Level 1 Level 2 Level 3

Rotation speed (rpm) 500 710 1000
Traverse speed (mm/min) 14 28 40
Tool pin offset (mm) 1 1 1
Tool pin type Tapered Tapered Tapered

Table 4   Experiment design matrix for the full-factorial experiment

Samples no Rotation speed (rpm) Welding 
speed (mm/
min)

S1 500 14
S2 500 20
S3 500 28
S4 710 14
S5 710 20
S6 710 28
S7 1000 14
S8 1000 20
S9 1000 28
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different grades of diamond, such as 6 microns, 2 microns, 
1 micron, and 0.25 microns. Afterward, the welded samples 
were etched with Keller’s and Kroll’s reagents for 5 s for alu-
minum and titanium, respectively. The process of polishing 
and etching was repeated several times to obtain optimum 
etching and desired quality of the images. An optical micro-
scope (Leica microsystems DFC295, Germany) was used to 
perceive the macrostructure and microstructure of the welded 
joints at different magnifications. Scanning electron micro-
scope (SEM) analysis was done through (Zeiss Sigma 300 
VP, UK). For hardness, cloth polishing was done on the other 
side of the sample. Hardness testing was performed using a 
Vickers microhardness tester at 500 g load for 10 s.

The tensile specimen had a 10 mm width, 6 mm gauge 
thickness, 36 mm gauge length, 100 mm overall length, and 
3 mm thickness, as depicted in Fig. 7. These dimensions 
were taken per the standard ASTM E8M-04 specifications. 
The samples were knurled at the front and back of both the 
Ti and Al sides with the help of metallic files and then tested 
on a universal testing machine (Tinius Olsen H50KS, UK). 
Finally, the validation of optimal process parameters was 
carried out with the help of ANOVA.

3 � Results and discussion

3.1 � Microstructural analysis of welded joints

In this subsection, Fig. 8 depicts microstructures of the 
joint at varied welding conditions such as S1 (rpm-500, 
TS-14 mm/min), S4 (rpm-710, TS-14 mm/min), and S9 
(rpm-1000, TS-28 mm/min). The constituent aluminum, 
titanium, and copper are shown in the image with symbols. 
The difference in the mixture of the triplets at different weld-
ing conditions can be seen in the welded zone. The copper 
element can be seen in the joining region of samples S4 and 
S9, as in Fig. 8(c, d, e, and f). Two regions are displayed 
for each sample; namely, tool pin-assisted region (TPAR), 
shown in Fig. 8(a, c, and e), and tool-shoulder-assisted 
region (TSAR), established in Fig. 8(b, d, and f).

Figure 8(a and b) shows the macrostructure of the joint of 
sample S1 at the welding conditions (rpm-500, TS-14 mm/
min). A large proportion of mechanical mixture concerning 
sample S4 (rpm-710, TS-14 mm/min) is shown in Fig. 8(c 
and d). Uncrushed copper is not visible at the joining region 
in Fig. 8(a and b). Figure 8(f) displays the microstructure 
of the joint of sample S9 at welding parameters (rpm-1000, 
TS-28 mm/min). Compared to the other two welds of sam-
ples S1 and S4, sample S9 exhibits a violent mechanical 
mixture in the tool-shoulder-aided distortion zone. Fur-
thermore, the mechanically mixed area has a meager per-
centage of elemental Cu, as depicted by the contrast of the 

Fig. 3   FSW setup used for 
welding: a modified milling 
machine, b nomenclature of 
different parts

Fig. 4   Types of tools used for experiments: a cylindrical tool and b 
tapered tool
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microstructures. Additionally, a significant amount of void 
is seen around the connecting contact at the base of the joint. 
Tool rotation, traverse speed, and tool pin size determine 
how materials are deformed and mechanically mixed. The 
tool interacts well with Ti and the Cu interlayer at lower tool 
rotation and traverse speeds. Therefore, proper mechanical 
mixing is noticed at (rpm-500, TS-14 mm/min). An inad-
equate and inappropriate mixture is observed in the welded 
region of samples S4 (rpm-710, TS-14 mm/min) and S9 
(rpm-1000, TS-28 mm/min), correspondingly. The copper 
layer present at the joint of S4 (rpm-710, TS-14 mm/min) is 
due to the decreased contact of the tool with copper.

