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Abstract

In this study, electron beam welding (EBW) experiments for TA1 and industrial high-purity
Al were carried out, and the effects of a Ti32.8Zr30.2Cu9Ni5.3Be22.7 amorphous interlayer on
the microstructure and properties of the welded joints were investigated. This is the first
application of this interlayer material in the field of Ti/Al dissimilar-metal welding. In
order to better improve the interfacial reaction of the welded joints and effectively control
the thickness of intermetallic compounds (IMCs), the electron beam was offset by 1 mm
towards the Al side. The results indicate that the amorphous interlayer was beneficial
for improving the performance of the welded joints, with the maximum tensile strength
reaching 94.8 MPa, which was 97% of the strength of the Al base material (97.7 MPa). The
thickness of the Ti-Al intermetallic compound (IMC) layer formed in the upper part of
the welded joints was lower compared with the joints without an interlayer, and the IMC
layer formed in the lower part of the welded joints was only 1–2 µm. Additionally, a large
number of small-sized and dispersed Ti-Al and Al-Zr IMCs were generated on the Al side,
which positively impacted the performance of the welded joints.

Keywords: Ti/Al dissimilar metals; EBW; TiZr-based amorphous interlayer; microstructure;
mechanical properties

1. Introduction
With the continuous advancement of science and technology and the increasing

demand for improving the structural performance of engineering machinery, the use of
dissimilar-metal composite components has become increasingly common [1,2]. Among
them, Ti/Al dissimilar-metals welded structures have important application potential in
aerospace, weapon equipment, transportation, and other fields due to the low density of
aluminum alloys and the high strength of titanium alloys [3–6]. In recent years, many
scholars have conducted extensive research on technology for welding Ti/Al dissimilar
metals, such as brazing [7–9], friction stir welding [10–12], and laser welding [13–15].
Compared with other welding methods, electron beam welding (EBW) is increasingly
used in the welding of Ti/Al dissimilar metals due to its advantages of strong penetration
ability, fast welding speed, small heat-affected zone, precise control, and vacuum non-
pollution [16–18].

The main challenge in the research of Ti/Al dissimilar-metal welding technology lies
in reducing the thickness of the continuous Ti-Al IMC layer at the interface to decrease
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the brittleness of the joint. This can be achieved by controlling the welding parameters
and adjusting the position of the heat source. Kalaiselvan et al. [19] successfully achieved
effective connection between Ti6Al4V and AA2024 by offsetting the laser beam by 0.3 mm
towards the aluminum alloy side, and the mechanical properties of the joints were better
when the laser beam was focused on the aluminum alloy side when compared with previous
studies. However, the selection of the offset amount was not systematically studied. Song
et al. [20] also used laser welding to weld Ti6Al4V and A6061, with the laser beam focused
on the aluminum alloy side and an offset amount of 0.3–1.2 mm selected. The results
indicated that when the laser offset was 1.0 mm, the thickness of the IMC layer at the
interface was only 0.26 µm, and the average tensile strength of the joint reached 203 MPa.

Changing the types and distribution of compounds at the interface by introducing
intermediate materials is also a common method of improving the strength of dissimilar-
metal welded joints. Cu and Nb are commonly used as interlayers for dissimilar-metal
welding of titanium alloys and aluminum alloys [21,22]. In addition, the introduction
of metal elements such as Ni, Zr, and Ti also inhibited the formation of Ti-Al IMCs to
a certain extent [23–25]. However, traditional pure-metal interlayers cannot balance the
multi-element reactions in the dissimilar-metal welding process due to their single com-
position, so it is difficult to meet the complex requirements of dissimilar-metal welding.
In recent years, the use of multi-element amorphous alloys as filler metals for welding
dissimilar metals has received extensive attention. Among them, TiZr-based amorphous
alloys have been successfully used for welding various dissimilar metals [26–30]. Al-
though not directly applied to Ti/Al welding, previous studies have reported that they
can form a good metallurgical bond during the welding process of dissimilar materials
such as titanium or aluminum, with no obvious defects at the interface [31,32]. In addition,
their low melting point and ability to inhibit IMCs could make them suitable for Ti/Al
dissimilar-metal welding.

