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Abstract
This investigation highlights the influence of tool offset on the microstructural evolution, phase formation, and hardness distri-
bution during friction stir welding (FSW) of commercially pure aluminum (Al) to commercially pure titanium (Ti) with a copper
(Cu) interlayer (200-μm thick). It was observed that tool offset position controls the mechanical mixing of materials in the weld
nugget. The mechanical mixing also depends on the deformation, fragmentation, and distribution of each material in the weld
nugget. The fragmentation of materials leads to the development of comparatively fine particles with variation in size and
morphology. Insufficient mixing at higher tool offsets promotes the formation of root defects and produces inferior welds. On
the other hand, when the tool offset is less than the optimum value, severe deformation and mechanical mixing lead to the
formation of wormhole defects and evolution of intermetallic compounds in the weld. The spatial distribution of particles and
intermetallics in the weld nugget leads to a large scatter in hardness values. Since mechanical mixing affects the morphology,
phase evolution, and mechanical properties of the weld, tool offset is considered to be a very important parameter to be optimized
for monitoring mechanical mixing and further development of the dissimilar weld with interlayer material.

Keywords Tool offset position . Copper interlayer . Mechanical mixing . Defect formation . Intermetallic compound . Hardness
distribution

1 Introduction

Aluminum (Al) and titanium (Ti) possess very good compli-
mentary properties like acceptable strength, ductility, low cost,
good corrosion resistance, and high toughness. With progress
in industrial designs, a hybrid structure made of Al and Ti is
likely to be used in many applications in vehicle and aero-
space industries. Conventional fusion welding of Al to Ti
poses several difficulties such as formation of intermetallic
phases [1, 2], distortion and porosity [3], and increase in crack
sensitivity [4] in the weld. Here, the weld exhibits inferior
mechanical properties primarily due to the evolution of inter-
metallic compounds [5–7] and defect-free interface [8, 9].

To mitigate the formation of intermetallics, several solid-
state welding methods, such as friction welding [10–12],
diffusion bonding [13, 14], and friction stir welding [15,
16] were attempted to weld Al and Ti together. Fuji [12]
studied the growth of intermetallics during friction welding
of pure aluminum and pure titanium. The authors predicted
the growth behavior using conventional growth kinetics.
Kim et al. [11] showed that the dominant factor in determin-
ing the characteristics of Al-Ti weld in friction welding was
the thickness of the intermetallic layer. The critical thick-
ness for the best weld properties was measured as 5 μm.
Widen et al. [13] studied the mechanical properties of Al/
Ti diffusion bond and showed that the joint could be used
for high temperature applications. In addition to friction
welding and diffusion bonding, fusion welding techniques
such as electron beam welding and laser beam welding [6]
were attempted to join Al with Ti in the presence of a
shielding gas.

Among these joining techniques, a novel solid-state
welding technology, namely friction stir welding (FSW),
was originally developed for joining difficult-to-join Al alloys
[17–20], such as AA7075 [21, 22], and result in better joint
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properties than those obtained by fusion techniques in these
alloys [17, 23]. In addition, it has also potential to be used in
joining of several other structural materials such as Mg alloys
[24–26], Cu alloys [27, 28], dissimilar alloys [29], and even
pure lead [30]. Friction stir welding has also been applied to
several bi-metallic hybrid combinations. FSWwas introduced
to weld Al to Ti in the recent past [5, 8, 31–35]. The welding
efficiency (by FSW) of a joint Al alloy and Ti alloy was
reported, with a joint strength of as high as 73% of the base
material [8]; and a thin intermetallic layer was identified at the
interface. The thickness of the intermetallic compound and
corresponding mechanical properties of the weld depend on
processing parameters. The important processing parameters
in dissimilar FSW are tool offset position [36], tool rotation
speed (rpm), welding speed, and position of plates with re-
spect to tool movement and differences in their physical prop-
erties. These parameters affect the relative deformation and
material flow in the weld nugget, which influence the final
properties of the weld. These parameters need to be optimized
to obtain a superior weld quality [31, 33, 37]. Furthermore,
Chen [5] reported the evolution of Al3Ti at different welding
condition during FSW of Al to Ti. The formation of Al3Ti is
inevitable in Al/Ti welding. The presence of this phase in the
weld is detrimental as it leads to crack formation and cata-
strophic failure of the weld since Al3Ti is a brittle phase.
The formation of Al3Ti can be reduced by controlling the
welding temperature and inserting an interlayer material in
dissimilar welding. Dixit et al. [38] showed the importance
of choosing a suitable interlayer material in controlling torque,
welding temperature, and frictional condition in friction stir
welding of aluminum. In their study, it was shown that the
presence of insert materials that has lower melting temperature
than the FSW processing temperature will melt. This led to a
higher processing load and torque and lower welding temper-
ature. Therefore, it is important to find a condition to mitigate
the formation of Al3Ti by optimizing processing parameters
and addition of a suitable interlayer material that effectively
produce solid solution and/or reduces the formation of brittle
intermetallic compounds. In this regards, Kar et al. [39]
highlighted the microstructural evolution and mechanical
properties of the friction stir welding (FSW) of aluminum
(Al) to titanium (Ti) using a nickel (Ni) interlayer at a fixed
processing parameter. It was proposed from their study that Ti
and Ni were subjected to severe deformation leading to the
formation of fine particles that vary in size and shape. At the
interfaces of these particles, diffusion and chemical reaction
take place, which led to the formation of interlayer and inter-
metallic compounds. These particles were consolidated in Al
that is dynamically recrystallized and hence weld nugget
showed a composite characteristic. The particles containing
intermetallic compounds acted as a dispersoid in Al matrix
leading to substantial enhancement in tensile properties of
the weld [15].