Conversely, a large proportion of Al and void in the 
welded region of sample S9 (rpm-1000, TS-28 mm/min) 

indicate insufficient interaction and severe distortion. Near 
the TSAR and the faying area, there is significant dis-
tortion and an abundance of voids. The deformation and 
improper mixing resulting at this higher setting of rpm 
and TS are seen in Fig. 8(f). The resulting weld nugget 
has an uneven distribution of material and erratic flow. 
The movement of the soft Al would be challenging if the 
weld nugget contained hard, undistorted titanium parti-
cles. Parting or void is anticipated at the region of such 
hard particles when they move in a softer matrix flow. 
The weld nugget would develop a void due to this flow 
separation. These voids are seen in Fig. 8(e and f). As the 
drift in the welded region is restricted by the un-deformed 
titanium particles, the material cannot press force against 

Fig. 5   Schematic diagram 
showing the dimensions and 
positioning of the plates and 
the tool

Fig. 6   Sectioned samples for 
microstructural and mechanical 
characterization
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AS, resulting in the development of a wormhole and void. 
The joint of sample S1 (rpm-500, TS-14 mm/min) is mod-
erately mixed and deformed and, therefore, is defect-free 
concerning other joints.

The SEM image of the joint transverse section of 
sample S1 (rpm-500, TS-14  mm/min), as shown in 
Fig. 9(a), comprises the elements of copper, titanium, 
and aluminum alloys. A large proportion of elemental 
copper is seen. These constitute the mechanical mixing 
region (MMR) of the welded zone. The joining interface 
in Fig. 9(b) shows an intermediate layer, denoted by the 
letter b in Fig. 9(a). The contrast in the image shows 
how interstitial particles develop and how Al and Ti are 
mechanically mixed. As seen in Fig. 9(c), the weld nugget 
exhibits a distinct mechanical mixing. The image displays 
a variety of particles with different interlayer thicknesses 
at their surrounding interfaces. Additionally, it is also 
visible that the aluminum matrix contains elements of 
various sizes. Back-scattered SEM has been preferred to 
examine the detailed interfacial characteristics associated 
with the weld of sample S1 (rpm-500, TS-14 mm/min).

Figure  10(a) depicts a less magnified microstruc-
ture of the joint of samples S4 welded at (rpm-710, 
TS-14 mm/min) through back-scattered scanning elec-
tron microscopy (BSE-SEM). Al, Ti, and Cu can be dis-
tinguished by the image contrast, as seen in the figure. 
It is interesting to note that Ti does not deform at the 
joining area. However, a small proportion of the copper 
at the upper portion of the joint is deformed, resulting 
in tiny fragments of Cu scattered in the welded zone. 
Figure 10(b) shows the joining region designated as b in 

Fig. 10(a). The interface does not develop an intermedi-
ary layer. A wormhole is visible in the region next to the 
copper layer (Fig. 10(c)). Figure 11(a) shows scanned 
microstructures from the joint of sample S9 welded at 
(rpm-1000, TS-28 mm/min). It demonstrates how the 
materials were severely mixed and deformed. The weld 
nugget exhibits various flaws, as seen in Fig. 11(b). The 
interfaces between two MMRs are where these flaws are 
most noticeable (Fig. 11(b, c)). Additionally, the weld 
includes particles of various sizes. A close examination 
indicates that defects mainly occur next to big, elongated 
particles in contrast to smaller particles.

The copper fragments in the welded zone are smaller 
in size than titanium. The development of flaws in the 
welded zone is dependent on welding conditions. The root 
defects in the weld sample S9, which was welded at (rpm-
1000, TS-28 mm/min), resulted from inadequate Ti defor-
mation and contact with the tool pin. Due to increased 
tool rotation and traverse speed, the tool starts vibrating 
and interacts violently with the titanium and copper layer 
while welding. These interactions lead to undesirable 
MMRs in the welded zone and in-between layer. The best 
welding conditions, which have an impact on mechani-
cal mixing, are essential for the formation of regulated 
intermediate layers. When the parameters are higher than 
optimal, excess mixing may result in formation defects. 
A weld with few defects is anticipated when the welding 
settings are optimized (rpm-500, TS-14 mm/min) since 
flow separation is reduced and leads to the filling up of 
defective zones.