Therefore, in this study, a TiZr-based amorphous strip was chosen as the interlayer
material for EBW of TA1 and industrial high-purity Al, with the electron beam offset by
1 mm towards the Al side. This is expected to improve the weldability of Ti/Al dissimilar
metals by varying the elemental distribution and phase composition in the weld due to the
multicomponent elements of the amorphous alloy.

2. Materials and Methods
The base materials utilized in this study were TA1 and industrial high-purity Al

plates, each with dimensions of 200 mm × 100 mm × 3 mm. The chemical compositions
of the base materials are shown in Table 1. The amorphous interlayer employed was
Ti32.8Zr30.2Cu9Ni5.3Be22.7 (at %), measuring ~3 mm in width and ~40 µm in thickness, and
was prepared by the vacuum melt-spinning method: the raw materials, with a purity of
99.99%, were arc-remelted under a vacuum of 6 × 10−3 Pa to obtain a homogeneous alloy
ingot; then, a the strip with a ~40 µm thickness was fabricated through the melt-spinning
method. The oxide films needed to be removed from the base materials before the formal
welding experiment to prevent them from having an influence on the welding quality. The
method of removing oxide films from Al was to immerse the Al in a 12% NaOH aqueous
solution for 5 min and then clean it with water. The method for removing oxide films from
TA1 was to immerse it in a 15% HNO3 + 5% HF + 80% H2O aqueous solution for 3 min
and then clean it with water. The welding experiment was completed using a THDW-15
precision vacuum electron beam welding machine manufactured in Baise, GuangXi China.
Using a butt joint form with a TiZr-based amorphous interlayer inserted between the two
plates, and the electron beam was offset by 1 mm towards the Al side. A schematic of the
EBW process is shown in Figure 1. For the welding process, we chose a constant output
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beam power of 2100 W and a work chamber vacuum level of 1.0 × 10−3 Pa. The detailed
experimental parameters are shown in Table 2. After the welding experiment, the welded
joints were cut, mounted, polished, and etched according to the standard metallographic
sample preparation procedure. The metallographic samples were etched using Kroll’s
reagent (3 mL HF + 5 mL HNO3 + 92 mL H2O).

Table 1. Chemical composition of base materials (wt. %).

Elements Fe Cu Si N C H O Al Ti

TA1 0.2 - - 0.03 0.08 0.015 0.18 - Bal.
Al 0.003 0.003 0.003 - - - - Bal. -

Figure 1. Schematic of EBW process.

Table 2. EBW process parameters.

Welding Parameters Value

Accelerating voltage, kV 60
Welding speed, mm/min 1000

Beam current, mA 35
Focusing current, mA 413

An optical microscope (OM, Olympus Corporation, Tokyo, Japan); a scanning electron
microscope (SEM, Carl Zeiss AG, Oberkochen, Germany); an energy-dispersive X-ray
spectrometer (EDS, Carl Zeiss AG, Oberkochen, Germany); and a micro-area X-ray diffrac-
tometer (micro-area XRD, Rigaku Corporation, Tokyo, Japan) were employed to study
the microstructure of the Ti/Al joints. Tensile tests were carried out using a GOTECH
Al-7000-LA20 testing machine at room temperature with a tensile rate of 0.1 mm/min. The
tensile test specimens were prepared using wire-cutting equipment in accordance with
the standard GB/T6396-2008 [33]. A schematic of the tensile test specimens is shown in
Figure 2. In order to ensure the reliability of the tensile data, three tensile specimens for
each joint were selected. The tensile capacity of the joint was evaluated using the average
tensile strengths of the three tensile specimens.

