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Introduction 
TiNi alloy has shape memory and pseudo-elastic properties, 

excellent corrosion resistance and good biocompatibility, it provides 
promising solutions to solve the problems in various applications 
such as aerospace, atomic energy, microelectronics, and medical 
equipment [1,2]. As we all know, the successful application of any 
advanced material depends not only on its original properties, but 
also on its development [3]. People are more and more interested 
in the combination of TiNi alloy and other materials, especially for 
the development of devices with different mechanical properties 
and corrosion resistance. Ti alloy has excellent comprehensive 
properties, such as high specific strength, high specific modulus, 
hardness, corrosion resistance and high damage resistance 
[4,5]. It is widely used in aerospace, marine industry, biomedical 
engineering, and military industry. The composite materials of 
TiNi alloy and Ti alloy can not only meet the requirements of heat 
conduction, conductivity, and corrosion resistance, but also meet 
the requirements of high strength but light weight [6]. Therefore, 
it will be widely used in aerospace, instrumentation, electronics, 
chemical industry, and other fields. Compared with single material 
property, this material can use the performance and cost advantages 
of each material to select the best material for each structural 
component [7]. However, the weldability of dissimilar materials  

 
also limits the wide application of these alloys. This leads to the 
formation of brittle-like intermetallic compounds (IMCs) in the 
weld zone. For example, Ti2Ni, NiTi, Ni3Ti [8]. The formation of Ti-
Ni IMCs in the weld makes the weld brittle, and the mismatch of the 
thermal expansion coefficient of the two materials, it will lead to 
the formation of transverse cracks in the weld and the deterioration 
of mechanical properties [9-11]. In fact, TiNi alloy-Ti alloy joint is 
one of the most direct and effective methods to increase the use 
of TiNi alloy, Ti alloy and other lightweight materials in the field 
of aerospace and engineering manufacturing and to use structural 
lightweight design to achieve structural optimization, energy 
saving, environmental protection and safety [12]. Therefore, the 
effective connection between TiNi alloy and Ti alloy becomes an 
urgent problem.

At present, the most commonly used method is to insert an 
intermediate layer to improve the microstructure of the joint, 
which can improve the mechanical stability between TiNi alloy 
and Ti alloy and lead to the formation of other phases except for 
Ti-Ni IMCs [13]. This is because the addition of intermediate layer 
can reduce the fusion ratio of TiNi alloy and Ti alloy in the joint. 
This effect reduces the content of Ti and Ni in the weld metal, thus 
reducing the probability of the formation of Ti-Ni IMCs in the weld 
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Abstract
Laser welding of TC4 Ti alloy to NiTi alloy has been applied using pure Cu as an interlayer. Mechanical properties of the joints 

were evaluated by tensile tests. Based on avoiding the formation of Ti-Ni intermetallics in the joint, three welding processes for Ti 
alloy-NiTi alloy joint were introduced. The joint was formed while the laser was acted on the Cu interlayer. Experimental results 
showed that Cu interlayer was helping to decrease the Ti-Ni intermetallics by forming Ti-Cu phases in the weld. The average tensile 
strength of the joint was 216 MPa.
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metal [14,15]. Elements such as niobium, zirconium, molybdenum, 
tantalum, and vanadium are recommended interlayers for 
dissimilar welding of Ti-based alloys, since they do not react with 
titanium [16]. However, due to the high price and unavailability of 
these elements, Ag, Cu and Ni are usually used as the interlayer for 
the welding of these two materials, among which Cu is the most 
widely used interlayer in the field of dissimilar materials welding 
[17]. These elements will react with Ti and may form new IMCs, 
but in a case that the hardness of the new phases are less than that 
of the primary intermetallic phases formed between base metals 
elements (Ti-Ni IMCs in here), so it is reasonable to use these 
metals as the interlayer. Compared with TiNi alloy and Ti alloy, 
Cu has higher ductility and lower melting point, so it can reduce 
the influence of thermal stress mismatch caused by solidification 
of welding pool during welding [18]. In addition, copper is much 
cheaper than Zr, Ta, Mo, Ni, V and other elements, and is easy to 
obtain. On the other hand, according to the research of Bricknell et 
al. [19] on ternary shape memory alloys of Ti-Cu-Ni, nickel atoms 
can be substituted with copper atoms in lattice structure of NiTi. 
This substitution leads to the formation of Ti (Ni, Cu) ternary shape 
alloy at different transition temperatures. Therefore, Cu has a good 
compatibility with NiTi.