Copper (Cu) produces a solid solution as well as an inter-
metallic compound (Al2Cu) while reacting with Al. An Al
composite containing Al2Cu phase exhibits less brittleness
compared to an Al composite containing Al3Ti [8, 40, 41].
Furthermore, Cu has a higher solid solubility in Al than in
Ti at the welding temperature expected during FSW (~
450 °C). It was also observed that AlaCub and CucTid inter-
metallic compounds exhibit lower hardness than AlxTiy inter-
metallic compounds [42, 43]. Hence AlaCub and CucTid com-
pounds are less brittle than AlxTiy intermetallics in the weld.
In addition, the melting temperature of Cu (1048 °C) is more
than that of Al (660 °C) but less than that of Ti (1670 °C).
Therefore, as per the rule of mixture, it is expected that copper
would improve the quality of Al/Ti weld in terms of phase
evolution and mechanical properties. However, the evolution
of intermetallic compounds depends on local composition,
which varies with the tool offset position due to variation in
the degree of material mixing.

Although there are a few studies about effect of tool offset
on binary system [44] such as friction stir welding of Al to Ti
[45] and about effect of interlayer on material flow, defect
formation, and mechanical properties of the weld [45–47],
the influence of tool offset on ternary system such as dissim-
ilar friction stir welding with interlayer has not been explored
extensively. In addition, ternary material mixing (mechanical
mixing) andmechanisms associatedwith defect formation and
phase formation have not been studied.

The objective of the present investigation is to study the
effect of tool offset and copper interlayer on microstructural
evolution, phase formation, and mechanical properties during
FSWof Al to Ti with a Cu interlayer. To examine the effect of
copper, the tool offset position was chosen to vary linearly to
optimize mechanical mixing and local composition in the
weld to obtain optimum weld properties. Detailed investiga-
tions on mechanisms associated with weld formation, phase
evolution, and variation in hardness values across the weld
cross section were performed at different tool offset positions
to find out the effect of Cu mixing in the weld nugget during
FSWof Al to Ti.

2 Experimental method

Rolled plates (4-mm thick) of commercially pure aluminum
(CP-Al) and commercially pure Titanium (CP-Ti) were cho-
sen as the working materials. The chemical composition
(weight %) of these materials is presented in Table 1.

