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Abstract

Laser welding of AA7075 and Ti6Al4V, two very different aerospace alloys, was performed with a copper (Cu) interlayer
to avoid the brittle Ti—Al intermetallics. The joint was formed owing to the diffusion of Cu into the AA7075 alloy and
limited diffusion in Ti6AI4V alloy, followed by eutectic formation at the AA7075/Cu interface. Microstructural and energy
dispersive spectroscopy (EDS) analyses of the joint area revealed the presence of eutectic phases at grain boundaries
inside the AA7075 fusion zone (FZ). An interfacial Cu3Ti, phase formed at the solid-state Ti6Al4V/Cu interface. A robust

and sound joint was achieved through the effective utilisation of Cu as an interlayer.
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Introduction

Lightweight, but most importantly durable materials are the
key to reaching the goals, of hybrid structures, in terms of
energy and fuel consumption for various industries such
as automotive and aerospace.' Using lightweight dissimilar
structures can significantly reduce the total weight of the
structures and pollutant emissions.” Aluminium (Al) and
titanium (Ti) are ideal for manufacturing lightweight
vehicle structures, reducing fuel consumption and improv-
ing safety.* The aerospace industry benefits from their
synergistic combination. The formation of brittle interme-
tallic compounds (IMCs) makes it difficult to weld Al-Ti
and develop high-performance composite structures.” Few
studies have investigated the laser welding of titanium
alloys with 7000 series aluminium alloys'®’

Utilising an interlayer in welding effectively reduces
IMC formation, improving joint performance as shown by
Teshome et al.* Common interlayers encompass Ni, Cu,
Mg, V and Ag/Ti-based filler metals.” Forming a solid
solution with metals like Nb, V, Zr and Ta helps prevent
brittle intermetallics. Additionally, substituting brittle
Ti-Fe intermetallics with other types further improves
joint performance.'’

Laser welding is crucial for its ability to provide high pre-
cision, controlled welding with minimal heat input, resulting
in strong, high-quality joints with less distortion. It is also
versatile and capable of joining a wide range of materials,

even those considered difficult to weld using traditional
methods.''? In this study, laser welding in butt configur-
ation was used to join AA7075 and Ti6Al4V alloys, with a
Cu interlayer. Notably, there has been limited research on
the utilisation of a copper interlayer for laser welding of
these alloys previously. The results of this investigation are
expected to improve the understanding of laser welding of
Al and Ti alloys and make way for more widespread use
of dissimilar material welding in the industry'"'2

Experimental procedure

The present study used AA7075 aluminium alloy and
Ti6Al4V titanium alloy sheets (80 mm X 50 mm X 1.6 mm).
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A Cu interlayer (99.95% purity) of 0.4 mm thickness was
inserted between the two alloys to reduce the formation
of IMCs. The oxide coating and greasy dirt on the surface
of both alloys were cleaned off using SiC sandpaper and
acetone before welding. Weld parameters were optimised
with the Cu interlayer before the experiment was carried
out. Consequently, AA7075 alloy and Ti6Al4V alloy
were joined using an optimised set of process parameters,
which included a laser power of 3 kW, a scanning speed
of 40 mm/s and a laser spot size of 1.5 mm. The welding
was performed in butt configuration using a fiber laser
equipped with an IPG Photonics Ytterbium Laser Systems
source model (YLS-3000-ST2) and the laser was pointed
toward the weld centerline as shown in Figure 1(a). The
resultant weldment was etched by Kroll solution (6%
HNO; and 2% HF by volume in distilled water) to reveal
the microstructure. The etching time was reduced for the
dissimilar joint to avoid over-etching/over-corrosion as
compared to the etching of base alloys. The etching time
for base alloys was approximately 25-30 seconds while
for the joint area it was around 10-15 seconds. The joint
area was protected with hot glue while etching the base
alloys. The nanoindentation test was performed in load
control mode having a peak load of 200 mN using the
Nanoindenter (iMicro from Nanomechanics, Inc.) with a
Berkovich indenter tip. Scanning electron microscope
(SEM) (SNE-4500M Plus, SEC) equipped with an energy
dispersive spectroscopy (EDS) detector (Esprit, Bruker)
was used to study fractography and chemical composition
of the joint and fractured surface.