Experimental Procedure
Materials

The base materials used in this experiment were TC4 Ti alloy 
and TiNi alloy. There are large differences in thermal conductivity 
and linear expansion coefficient between the two base materials, 
which would lead to large temperature gradient and thermal 
stress in the joint during welding process. The base materials were 
machined into 50 mm×40 mm×1 mm plate, and then cleaned with 
acetone before welding. 0.3 mm thick Cu sheet (99.99 at. %) were 
adopted as interlayer and placed on the contact surface of the base 
material fixed in fixture.

Welding Method

CW laser was used with average power of 1.20 kW, wavelength 
of 1080 nm and beam spot diameter of 0.1 mm. Schematic diagram 
of the welding process is shown in (Figure 1). Schematic diagram 
of the welding process is shown in (Figure 1), where a good fit-
up between the TC4-Cu-NiTi was required to prevent gaps and 
ensure adequate heat transfer to form a joint. Laser welding for 
joint. During welding, laser beams were focused on the centrelines 
of the Cu interlayer (Figure 1). According to the thickness of the 
Cu interlayer to adjust welding parameters. At the same time can 
adjust parameters to change the fusion ratio of the base material. 
Laser offset for weld of joint was defined as 0 mm. The welding 
process parameters were: laser beam power of 396W, defocusing 
distance of +5 mm, welding speed of 650mm/min. Argon gas with 
the purity of 99.99% was applied as a shielding gas with total flow 
of 20L/min at top of the joint. Supplementary gas protection device 

covering the melted zone has been used to minimize the risk of 
oxidation.

Figure 1: Sketch of hydro-power plant.

Characterization Methods

The cross sections of joints were polished and etched in the 
reagent with 2ml concentrated HNO3 and 6 ml concentrated HF. The 
microstructure of joints was studied by optical microscopy (Scope 
Axio ZEISS), scanning electron microscope SEM (S-3400) with fast 
energy dispersion spectrum EDS analyzer, and selected area XRD 
(X’Pert3 Powder) analysis. Vickers microhardness tests for the weld 
carried out with a 10s load time and a 200g load. Tensile strength of 
the joints was measured by using universal testing machine (MTS 
Insight 10 kN) with cross head speed of 2mm/min.

Results and Discussion
Characterization of Joint

According to the previous research results, the microstructure, 
and mechanical properties of NiTi alloy/Ti alloy joint can be 
improved by adding appropriate interlayer materials, but the 
formation of brittle and hard Ti-Ni intermetallic compounds in 
the weld cannot be avoided. To further improve the mechanical 
properties of NiTi alloy/Ti alloy joint, the design idea of laser 
welding of NiTi alloy and Ti alloy assisted by metal transition layer 
is proposed in this paper. The purpose is to avoid the metallurgical 
reaction between Ti and Ni and improve the microstructure and 
mechanical properties of NiTi alloy/Ti alloy joint.