Fig. 7   Details of the samples 
sectioned for tensile testing
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3.2 � XRD analysis

X-ray diffraction has been done to identify the evolution 
of phases in different samples. Figure 12 shows XRD pat-
terns from the weld of samples S1, S9, and S0. The weld 
region was positioned in the middle of the XRD radiation 
to determine the development of phases in the welded zone. 
The intermetallic combination of Al3Ti in the weld in the 
absence of a Cu interlayer was detected, as denoted by 
the peaks of sample S0. No such significant peak indicat-
ing intermetallic compounds was observed in the welds of 
sample S1 (rpm-500, TS-14 mm/min). The adequate mix-
ing in the weld and the used interlayer was responsible for 
the defect-free joint.

In contrast, peaks indicating a considerable amount of 
intermetallics were observed in the sample S9 welded at 
1000 rpm and TS-28 mm/min. The growth of defects and 
intermetallic evolution are accordingly constrained by 

optimal deformation and temperature evolution. Excess 
mixing and following thermal diffusions are responsible 
for the development of intermetallics.

Compared to Al and Ti welding without an interlayer, 
copper as an interlayer material produces less brittle 
intermetallic (Al3Ti) due to the screening of Al with Ti. 
Two critical factors affecting intermetallic development 
at the junction of Al and Ti are welding duration and tem-
perature [53]. It was found that the thickness of Al3Ti and 
morphology are influenced by the amount of heat used 
during gas arc welding of Al to Ti and by laser welding 
[54]. Contrarily, in methods such as diffusion welding 
[55], ultrasonic welding [7], and FSW, the temperature 
rises due to the process, and the period of the welding 
process influences the type of intermetallics and the joint 
structure. Conversely, it was stated that the Al/Ti junction 
is susceptible to the growth of Al3Ti regardless of the 
welding and joining methods employed [56]. In addition 

Fig. 8   Macrostructure images 
of the tool pin-assisted and 
tool-shoulder-assisted regions of 
different FSW welded samples: 
a, b sample S1, c, d sample S4, 
and e, f sample S9



1401Welding in the World (2023) 67:1393–1410	

1 3

to the thickness, the structure of intermetallics and dis-
tribution can significantly impact weld characteristics.

3.3 � Microhardness measurements

The hardness profiles of the cross-section of the joints of all 
the welded samples representing the titanium side, the central 
region, and the aluminum side are shown in Fig. 13. The hard-
ness is nearly 371 HV on the Ti side of the weld of sample S1 

(rpm-500, TS-14 mm/min). Higher welding parameters resulted 
in turbulent mixing in the weld region. It led to large flakes of 
copper mixed into the welded area, reducing the hardness on 
the titanium side. Consequently, there is a considerable decline 
in hardness to around 102 HV at the joining area of Ti and Al 
alloy (near AL alloy hardness). Hardness is not homogeneous 
near welded zone. It is higher near the joining area due to the 
fragmented Ti alloy mixed in Al alloy. This hardness increases 
at the highest speed (1000 rpm) because more Ti is fragmented 

Fig. 9   a SEM image of the 
welded sample S1, b intermedi-
ate layer, and c mechanically 
mixed region (MMR)

Fig. 10   a SEM image of welded 
sample S4, b intermediate 
layer, and c mechanically mixed 
region
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into the welded zone than at 710 rpm. Due to the softening 
effect of FSW in precipitation-hardened aluminum alloys, the 
hardness near the Al alloy side in the welded zone is less than 
the base Al alloy [57]. The increased hardness on the aluminum 
side of the sample welded without a copper layer is observed 
because Al3Ti is developed, which is hard and brittle [52].

3.4 � Temperature profile

The development of phases is determined by Gibb’s free 
energy of development of different phases at different tem-
peratures. The expected intermetallic formed by joining 
aluminum and titanium is Al3Ti, AlTi, and AlTi3. It was 
found that since the brittle intermetallic phase Al3Ti has 
the minimum Gibbs free energy of development between 
100 and 1450 °C, it is predicted to emerge during welding 
[58]. Less diffusion time and higher temperature lead to the 
formation of Al3Ti. In dissimilar metals, temperature dif-
ference and temperature rise are crucial factors in forming 

Fig. 11   a SEM image of the 
weld of sample S9, b intermedi-
ate layer, and c mechanically 
mixed region

Fig. 12   X-ray diffraction analysis of the joint of three samples, S1, 
S9, and S0

Fig. 13   Hardness profiles of the transverse section of all the welds
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defect-free joints in FSW. In the present experiment, the 
welding temperature on the Ti side and the temperature dif-
ference (between Al and Ti side) of the weld of sample S1 
are recorded as 324 °C and 64 °C, respectively.