The Ti and Al were fixed on the advancing side (AS) and
retreating side (RS) of the tool, respectively. A copper strip of
0.2-mm thickness was used as an interlayer between the Al
and Ti plates. The plates were subjected to FSW in a butt-joint
configuration using a custom-built 5-axis FSW machine (de-
veloped with the help of the Indian Institute of Science
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Bangalore and Bangalore Intregrated System Solution (P)
Ltd., Bangalore, India). The details of the machine are tabu-
lated in Table 2. The machine has a capability to vary tool
rotational speed, tool traverse speed, and plunge depth (nor-
mal load) during an experiment and the same can be used to
study the effect of various process parameters during FSW.
Since the experimental parameters can be varied during an
experiment, the optimization process can be completed with
minimum number of experiments using a bottom-up approach
[48]. The welding was carried out along the direction perpen-
dicular to rolling direction of the sheet. A cylindrical tool
made of WC-8% Co alloy, with shoulder diameter of 18 mm
and tool pin diameter of 5.0 mm, was used for welding. The
length of the tool pin was 3.2 mm. The process parameters
used during FSW were tool rotation speed of 800 rpm, tra-
verse speed of 90 mm/min, and plunge depth of 3.5 mm. The
welding was performed by continuously varying the tool off-
set position from 2.5 to 1.5 mm on the Al side of the faying
interface, as schematically illustrated in Fig. 1. Therefore, se-
vere deformation of the processed materials primarily occurs
on the aluminum side of the faying interface. This was done to
avoid erosion of the tool pin as the flow stress of Ti is much
higher than that of Al.

To examine microstructure of the weld, the weld plate was
sectioned by electro-discharge machining (EDM) perpendicu-
lar to the welding direction. The samples were polished by
standard metallographic methods followed by etching with
Kroll’s reagent for titanium andKeller’s reagent for aluminum.
The polished and etched samples were examined by an optical
microscope (OM) as well as a scanning electron microscope

(SEM) equipped with an energy-dispersive spectrometer
(EDS). The characterization of phases formed during welding
was performed using X-ray diffraction (XRD) method.

The Vickers hardness measurements of the metallographic
specimens (with different tool offsets) across the joint inter-
face were performed at mid-thickness using a Vickers indent-
er, applying a 200-g load for 10 s. The distance between two
adjacent indentations was maintained as 1.0 mm.

3 Results and discussion

3.1 Effect of tool offset on weld morphology

Figure 2 shows optical micrographs of the weld at different
tool offsets of 2.5 mm, 2.1 mm, and 1.7 mm. The elemental
Al, Ti, and Cu are marked in the figure. The variation in
mechanical mixing of the three materials at different tool off-
set positions is clearly seen in the weld nugget. The elemental
Cu is clearly visible at the faying interface at a tool offset of
2.5 mm (Fig. 2a) and the deformation zone is seen only on the
Al side of the weld. Two zones are noticed in the weld: they
can be demarcated as tool-pin assisted (TPAZ: white dotted
zone in Fig. 2) and tool-shoulder-assisted deformation zones
(TSAZ: red dotted zone in Fig. 2). The tool pin-assisted de-
formation zone is visible at the bottom of the weld, whereas
the tool-shoulder-assisted deformation zone is observed at the
top of the weld. Figure 2b shows the micrograph of the weld at
a tool offset of 2.1 mm. In this case, a high fraction of me-
chanical mixing is noticed when compared to the weld with a
2.5-mm tool offset. No undeformed Cu is noticed at the faying
interface, but fine elemental Cu is seen in the mechanically
mixed zone of the weld nugget. Interestingly, the shoulder-
assisted deformation zone is substantially reduced, with a con-
comitant increase in the tool-pin assisted deformation zone,
when compared to the weld with a 2.5-mm tool offset.
Figure 2c shows the micrograph of the weld at a tool offset
of 1.7 mm. This weld shows the much higher degree of me-
chanical mixing and a further increase in the tool-pin assisted
deformation zone when compared to the other two welds.
Furthermore, based on the color contrast of the optical micro-
graph, the mechanically mixed zone contains a lower fraction
of elemental Cu. Apart from this, a wormhole defect is noticed
at the bottom of the weld adjacent to joining interface.

The deformation of materials and consequent mechanical
mixing depends on the tool offset position and dimension of
the tool pin. The tool interacts with Ti as well as the Cu

Table 1 Chemical composition
(weight %) of the as-received
materials used in friction stir butt
welding of Al and Ti

Cu Mg Si Fe Mn Ti Zn C Al Other

CP-Al 0.002 0.003 0.170 0.120 0.002 0.009 0.003 99.661 0.030

CP-Ti 0.300 99.510 0.080 0.110

Table 2 Details of five-axis friction stir welding machine at the Surface
Interaction and Manufacturing Lab IISc, Bengaluru

Number of axis 5-axis simultaneous control

Specimen mounting area 500 mm × 500 mm

Cooling system Water cooling system

Stroke length 500 mm in the direction of x- and y-axis

Maximum speed 3000 rpm (revolution per minutes)