Macro-Characteristics

The optical microscopy image of the cross section of the joint is 
shown in (Figure 2a). The joint can fall into three parts: the fusion 
weld formed at the Ti alloy side, unmelted Ti alloy and the diffusion 
weld formed at the TiNi-Ti alloy interface. The fusion weld did not 
form Ti-Fe intermetallics due to the presence of unmelted Ti alloy. 
The average width of fusion weld, unmelted Ti alloy and diffusion 
weld was 1.8 mm, 0.35 mm and 0.17 mm, respectively. Because 
the microstructure of the fusion weld is quite different from that 
of the diffusion weld, the diffusion weld becomes black after 
corrosion. (Figure 2b) presents the optical image before corrosion 
of the diffusion weld. It does not present such defects as pores and 
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macro-cracks. The unmelted part of Ti alloy acted as a heat sink 
absorbing a significant amount of energy from the welding pool 
and transferring it to the TiNi alloy side [20]. Hence, the filler metal 
of TiNi-Ti alloy interface had a high temperature during welding 
although it was not subjected to laser radiation. The temperature 
was high enough to promote atomic interdiffusion. This meets the 
temperature requirement for diffusion welding. Moreover, the local 
heating of the Ti alloy side caused uneven volume expansion and 
thermal stress was produced, which helped to obtain an intimate 

contact between the TiNi alloy, Cu-based fillers and Ti alloy surface. 
The high temperature and the intimate contact at the TiNi-Ti alloy 
interface provided favourable conditions for atomic (Cu, Zn, Ti, Ni) 
interdiffusion. Therefore, a diffusion weld was formed originated 
from atomic (Cu, Zn, Ti, Ni) interdiffusion at the Ti alloy-filler metal 
and filler metal-TiNi alloy interface. Additionally, the unmelted Ti 
alloy was beneficial to relieve and accommodate the thermal stress 
in the joint, which could help to improve the mechanical properties 
of the joints.

Figure 2: Macroscopic feature of the joint: (a) optical image of the cross section of the joint; (b) optical image before corrosion 
of the Ti alloy-TiNi alloy interface.

Microstructure Analysis

The optical image of the fusion weld is shown in (Figure 3a), 
and no defects were observed in it. SEM image of the fusion weld 
is shown in (Figure 3b). The fusion weld mainly consists of acicular 
structure. The optical image of the diffusion weld at NiTi-Ti alloy 
interface is shown in (Figure 3c). It can be observed that, the 
diffusion weld contained three zones marked as Ⅰ, Ⅱ and Ⅲ sorted by 
their morphologies and colours. (Figures 3d, 3e and 3f) correspond 
to the three zones in (Figure 3c), respectively. The compositions of 
each zone (denoted by letter A-C in (Figure 3)) were studied using 
SEM-EDS. EDS analysis was applied to these zones to measure the 
compositions of the reaction products and the results are listed 
in Table 1. Based on the previous analysis, the microstructure of 
the diffusion weld was mainly composed of Cu-based fillers. The 
chemical composition of zone Ⅰ was consistent with the Cu-based 
fillers. Based on the EDS analyses results and Cu-Zn phase diagram, 

the main microstructure of zone Ⅰ was defined as β-CuZn phase. 
When the laser beam was focused near the Ti alloy-filler metal 
interface, the element diffusion occurs immediately between the 
base materials and filler metal and causes its component to deviate 
from the original component. The interdiffusion of Cu, Zn, Ti and 
Ni elements occurred at diffusion welding interface (Ti alloy-filler 
metal and filler metal-NiTi alloy). At this moment, the dissolution of 
Ti and Ni into the filler metal occurred under the high concentration 
gradient, which formed solid-phase reaction layer, and this 
reaction layer exists only in the smaller region of the NiTi-Ti alloy 
interface. As shown in, zone Ⅱ and zone Ⅲ were reaction layers 
formed by element diffusion. Based on Ti-Cu-Ni phase diagram, 
the microstructure of zone Ⅱ was defined as TiCu2+NiZn. Based on 
Cu-Ti-Zn phase diagram, the microstructure of zone Ⅲ was defined 
as Ti3Cu4+Ti2Zn3. Therefore, the main microstructures of diffusion 
weld were TiCu2+NiZn, β-CuZn and Ti3Cu4+Ti2Zn3.

Table 1: The chemical composition of each phase in joint C (wt.%).