In comparison, both the factors in sample S9 are 
observed as 407 °C and 114 °C, as depicted in Fig. 14. 
Sample S1 exhibits a balanced mixture without any 
noticeable defect and contains negligible brittle interme-
tallics. Due to the existence of Cu, it forms an Al–Cu 
solid solution, leading to superior mechanical proper-
ties, as shown in the following sections. Defects such as 
voids and intermetallics are developed at temperatures 
below 450 °C as in sample S9 (1000 rpm, TS-28 mm/min) 

shown in Fig. 11. These defects are not observed in the 
weld of sample S1 (500 rpm, TS of 14 mm/min). On the 
other hand, the intermetallic (Al3Ti) and voids are formed 
in all the other welds due to insufficient diffusion time, 
higher welding temperatures, and differences, and it is 
maximum in sample S9.

3.5 � Tensile test properties

The tensile strength of welded samples at welding conditions 
is shown in Fig. 15(a). The tensile strength of sample S1 
welded at (500 rpm, 14 mm/min TS) was the best, followed 
by S2 and others. Therefore, one sample of the welded joint 
without a Cu interlayer under the same experimental condi-
tion was also prepared and denoted as S0 for a comparative 
study. The joint properties are determined by the interactions 
of the elements that form the intermetallics at the welded 
zone. The weld of sample S1 (rpm-500, TS-14 mm/min) 
subjected to moderate mixing and deformation gives better 
UTS than all other welded samples. At 500 rpm, the strength 
of the welds with TS of 14 mm/min and 20 mm/min is corre-
spondingly 234 MPa and 219 MPa. As discussed in previous 
sections, because of the development of a few intermetallics 
and the proper mixing of Cu with Al and Ti alloys in the 
MMR, the use of copper as an interface layer in welded 
region inhibits the formation of hard and brittle Al3Ti inter-
metallic by the formation of less brittle and harder AlaCub 
and CucTid compounds, thereby leading to the achievement 
of higher tensile strength. Also, the joints fractured in heat-
affected zone, where the hardness is less (Figs. 16 and 17).

Weld strength reduces because of insufficient mixing 
and development of intermetallics at the tool rotation speed 
beyond 500 rpm. At 710 rpm, the weld strength with TS 

Fig. 14   Welding temperature on the Ti side and temperature differ-
ence (between Al and Ti sides)

Fig. 15   a Variation of tensile strength at welding conditions, b S–S curve of samples S1, S9, and S0
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of 14 mm/min and 20 mm/min is at about the same level; 
however, as TS reaches 28 mm/min, the strength of the joint 
falls sharply. At 1000 rpm, the tensile strength decreases to 
122 MPa, and the weld ruptures alongside the joining area. 
It can be attributed to more voids and intermetallics, as dis-
cussed in detail in previous sections. The samples S1 and 
S2 welded at (rpm-500, TS-14, and 20 mm/min) with Cu 
interlayer recorded the maximum tensile strength followed 
by S0 (184 MPa) because of fewer cavities and defects. The 
remaining samples showed lower joint strength due to flaws 
and intermetallics persisting in the welds. The stress vs. strain 
curve for samples S1, S9, and S0 is mentioned in Fig. 15(b).

It was investigated that the joints formed in welding 
Al and Ti alloys are due to intermetallics [59]. Figure 16 
shows various regions found in a welded sample, namely 
base metal (BM), heat-affected zone (HAZ), thermome-
chanical affected zone (TMAZ), and stir zone (SZ). Fig-
ure 17 shows that the welded joints of samples S1, S2, and 
S0 fractured at the interface of TMAZ and HAZ because 
of differences in microstructures [60]. Most of the welded 
samples fractured at the border of SZ and TMAZ, as shown 
in Fig. 18. It is attributed to the plunging action, which 

concentrates the stresses by decreasing the thickness and 
inadequate mixing and development of intermetallics.