Results and discussion

Figure 1 shows the cross-sectional microstructure of the dis-
similar butt joint of AA7075 and Ti6Al4V made by laser
welding using Cu as an interlayer. The joint consists of
three regions of interest: AA7075 fusion zone (FZ), mix
zone and Ti6Al4V/Cu interface. There is minimal melting
phenomena of the titanium alloy, and the joint interface is
flat."> Minimising the melting of titanium during welding is
crucial as it reduces the mixing of titanium atoms with alumin-
um atoms, thereby significantly lowering the likelihood of
forming a brittle Ti/Al intermetallic compound. This preserva-
tion of the base materials’ properties results in a stronger, more
ductile weld joint, maintaining the integrity and performance
of the base materials. Therefore, the interaction between the
AA7075 and Cu and Ti6Al4V and Cu was the focus of the
present investigation. The joint was mainly formed at the
AA7075/Cu and Ti6A14V/Cu interface owing to the eutectic
liquid forming and limited diffusion of Cu into Ti6Al4V,
respectively. Cu diffused into the AA7075 alloy, resulting in
the formation of a large diffusion zone inside the AA7075
alloy and adjacent to the mix zone (Figure 1(b)-I, II). Some
discontinuous minor cracks can be observed inside the
AA7075 FZ (Figure 1(b)-II). The minimal effect of the
current process on the Ti6Al4V can also be observed in
Figure 1((b)-llI). In laser beam welding (LBW), a rapid
cooling rate results in significant local undercooling.'* This
phenomenon promotes faster nucleation and development of

fine grains and dendrites as shown in Figure 1(b)-IV,
V. The mix zone mainly consists of AA7075, Ti6Al4V and
Cu (Figure 1(b)-VI). In the mix zone, a vanadium solid solu-
tion was formed and this led to a more robust joint. Vanadium
solid solution contributes to strengthening mechanisms in
several ways. Firstly, it can create a size mismatch due to its
distinct atomic size, which generates lattice distortions and
thus impedes the movement of dislocations in the material.
This resistance to dislocation motion enhances the strength
of the alloy. Additionally, the presence of vanadium can
also lead to the formation of secondary phases or precipitates
which can further obstruct dislocation movement, contributing
to the overall strengthening effect. These mechanisms make
vanadium a valuable element in alloy design for improved
mechanical properties.

Figure 1(b) also shows the presence of porosity in the
joint. Pore formation is a significant issue in LBW of
7xxx series alloys. This occurs due to a small amount of
gas getting into the laser-melted zone, leading to gas poros-
ity. Hydrogen (H;), which has a high solubility in molten
aluminium, is the primary cause of pore formation in this
alloy. The hydrogen originates from oxides or impurities
in the filler and base materials, which then dissolve into
the bulk material.'> On the other hand, porosity in LBW
occurs in various forms, including necking, swelling and
collapsing. The primary cause of porosities is the inconsist-
ent vapourisation of volatile alloying elements like Zn and
Mg, which have varying vapour pressures.'>

SEM images of the unetched joint along with some
points in AA7075 FZ for EDS analysis are presented
in Figure 2((a)-I, 1I). EDS mapping showed a higher
concentration for Cu in the AA7075 FZ interface, indi-
cating the slow diffusion of Cu out of the mix zone
(Figure 2(a)-IIT). The initial stage of the joining procedure
was the process of diffusion, Cu was diffused into the
AAT075. Afterward, the eutectic liquid is formed consisting
of Al and Cu at the bonding temperature, as determined by
the AA7075-Cu phase diagram.'® Grain coarsening can
also be observed near the AA7075/Cu interface. There
were three primary eutectic phases present at the interface
of the joint in AA707/5 FZ; Al,Cu, Al;3Fe and
AlbMgsZn;  (Figure 2(a)-IV, V). The Al-Cu phase
diagram also allows for the prediction of the formation of
Al,Cu and Al;;Fe at the interface region of the weldment. 16
Whereas, Al,MgsZnj; is potentially formed by the solidifi-
cation of the eutectic liquid during the cooling process
(referred to Table 1). As the Al,Cu phase excluded Mg
and Zn throughout its growth, it led to the formation of
Al,MgsZn; near the Al,Cu phase in the AA7075 FZ.

The EDS analysis presented in Table 1 reveals the
absence of Ti in the eutectic phases located at the
AA7075 FZ, that is Al,Cu, Al;3Fe and Al,Mgs;Zn;. The
concentration of Cu, Mg and Zn is significantly higher in
AA7075 FZ as compared to Ti6Al4V. However, the EDS
analysis also showed the diffusion of Cu into the
Ti6Al4V. The Cu mapping in Figure 2(a-III), obtained
from the joint, exhibits a prominent Cu concentration
towards the Ti6Al4V interface as well. The presence of
Cu at the Ti6Al4V/Cu interface indicates the formation of
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Figure 1. (a) Schematic diagram of laser welding in butt configuration; (b) microstructural evolution of dissimilar joint of AA7075—
Ti6Al4V with Cu interlayer.

the Cu;Ti, phase. Consequently, a solid-state bond was region. Hardness values were found to increase from
formed at the Ti6Al4V/Cu interface owing to CusTi,. AA7075 FZ to the mix zone and Ti6Al4V. Owing to the
Figure 2(b) shows the microhardness profile over the joint formation of the CusTi, phase at the Ti6Al4V/Cu, higher
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Figure 2. (a-1) SEM image of the joint without etching; (a-1l) selected points of interest for EDS and the results are shown in Table I;
(a-1ll, IV and V) elemental mapping of Cu, Mg and Zn; (b) microhardness profile starting at Ti6Al4V/Cu interface.