Composition%
Potential Phases

Region Ti Al Cu Zn Ni Cr V

A 52.1 36.4 β-CuZn

B 17.9 39.3 15.6 16.3 TiCu2+NiZn

C 32.6 41.7 23.6  Ti3Cu4+Ti2Zn3
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Figure 3: Microstructures of the joint : (a) optical image of fusion zone; (b) SEM image of fusion zone; (c) optical image of the 
diffusion weld; (b) SEM image of the zone I in Fig. 3c; (c) SEM image of the zone II in Fig. 3c; (d) SEM image of the zone III in 
Fig. 3c.

Microhardness Tests

As shown in (Figure 4), the microhardness distribution in the 
joint was non-uniform. The average microhardness of Ti alloy was 
352 HV. The average microhardness in fusion weld was 467 HV 
and was 132% of initial Ti alloy. That could be attributed to the 

presence of brittle martensite α’ which could make the fusion weld 
obtain higher hardness. The hardness of the diffusion weld was 
very low compared to the fusion weld. The hardness of diffusion 
weld was low because filler metal was simple metals. Therefore, it 
can relatively deform easily to reduce the residual stresses in the 
inner of NiTi-Ti alloy joint.

Figure 4: Vickers microhardness measurements at semi-height of joint (zero point situated in the center of joint).

Tensile Tests and Fracture Analysis

The maximum tensile strength of the joint was about 256 MPa 
(Figure 5a). The joint fractured in Ti alloy side of the diffusion weld 
during tensile tests (Figures 5b, 5c) shows fracture surface of the 
joint exhibiting typical brittle characteristics. Moreover, as shown 
in (Figure 5d), XRD analyses of fracture surface detected Ti3Cu4 
and Ti2Zn3 phases. This confirmed the presence of Ti-Cu and Ti-Zn 

intermetallics at fracture surfaces. It should be noted that there was 
no Ti-Ni intermetallics in the brazed weld. Reaction layer at Ti alloy 
side in diffusion weld became the weak zone of the joint, which 
led to the failure in the tensile test. Based on the above results, the 
formation of Ti-Ni intermetallic compounds is avoided due to the 
presence of unmelted Ti alloy in the joint. Only a small amount of 
Ti-Cu intermetallic compounds is formed in the reaction layer at 
the NiTi-Ti alloy interface. Due to the rapid heating and cooling 
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speed of laser welding, the holding time at high temperature is 
short, and it is easy to form a narrow reaction zone at the NiTi-Ti 
alloy interface. In addition, higher cooling rate inhibited the growth 
of dendrite structure in the reaction zone. Therefore, it is easy to 
obtain fine microstructure in the reaction zone, which is conducive 

to reducing the brittleness of the reaction layer. The results show 
that the formation of narrow reaction layer and fine metallurgical 
structure at the interface is one of the main reasons to improve the 
joint strength.

Figure 5: Tensile test results of joint: (a) Tensile test curve; (b) Fracture location; (c) SEM image of fracture surface; (d) XRD 
analysis results of fracture surface.

Conclusion
The possibility of welding processes for connect TC4 Ti alloy 

to NiTi alloy with Cu-base filler metal was studied. The main 
conclusions are presented below. without filler metal, For joint 
with a laser beam offset of 1.2 mm for Ti alloy, the unmelted Ti alloy 
was selected as an barrier to avoid mixing of the NiTi alloy and Ti 
alloy which eliminated the formation of brittle Ti-Ni intermetallic 
in the joint . A diffusion weld was formed at the NiTi alloy-Ti alloy 
interface with the main microstructure of TiCu2+NiZn, β-CuZn and 
Ti3Cu4+Ti2Zn3. A great amount of atomic diffusion occurs at the 
NiTi-Ti alloy interface during welding, and the thickness of diffusion 
weld can reach hundreds of micrometres. The tensile resistance of 
the joint was determined by diffusion weld. The maximum tensile 
strength of joint was 256 MPa.
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