Figure 2. Schematic of tensile test specimens.
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3. Results
3.1. Macrostructure of Joints

Figure 3 shows the surface appearance and corresponding cross-sections of TA1/Al
EBW joints. It can be observed that the width of the weld on both the front and back
was consistent, with no obvious defects on the surface and inside, which indicate that a
well-formed joint can be achieved when the electron beam is offset towards the Al side and
appropriate process parameters are chosen. By observing the cross-sections, it can be seen
that when the electron beam was offset towards the Al side, a small amount of melting
occurred at the top of the TA1 base material, while the bottom of the TA1 was not melted,
and the interface between the molten Al and the non-melted TA1 was visible, forming a
typical welding–brazing joint.

 

Figure 3. Surface appearance and corresponding cross-sections of TA1/Al EBW joints: (a,b) without
interlayer; (c,d) with amorphous interlayer.

3.2. Microstructure of the Interface

Figure 4 presents the SEM results of the Ti/Al EBW joint without an interlayer.
Figure 4b–d show enlarged images of regions 1–3 in Figure 4a. The positions of points
A–F in Figure 4b–d were selected for EDS analysis, and the EDS spot composition analysis
results are listed in Figure 5. It can be seen that although the electron beam was offset
towards the Al side, the offset distance was relatively short, and the welding heat input at
the top of the joint was high, resulting in a small amount of melting in the upper part of the
TA1 base material, with the interface presenting an arc-shaped curve. During the welding
process, a large number of Ti and Al atoms diffused at the upper part of the interface,
leading to the formation of a thick, continuous IMC reaction layer at the TA1-side interface,
as shown at point B in Figure 4b. According to the EDS analysis results, the Ti-Al ratio at
point B was about 1:3, suggesting that the IMC reaction layer was TiAl3. As the diffusion
level of Ti atoms gradually decreased, a large number of uncontinuous long-strip IMCs
were generated in the Al-side melting zone, mainly composed of TiAl3, as shown at points
D and F in Figure 4b,d. The heat input in the lower part of the interface was less than that
in the upper part, resulting in relatively mild reactions of different metals in this area. The
electron beam energy did not melt the TA1 but activated the activity of surface Ti atoms.
A small number of Ti atoms diffused over a short distance, forming a continuous cellular
TiAl3 reaction layer with a thickness of 5 µm, as shown in Figure 4c.
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Figure 4. Backscattered electron images of the interfacial microstructure of the welded joint without
an interlayer: (a) macromorphology; (b–d) micromorphology of regions 1–3 in Figure 4a.

 
Figure 5. Results of EDS spot composition analysis of points A–F in Figure 4b–d. (a) point A; (b) point
B; (c) point C; (d) point D; (e) point E; (f) point F.

Figure 6 presents the SEM results of the Ti/Al EBW joint after adding the TiZr-based
amorphous interlayer. Figure 6b–d show enlarged images of regions 1–3 in Figure 6a.
The positions of points A–F in Figure 6b–d were selected for EDS analysis, and the EDS
spot composition analysis results are listed in Figure 7. As can be found from Figure 6b,
a small amount of melting also occurred at the top of the TA1 base material, forming a
continuous IMC layer at the TA1-side interface, and rod-strip IMCs within a short distance
extending to the Al side. As can be seen from a comparison with Figure 4b, the thickness
of the continuous IMC layer was significantly reduced. According to the EDS analysis
results, the IMC layer was composed of Ti2Al and TiAl3, while the rod-strip IMCs were
mainly composed of TiAl3. The TA1 in the lower part of the welded joint was still not
melted, and the boundary was vertical, forming a continuous cellular TiAl3 layer with a
thickness of 1–2 µm, as shown in Figure 6c. If we compare this result with that in Figure 4c,
it can be observed that the thickness of the IMC layer also decreased. Numerous dispersed
and small-sized second phases were observed in the Al-side melting zone, as shown in
Figure 6d, mainly composed of TiAl3 and Al3Zr according to the EDS results of points E
and F. Micro-area XRD was conducted on the upper and lower parts of the interface to
further verify the phase composition in the joint, with the test areas shown in regions 4 and
5 in Figure 6a. The test results are presented in Figure 8, revealing that the compounds
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inside the joint mainly consisted of Ti-Al IMCs and Al-Zr IMCs, which is consistent with
the EDS analysis results in [34].