Voltage 400 V

Frequency 60 HZ

Position resolution in space 5 μm

Actuators Low friction actuators with optional
hydro-static bearings

Maximum load 50 kN

Maximum rotational speed 3000 rpm
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interlayer when tool offset is less than the radius of the tool pin
(2.5 mm). Therefore, the minimum and maximummechanical
mixing in the weld nugget are noticed in welds with 2.5 mm
and 1.7 mm tool offsets, respectively. The presence of Cu
interlayer at the faying interface of the weld with 2.5-mm tool
offset is attributed to the minimal interaction and deformation
of tool pin with Cu. Insufficient deformation at the faying
interface could lead to incomplete welding. On the other hand,
a high fraction of Ti and a widespread zone of mechanical
mixing in the weld nugget with 1.7-mm tool offset indicate
severe interaction and deformation. Extensive mixing of tita-
nium and copper in the weld nugget is seen when at 1.7-mm
tool offset. This mixing of the much harder titanium particles
in the weld nugget would lead to making the flow of material

difficult in this region (Fig. 2c). It produces an inhomoge-
neous material distribution and chaotic flow in the weld nug-
get. The presence of hard titanium particles in the weld nugget
would make flow of the softer aluminummore difficult. When
a harder particle flows in a softer matrix flow, separation is
expected at the trailing region of such hard particles. This flow
separation would lead to void formation in the weld nugget.
Many such voids, indicated by arrows, are shown in Fig. 2c.
As the titanium particles restrict the flow in the weld nugget,
the material is not able to forge against the advancing side
leading to the formation of a wormhole (Fig. 2c). The weld
with a 2.1-mm tool offset is subjected to moderate mixing and
deformation and hence, does not contain the defects observed
in the other welds.

Fig. 1 Schematic diagram of experimental set-up from top side (a) and cross section (b) of the weld. Ti and Al are clamped in advancing and retreating
side of the tool, respectively. Tool offset position changes from 2.5 to 1.0 mm towards Al side from the faying interface

Fig. 2 Optical micrographs of the welds at tool offset of 2.5 mm (a), 2.1 mm (b), and 1.7 mm (c) showing variation in mechanical mixing and
deformation of each material
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3.2 Effect of tool offset on microstructure evolution

Figure 3a shows a low magnification microstructure of the
weld with a 2.5-mm tool offset through back-scattered elec-
tron (BSE) scanning electron microscopy (SEM). The Image
contrast in the image demarcates Al, Ti, and Cu, as indicated
in the figure. The weld nugget contains Al, Ti, and Cu inter-
layers. Interestingly, no deformation occurs in Ti at the joining
interface. However, a small fraction of Cu interlayer at the top
of the weld is subjected to deformation leading to fragmenta-
tion into fine Cu particles that are distributed in the weld
nugget. Figure 3b exhibits the joint interface from the location
indicated in Fig. 3a. No intermediate layer is developed at the
interface. However, a wormhole defect is noticed at the join-
ing interface adjacent to Cu interlayer (Fig. 3c).

The detailed interfacial features corresponding to the weld
with a 2.1-mm tool offset were examined through SEM.
Figure 4a shows the micrograph of the weld cross section
containing particles of Ti, Cu (with variation in sizes), and
Al matrices. A high fraction of elongated Cu particles is seen.
These particles form a mechanically mixed zone (MMZ) in
the weld nugget. Figure 4b displays an intermediate layer at
the joint interface; the location of the layer is indicated in
Fig. 4a. The contrast in the image reveals the formation of
intercalated particles and mechanical mixing of Al and Ti. A
different type of mechanical mixing is noticed in the weld

nugget, as seen in Fig. 4c. The image shows a number of
particles with variation in interlayer thickness at the interfaces
surrounding the particles. It is also seen that particles of dif-
ferent sizes are mixed with the Al matrix.

Figure 5a shows SEM images from the weld with a 1.7-
mm tool offset. It illustrates severe mixing and deformation
of the materials. A number of defects are noticed in the weld
nugget, as shown in Fig. 5b. These defects are primarily
noticed at the interfaces of twoMMZs (Fig. 5b, c). The weld
also contains particles of different sizes. A careful observa-
tion reveals that, unlike smaller particles, defects primarily
appear adjacent to large and elongated particles. The Cu
particles seen in the weld nugget are comparatively finer
compared to Ti particles.