3.6 � Fractography analysis

The SEM images of the fracture surface of sample S1 are dis-
played in Fig. 19(a). The samples fractured along the Al side 
of the TMAZ and HAZ border and exhibited maximum tensile 
strength. It is a pure ductile fracture, according to the fracto-
graphic image (Fig. 19(b)). The presence of disseminated cop-
per fragments in the depressions shows shear in the welded 
zone. Figure 20(a and b) depicts the BSE-SEM of the fractures 
of specimen S4 at low and high magnification. The fractured 
grain morphology is not tensile with few intermetallics, result-
ing in poor weld strength. In some regions of Fig. 20(a), the 
failure surface is smooth and free of significant distortion. Fig-
ure 21(a, b) shows the BSE-SEM images of sample S9. There 
were also voids with no metallurgical bonding. A few grains 
are shattered, indicating mixed grains (Fig. 21(b)).

Figure 22 depicts the BSE-SEM images of sample S0. 
Even though some Ti fragment is detected on the aluminum 
alloy side, it is evident that the cracks are brittle because of 
the development of intermetallics with the weld failing at the 
interface of HAZ and TMAZ on aluminum alloy.

The SEM–EDX results of the fractured samples S1, S4, S9, 
and S0 are shown in Fig. 23. It can be understood from the 
figure that sample S1 failed at the Al side along the border 
of TMAZ and HAZ. Therefore, a large proportion of Al was 
observed, with some fractions of Ti and Cu. Similarly, as sam-
ples S4 and S9 failed at the border of SZ and TMAZ, the ele-
ments are found according to their proportion of the mixture 
formed during the welding process. Finally, the sample S0 that 
failed along the border of TMAZ and HAZ also contained a 
large proportion of Al and a small fraction of Ti.

Fig. 16   Various regions found in a welded sample

Fig. 17   Crack position of failure of tensile specimens S1, S2, and S0 
(between TMAZ and HAZ)

Fig. 18   Crack position of failure of tensile specimen S3 to S9 
(between HAZ and SZ)
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3.7 � Validation of optimal process parameters

The optimal process parameters were validated with the 
help of ANOVA. Figure 24 represents the main effects 
plots of the response variables, such as temperature on 

the Ti side, temperature difference, microhardness, and 
tensile strength.

Figure 24a shows that minimum temperature is obtained 
at 500 rpm tool rotation and 14 mm/min tool traverse speeds, 
respectively. Since both temperature rise and temperature 

Fig. 19   SEM image of the 
fractured surface of specimen 
S1 with dimples indicating pure 
ductile failure

Fig. 20   SEM image of the frac-
tured surface of specimen S4 
indicating hybrid failure with 
few dimples

Fig. 21   SEM image of the 
fractured surface of specimen 
S9 indicating brittle intermetal-
lics and voids

Fig. 22   SEM image of the frac-
tured surface of specimen S0 
indicating brittle intermetallics
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difference between Ti and Al sides are “smaller is better” 
type characteristics, therefore minimum value is desirable 
for both the response variables. A similar result is obtained 
from Fig. 24b as from Fig. 24a. Figure 24c and d show that 
the maximum hardness and tensile strength were obtained at 
500 rpm and 14 mm/min of tool rotation and traverse speeds, 
respectively.

4 � Conclusion and future scope

In this research work, sound and appropriate FSW of Al/Ti 
alloys with Cu interlayer was carried out successfully with 
the help of the tapered tool at optimal machine settings of 
tool rotation and traverse speeds. The use of Cu interlayer 

with the metallic alloys proved significant in enhancing the 
joint strength by mitigating the formation of Al3Ti interme-
tallics, as affirmed through the conducted experiments and 
obtained results duly deliberated in previous sections. The 
following inferences can be drawn as mentioned below:

1.	 The temperature rise and the temperature difference were 
minimum in the case of the joints welded at 500 rpm and 
14 mm/min. It resulted in a balanced mixture without 
noticeable defects and contained negligible brittle inter-
metallics. On the other hand, the intermetallic Al3Ti is 
formed in all the other welds due to insufficient diffusion 
time, higher welding temperatures, and differences.

2.	 The distortion and mechanical mixing of the constituents 
in the welded region was affected mainly by the tool 

Fig. 23   The SEM–EDX of the fractured surfaces of samples S1, S4, S9, and S0
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(rpm) and (TS). Sound-quality weld was produced with 
lower values of the machine conditions at 500 rpm and 
14 mm/min TS at a fixed tool offset. These interactions 
intensified with a change in offset distance, causing vio-
lent deformation and mixing and excess formation of the 
intermetallics.