 

Figure 6. Backscattered electron images of the interfacial microstructure of the welded joint after
adding an interlayer: (a) macromorphology; (b–d) micromorphology of regions 1–3 in Figure 6a.

 
Figure 7. Results of EDS spot composition analysis of points A–F in Figure 6b–d. (a) point A; (b) point
B; (c) point C; (d) point D; (e) point E; (f) point F.

 
Figure 8. XRD patterns at the interface: (a) region 4; (b) region 5.
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3.3. Tensile Strength and Fracture Analysis

The tensile properties of Ti/Al EBW joints at room temperature were investigated, as
shown in Figure 9a. It can be seen that the tensile strength of the welded joint without an
interlayer was 84.7 MPa. However, the tensile strength of the welded joint after adding the
TiZr-based amorphous interlayer reached 94.8 MPa, which was 97% of the strength of the
Al base material (97.7 MPa). Figure 9b shows the fracture morphology of the Ti/Al EBW
joint after adding the TiZr-based amorphous interlayer. The fracture was located at the side
of Al base material with significant necking, and the fracture surface displayed a typical
dimple shape with a ductile fracture characteristic [35].

 
Figure 9. (a) Tensile stress–strain curves; (b) fracture morphology of joint after adding interlayer.

The tensile properties of the welded joints have a certain corresponding relationship
with the internal structure. After adding the TiZr-based amorphous interlayer, the tensile
strength of the welded joint was improved due to the reduction in the thickness of the
continuous IMC layer compared to the joint without an interlayer, and the formation
of dispersed and small-sized second phases. According to research, when the thickness
of the reaction layer is less than 5 µm, the tensile properties of Ti/Al dissimilar-metal
welded joints are significantly improved [36]. This indicates that the addition of a TiZr-
based amorphous interlayer has a positive effect on improving the performance of Ti/Al
dissimilar-material EBW joints.

4. Discussion
As mentioned above, the continuous IMC layer formed at the TA1 interface in Ti/Al

welded joints without an interlayer was mainly TiAl3. Due to the stronger diffusion ability
of Ti in Al than that of Al in Ti, an Al-rich region was formed near the TA1 interface
during the mutual diffusion of Ti and Al atoms [37]. Meanwhile, according to the Ti-Al
binary phase diagram and reported research results [38–40], TiAl3 has the lowest formation
free energy (∆G) and the highest thermodynamic stability in the Ti-Al system, so the
TiAl3 phase will be formed preferentially at the TA1 interface. However, after adding
the TiZr-based amorphous interlayer, the Ti element in the melted TA1 diffused together
with the Ti element in the amorphous interlayer, which significantly increased the local Ti
concentration on the TA1 side, promoting the preferential formation of the Ti-rich phase,
and the Ti2Al IMC layer was formed first at the upper part of the interface. The formation
of the Ti2Al IMC layer hindered the diffusion channels of Ti and Al atoms, resulting in a
significant reduction in the thickness of the TiAl3 IMC layer formed on its basis. Although
the heat input at the lower part of the joint decreased, the Ti atoms in the melted amorphous
interlayer first diffused and interacted with Al atoms to form TiAl3 IMCs, which hindered
the diffusion of activated Ti atoms from the TA1 surface; therefore, the thickness of the IMC
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layer in the lower part of the joint was also significantly reduced compared to that of the
joint without an interlayer.