Table I. Chemical composition of the different regions (Figure 2) as measured by EDS (at.-%).

Spectrum no. Al Ti Zn \ Fe Ni Cu Mg Sn Potential phases
| Bal. 1.03 0.58 1.20 0.51 0.04 30.24 0.37 0.33 AlL,Cu

2 Bal. 0.06 0.41 0.38 7.68 0.03 25.84 0.16 0.09 AljsFe+L

3 Bal. 0.30 .18 0.03 0.66 0.04 41.33 0.01 0.05 AlLCu

4 Bal. 0.08 8.37 0.01 0.27 0.08 18.30 0.21 0.01 Al,Mg3Zn;

5 Bal. 0.60 1.47 0.05 0.60 0.06 43.26 231 0.07 Al,Cu
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Figure 3. (a) Tensile test curve; (b) physical appearance of the fractured tensile specimen; (c) SEM image of fractured surface; (d) EDS
spectra of fractured surface; (e) fracture location; (f) P~h curves across AA7075 FZ, mix zone and Ti6éAl4V/Cu interface.

Table 2. Chemical composition of the fractured surface (Figure 3(c)) as measured by EDS (at.-%).

Spectrum no. Ti Al \ Fe Zn Mg Ni Cu Potential phases

| 42.47 225 0.44 0.95 0.84 0.13 0.67 Bal. CusTi,

hardness is indicated at this interface. While the formation under stress or impact, especially in applications where
of the Cu;Ti, interfacial phase can enhance joint strength, the weld is subject to dynamic loading or thermal cycling.
it can also introduce brittleness. IMCs are often more Therefore, the formation of the Cu3Ti, phase resulted in
brittle than base materials, which can lead to cracking high high-strength Ti6Al4V/Cu interface while reducing
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the ductility and toughness of the weld joint, making it less
able to absorb energy and more susceptible to brittle fracture.

The weld’s tensile strength was measured and the results are
shown in Figure 3(a). Three tensile specimens were tested to
ensure the repeatability and reliability of the results. Three
samples were used to confirm that the observed mechanical
properties are consistent and not an anomaly of a single speci-
men. The UTS was observed to be at 240 MPa. The test was
repeated thrice, every sample examined fractured at the
Ti6A14V/Cu alloy interface, suggesting that the Ti/Cu alloy
interface was the weakest point in the weldment. Following
the tensile test, the fractured surface was analysed as shown
in Figure 3(b), (c), which exhibits a brittle cleavage fracture
mechanism. Figure 3(c) shows the cleavage plane, as well as
the steps and black blocky substances. Moreover, Figure 3(c)
demonstrates that the fracture surface is lumpy and uneven
due to the extraction of several second phases. EDS spectra
of the fractured surface indicate prominent peaks of Ti and
Cu signifying the presence of CusTi, IMCs as shown in
Figure 3(d) and Table 2. Stress concentrations due to the forma-
tion of Cu;Ti, near the Ti6Al4V/Cu interface are primarily
responsible for the joint’s fracture (Figure 3(e)). The Cu3Ti,
near the weld toe probably interacted with the stress concentra-
tions to cause the fracture. Furthermore, nanoindentation was
conducted in a 3x3 grid across the AA7075FZ, mix zone
and Ti6Al4V/Cu interface, and the load—displacement (P-%)
curves of the various zones are shown in Figure 3(f). The
nanoindentation results were consistent with the EDS analysis
and microhardness results above. Ti6Al4V/Cu interface
showed lower penetration depth (Test 9) among all the
regions validating the presence of brittle Cu;Ti,.

Conclusion

This research explored the use of Cu as an interlayer for
laser welding AA7075 and Ti6Al4V alloys. Following con-
clusions are drawn from this study:

e Utilising copper as an interlayer in laser welding led to
successful dissimilar joining between AA7075 and
Ti6Al4V alloys.

e Owing to the formation of eutectic phases such as Al,Cu,
Al,MgsZn; and AlysFe in the FZ of AA7075, the brittle-
ness of the joint was reduced. On the other hand, diffu-
sion of Cu into Ti6Al4V resulted in a brittle Cu;Ti,
IMC at the Ti6Al4V/Cu interface.

e Tensile test result showed that the joint achieved an
approximate tensile strength of 240 MPa.

e EDS analysis of the fractured tensile specimens indicated
that the fracture occurred due to the formation of CusTi,
at the Ti6Al4V/Cu interface.

e The microhardness and nanoindentation tests further
validated the EDS analysis, confirming the observations.
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