3.	 In contrast, at higher values of (rpm) and (TS), worm-
hole defects developed by severe mechanical mixing. 
The turbulent metal’s drift in welding, the variation in 
material movement pattern, and the movement limita-
tions of the Al alloy by other metals during joining are 
all attributed to the development of such flaws.

4.	 The ternary mixing affects the phase development in 
the stir zone. A negligible amount of intermetallics is 
observed with welding at 500 rpm and 14 mm/min TS. 
In this condition, Cu is mechanically mixed with Al and 
Ti alloys in substantial quantities, resulting in the pro-
portion needed to make various other intermetallics that 
are less brittle and less harmful for producing sound-
quality joints. The development of the mechanically 
mixed region depends on the distortion, disintegration, 
and dispersion of the constituents in the welded zone. 
The variation in welding conditions leads to diversified 

scattering of intermetallics and particles in the nugget 
zone and varied weld properties. At higher values of 
welding conditions, a significant amount of the inter-
metallic Al3Ti developed in the weld. The process for 
developing Al3Ti is motivated by diffusion at a higher 
welding temperature (> 350 °C). As less development 
energy is required compared to all other compounds that 
may potentially form at that joining temperature, Al3Ti 
is the significant intermetallic present in the nugget area.

5.	 The maximum hardness of welded joints with interlayer 
at the center was about 142 HV of the joint welded at 
500 rpm and 14 mm/min. There was a decreasing trend 
in the hardness value which is a minimum of 102 HV at 
710 rpm and 20 mm/min due to large flakes of elemental 
Cu interlayer. The increasing trend beyond the above 
parameter was due to harder Al3Ti intermetallic and 
large Ti particles in the weld region. The hardness at 
the center of the joint without interlayer was 151 HV.

6.	 The lowest tensile strength was found in the joints welded 
at 1000 rpm and 28 mm/min TS, which was correlated 
with the formation of larger voids and higher intermetallics. 
Due to inadequate mixing, the joints welded at 710 rpm, 
and at 1000 rpm failed in the nugget zone and had reduced 

Fig. 24   Main effects plot of the responses: a temperature on Ti side, b temperature difference, c microhardness, and d tensile strength
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strength. The joint with the most substantial strength, near 
the perfect weld, and fewer intermetallics was produced at 
500 rpm and failed at the boundary of TMAZ and HAZ. 
The highest strength of the welded joint with interlayer was 
recorded as much as 234 MPa, or 73% of the strength of the 
Al alloy joined at 500 rpm and 14 mm/min TS. The lowest 
was found to be 122 MPa which is only 37% of Al alloy 
base metal for 1000 rpm and 28 mm/min TS. The joint 
without an interlayer had a strength of 184 MPa.

7.	 The fractured weld joints with interlayer welded at 
500 rpm and 14 mm/min TS were only pure ductile. 
Other interlayered joints at 500 rpm fractured in hybrid 
mode resulting in somewhat brittle and ductile fracture. 
Joints at 710 rpm failed as smooth surfaces due to undis-
torted and large elemental Cu flakes and were also brittle 
due to the Intermetallics of Al3Ti. The rest welded at 
1000 rpm were pure brittle, with large voids. The frac-
tured joint without Cu interlayer was also in pure brittle 
form. The main effects plot of the response variables 
obtained through ANOVA validates the optimal process 
parameters obtained through the experiments.

Further developments in dissimilar welding with inter-
layers can be undertaken in the following directions as 
mentioned below:

1.	 The effect of the individual input variables on the 
experiment’s outcome, such as temperature rise, ten-
sile strength, and hardness, can be studied. The effect 
of means on response variables can be explored, and a 
mathematical relationship between the input and output 
variables can be developed through statistical tools.

2.	 The effect of different interlayers, such as nickel, zinc, and 
niobium, can be explored on the FSW of Al and Ti alloys 
to reduce intermetallics under different welding conditions.

3.	 Fatigue failure and wear behavior of Al-Ti welded joints 
with different interlayers can also be studied.

4.	 Determination of residual stresses can also be studied for the 
FSWed joints of the Al-Ti dissimilar alloys with interlayers.
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