The formation of defects in the weld nugget depends on
processing parameters. The weld with a 2.5-mm tool offset
shows root defects due to insufficient interaction and defor-
mation of Ti with the tool pin. With reduction in tool offset,
the tool pin gradually comes in contact with the Ti interface as
well as Cu interface during welding. Such interactions in-
crease with reduction in the tool offset. The interaction of
materials leads to the formation of MMZs in the weld nugget
and intermediate layers at the joining interfaces. The forma-
tion of controlled intermediate layers depends on an optimum
tool offset position, which influences mechanical mixing.
Severe mechanical mixing could lead to the formation of

Fig. 3 Scanning electron micrographs of the weld corresponding to 2.5 mm tool offset showing low magnification micrograph (a), joining interface (b),
and a defective zone (c) adjacent to the copper interlayer

Fig. 4 Scanning electron micrographs of the weld corresponding to 2.1-mm tool offset showing lowmagnificationmicrograph (a), joining interface with
the intermediate layer (b), and a mechanically mixed zone (MMZ) (c)

Int J Adv Manuf Technol (2019) 100:435–443 439



defects when the tool offset is less than the optimum. At the
optimum tool offset (2.1 mm offset), flow separation is mini-
mized leading to the filing up of defective zones; hence, a
weld with no or minimum defects is expected.

3.3 Effect of tool offset on phase evolution

Figure 6 exhibits XRD patterns from the weld at different tool
offset positions. The joint interface was positioned at the cen-
ter of the exposed area of the XRD beam to identify phase
evolution at the center of the welds. The patterns indicate
presence of the intermetallic compound Al3Ti in the weld with
a 1.7-mm tool offset. The welds with tool offsets more than
1.7 mm do not contain substantial intermetallic compounds.
The evolution of intermetallic compounds is attributed to a
high fraction of mechanical mixing and subsequent thermal
diffusion at the welding temperature.

The moderate mixing in the weld with a 2.1-mm tool offset
produces less intermetallic compounds compared to the weld
with a 1.7-mm tool offset. Optimum deformation and corre-
sponding temperature evolution restrict the evolution interme-
tallics and formation of defects. The use of copper as an inter-
layer material leads to lesser amount of the brittle intermetallic
compound (Al3Ti) than the same in the case of direct Al/Ti
welds, due to screening of Al with Ti. Time and temperature of
welding are the two important factors for the growth of inter-
metallic compounds at the Al/Ti interface. In gas arc welding
[2] and laser welding [49, 50] of Al to Ti, the thickness and
morphology of Al3Ti depend on heat input. However, in the
case of solid-state bonding such as diffusion bonding [51],
ultrasonic welding [52, 53], and friction stir welding, temper-
ature rises due to the process itself and welding time during
welding decides the thickness of intermetallic compounds and
properties of the weld. However, it has been noticed that irre-
spective of welding and joining method, the Al/Ti interface is
prone to formation of Al3Ti [3, 53, 54]. A variation in the
evolution of intermetallic compounds was reported by
Shouzheng et al. [4] during gas tungsten arc welding of Ti/
Al joint by adopting a pulsed current. Such variation was
correlated with variation in melting characteristics of the ma-
terials to be welded. Rajakumar et al. [51] showed that bond-
ing temperature, bonding pressure, and holding time play a
major role to determine the thickness of intermetallic com-
pounds and joint properties. The authors found that the bonds
fabricated with the bonding temperature of 510 °C, bonding
pressure of 17 MPa, and holding time of 37 min yielded max-
imum shear strength of 87 MPa, hardness of 163 HV, and
interface layer thickness of 7 μm, respectively. In additional
to the thickness of the intermetallics, the morphology and their
distribution could have an immense influence on properties of
the weld. The stirring action and low temperature rise there-
fore make the FSW attractive for better joint quality.

During FSW, temperature of the weld is expected to be
approximately 450 °C. At this temperature, the Al–Cu phase
diagram indicates that there are five equilibrium phases,
namely Al2Cu, AlCu, Al3Cu4, Al2Cu3, and Al4Cu9. Wei

Fig. 5 Scanning electron micrographs of the weld corresponding to 1.7-mm tool offset showing lowmagnificationmicrograph (a), joining interface with
defects (b), and a mechanically mixed zone (MMZ) (c)