The types of compounds generated on the Al side also changed, with the emergence
of Al-Zr IMCs in addition to Ti-Al IMCs. According to the Al-Zr [41] and Ti-Zr [42] binary
phase diagrams, it was found that metallic Zr hardly dissolved in Al and was more likely
to form Al-Zr IMCs with high thermal stability, and the solid solution was preferentially
formed between Ti and Zr elements, which weakened the interaction between Ti and Al
and reduced the thickness of the Ti-Al IMC layer at the interface. Meanwhile, the mixing
enthalpy of Al and Zr is relatively negative (−44 kJ/mol), while that of Ti and Zr is close to
zero, making the formation of Al-Zr IMCs more favorable [43]. In addition, as reported by
Atamanenkoa et al. [44], the addition of the Zr element can enhance the grain refinement
of IMCs. Combined with the fast cooling rate of electron beam welding, the size of the
IMCs precipitated on the Al side in the welded joint with an amorphous interlayer was
significantly reduced, as can be seen by comparing Figures 4d and 6d. Although the
second phase was brittle, its reduced size and dispersed distribution enhanced the effect of
dispersion strengthening to some extent, thereby improving the strength of the joint.

In summary, it can be concluded that the addition of a TiZr-based amorphous interlayer
effectively reduced the degree of mutual diffusion of the base material elements, prevented
an increase in the thickness of the continuous IMC layer, and also changed the types and
morphologies of IMCs within the interface, which could have a positive impact on the
mechanical properties of Ti/Al dissimilar-metal EBW joints. According to [18], the joint
strength of Ti/Al dissimilar-metal electron beam direct welding is usually lower than 60% of
the strength of the base material. However, after adding a TiZr-based amorphous interlayer,
the strength of the welded joint reaches 97% of the Al base material, further indicating
that the TiZr-based amorphous interlayer has a positive effect on the performance of the
welded joint.

5. Conclusions
This study evaluates the effect of adding a TiZr-based amorphous interlayer on the

microstructure and mechanical properties of Ti/Al dissimilar-metal electron beam welding
(EBW) joints. The experimental results show that the interlayer significantly suppresses
the intense interdiffusion of base metal elements, reducing the thickness of the continuous
Ti-Al IMC layer from about 5 µm to 2 µm, thereby effectively mitigating the adverse effects
of brittle IMCs on mechanical performance.

After adding the TiZr-based amorphous interlayer, the types of compounds within
the joint also change. Compared to joints without an interlayer, the Al side not only forms
Ti-Al IMCs but also generates Al-Zr IMCs with significantly smaller sizes and a dispersed
distribution, which can enhance the dispersion strengthening effect to a certain extent and
play a positive role in improving joint performance.

In terms of mechanical properties, the tensile strength of the joint with the TiZr-based
amorphous interlayer reaches 94.8 MPa, equivalent to 97% of the strength of the Al base
material, with fracture occurring entirely on the Al side. Fracture analysis shows that cracks
aggregate through micropores to form ductile dimples, indicating typical ductile fracture
characteristics. No brittle cleavage or intergranular cracking is observed in the weld zone,
confirming the effectiveness of the interlayer in suppressing the formation of brittle IMCs.

For industrial applications, the TiZr-based amorphous interlayer process proposed in
this study can be directly applied to Ti/Al dissimilar-metal connection scenarios such as in
aerospace lightweight components, new energy vehicle battery casings, and high-speed
train body structures. It not only meets the requirements for high strength and toughness
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but also avoids the additional weight and corrosion risks associated with traditional
mechanical joining methods.

Future work could focus on the following directions: firstly, optimizing IMCs’ size
and distribution by adjusting the composition of the interlayer to balance strength and
plasticity; secondly, employing multiscale numerical simulations to quantify the coupling
effects of amorphous layer thickness, welding heat input, and joint performance; and finally,
conducting welding experiments with aluminum and titanium alloys commonly used in
industrial applications to provide more comprehensive data for research on the reliability
of Ti/Al dissimilar-metal welding joints in practice.
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