Fig. 6 Normalized X-ray diffraction patterns of the welds at three offset
positions showing the evolution of intermetallic phase Al3Ti and
indicating variation in phase evolution at different tool offset position.
Formation of phases depends on mechanical mixing that varies with tool
offset position
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et al. [55] used the effective Gibbs free energy change of
formation model to predict the formation of Al–Cu com-
pounds in Al–Cu joint produced by continuous drive friction
welding. The calculation showed that Al2Cu (Al side) and
Al4Cu9 (Cu side) appeared first among all the intermetallic
compounds. Similarly, the binary Al-Ti phase diagram shows
the evolution of several intermetallic compounds, namely
AlTi3, AlTi, Al2Ti, and Al3Ti at this temperature. The Gibbs
free energy for the Al-Ti intermetallics indicates that only
Al3Ti will form at temperatures lower than 500 °C as it has
the least free energy. The Gibbs free energy of formation (ΔG)
for the possible intermetallics calculated at 450 °C (723 K) is
shown in Table 3. Based on the above calculation, the forma-
tion of other phases is ruled out.

3.4 Effect of tool offset on hardness

The hardness of the welds with different tool offsets was eval-
uated by a Vickers hardness tester across the weld cross sec-
tion at locations of 1.0 mm, 1.5 mm, and 2.5 mm from the
weld surface. The hardness of Ti and Al was measured as
148 HV and 24 HV, respectively, before producing the weld.
Figure 7 shows the variation in hardness across the welds with
different tool offset positions. As expected, the hardness
across the weld cross section reduces from the Ti side to Al
side. A scatter in the hardness is observed in the nugget zone
for all the welds. The scatter in hardness value increases with
reduction in the tool offset. A scatter as much as 300 HV is

also seen in the weld with a 1.7-mm tool offset, which is
attributed to the presence of Ti particles and possible interca-
lated particles containing intermetallics in the weld nugget. It
resembles a swirl-like structure as observed by Wei et al. [35,
57].

4 Conclusion

In the present work, friction stir welding of commercially pure
aluminum to commercially pure titanium with a copper inter-
layer was successfully carried out. The ternary mechanical
mixing (which is influenced by tool offset position) and relat-
ed microstructural evolution and mechanical properties of the
weld were investigated in detail. Based on observations, the
following conclusions were drawn:

1. The tool offset has an immense influence on the deforma-
tion and ternary mechanical mixing of elements in the
weld nugget. The mixing depends on the interaction of
the tool with the materials. Such interactions increase with
reduction in tool offset leading to severe deformation and
mechanical mixing.

2. A lower amount of mechanical mixing leads to root de-
fects and hence joining does not take place at the joining
interface. On the other hand, intense mechanical mixing
promotes the formation of wormhole defects. The forma-
tion of such defects is attributed to the chaotic material
flow in dissimilar welding, the difference in flow behavior
of materials, and flow restriction of Al matrix by particles
during welding.

3. The ternary mechanical mixing influences phase evolu-
tion in the weld nugget. A high fraction of the intermetal-
lic compound Al3Ti evolved in the weld with a 1.7-mm
tool offset. The high amount of mechanical mixing of
copper with Al and Ti creates the local elemental ratio
required for the formation of different intermetallic com-
pounds. The elemental diffusion at the welding tempera-
ture activates the reaction for evolution of Al3Ti. The
presence of only Al3Ti is due to its lower free energy of
formation among all the compounds that could possibly
form at the welding temperature.

4. The distribution of hardness value varies with tool offset.
The large scatter in hardness in the weld with a lower tool
offset is attributed to severe mechanical mixing and evo-
lution of intermetallic compounds at the interfaces.

Table 3 The Gibbs free energy
changes of formations (ΔG) for
Al2Cu and Al3Ti at 450 °C
(723 K)

Compound T (°C) T (K) ΔG (J/mol) ΔG at 450 °C (J/mol)

Al2Cu 450 723 − 15,826.2 + 2.3 × T [55] − 14,163.3
Al3Ti 450 723 40,349.6 + 10.36525 × T [56] − 32,855.5

Fig. 7 Variation in hardness distribution across the welds with different
tool offset positions. A substantial variation in hardness is noticed for all
the welds. However, maximum variation is seen in the weld with 1.7 tool
offset due to severe mechanical mixing
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5. It is imperative to optimize mechanical mixing in the weld
nugget by adjusting the tool offset position. A defect-free
weld with fewer fractions of intermetallic compounds is
obtained by careful selection of the tool offset. It is thus
seen that tool offset is a highly influential parameter for
better welds between aluminum and titanium with copper
interlayer.
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