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Abstract: The Ti2AlNb alloy was joined with TC4 alloy by vacuum diffusion bonding. The relationship between 
bonding parameters, and joint microstructure and shear strength was investigated. The results indicated that the 
diffusion of Al, Ti, Nb and V elements across bonding interface led to the formation of three reaction layers: B2/β layer 
and α2 layer on the TC4 side, and α2+B2/β layer on the Ti2AlNb side. The bonding temperature determined the atomic 
activity, thus controlling the growth of reaction layers and influencing the shear strength of the joint. When the Ti2AlNb 
alloy and TC4 alloy were bonded at 950 °C for 30 min under 10 MPa, the shear strength of the joint reached the 
maximum of 467 MPa. The analysis on the fracture morphology showed that the fracture occurred within the B2/β layer 
and the fracture model was ductile rupture. Meanwhile, the formation mechanism of the Ti2AlNb/TC4 joint was 
discussed in depth. 
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1 Introduction 
 

Ti2AlNb alloy possesses high specific strength 
and oxidation resistance, and outstanding creep 
resistance. It has been a promising structural 
material in automotive and aerospace fields [1−6]. 
In practical application, Ti2AlNb alloy is inevitably 
required to join with other materials. TC4 alloy has 
been widely applied in aerospace fields beneficial 
from its low density, good workability, excellent 
corrosion resistance and outstanding fracture 
toughness [7,8]. The reliable joining of Ti2AlNb 
alloy and TC4 alloy can produce composite 
structures with combined advantages, which is 
crucial for their engineering applications. It is 
foreseeable that the successful joining of Ti2AlNb 
alloy and TC4 alloy is also a feasible way to further 
broaden their applications. 

Various joining methods have been employed 

to join Ti2AlNb alloy with itself or other   
materials [9−11]. LEI et al [12] investigated the 
laser welding of Ti2AlNb alloy and compared the 
microstructure and tensile properties of the joint 
with those of the joint obtained by laser-additive 
welding. LI et al [13] investigated the electron 
beam welding of Ti2AlNb alloy. Their results 
indicated that when the Ti2AlNb alloy was welded 
by fusion welding methods, it was difficult to 
control the joint microstructure and avoid the 
defects (e.g. cracks and pores) without post-weld 
heat treatment. The transient liquid phase (TLP) 
bonding and brazing methods have also been 
applied to welding Ti2AlNb alloy. CAI et al [14] 
and ZOU et al [15] investigated the TLP bonding  
of Ti2AlNb alloy using the Ti−Ni interlayer     
and Ti−Ni−Cu interlayer, respectively. WANG    
et al [16,17] brazed the Ti2AlNb alloy using the 
Ti−Ni−Nb filler metals. Their study suggested  
that the Nb content determined the dissolving of  
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Ti2AlNb substrate, thus influencing the joint 
microstructure and mechanical properties. REN   
et al [18] brazed Ti2AlNb alloy using the 
TiZrNiCu(Co) filler metals. HAO et al [19] 
developed AgCu-based filler metals to braze the 
Ti2AlNb alloy to C/C composites. The above 
studies indicated that joints could be achieved 
through the optimization of process parameters. But 
since the filler metals and interlayers were usually 
Ti-based alloys, brittle IMCs (intermetallic 
compounds) were inevitably formed in the joints, 
which might turn into the possible microcrack 
source during the service process. Moreover, a high 
joining temperature was generally needed owing to 
the high melting point of Ti-based alloy, which led 
to the degradation of material’s properties. 

As one kind of solid-state bonding techniques, 
diffusion bonding has some inherent advantages 
compared with other joining methods. Thus, 
diffusion bonding can successfully be used to join 
titanium alloys, in general including the Ti2AlNb 
alloy [20−31]. LI et al [26] and ALEGRIA et al [27] 
pointed out that diffusion bonding technique was 
suitable for joining materials with minimum 
metallurgical deterioration and yielding sound 
joints without post-weld heat treatment. Therefore, 
diffusion bonding has been regarded as an 
appropriate method to join Ti2AlNb alloy. ZHU   
et al [28] investigated the diffusion bonding of 
Ti2AlNb alloy and high Nb containing TiAl alloy. 
Results indicated that the bonding parameters 
influenced the thickness and composition of 
reaction layers at bonding interface, thus 
determining the mechanical performance of the 
joint. WANG et al [29] studied the vacuum 
diffusion bonding of Ti2AlNb alloy using a Ti 
interlayer. It is suggested that the bonding 
parameter controlled the diffusion of Nb element 
towards the Ti interlayer, and influenced the 
characteristics of diffusion zones. REN et al [30] 
realized the joining of Ti2AlNb alloy and Ni-based 
superalloy by nano-diffusion bonding. They 
proposed that the Cu/Ti nano-laminated foils had a 
higher activity than conventional interlayers and 
nano-diffusion bonding was suitable for joining the 
dissimilar materials. WANG et al [31] achieved the 
hydrogenated niobium foil by cathodic charging 
and used it as the interlayer in the diffusion bonding 
of Ti2AlNb alloy and TiAl alloy. Although great 
efforts have been made, most of them were mainly 

focused on the optimization of bonding parameters. 
The diffusion bonding mechanism of Ti2AlNb alloy 
and TC4 alloy has rarely been discussed. 

As a fundamental research, the feasibility of 
diffusion bonding of Ti2AlNb alloy to TC4 alloy 
was studied in the present work. Through analyzing 
the joint microstructure and shear strength with 
different bonding parameters, the relationship 
between bonding parameters, and microstructure 
and shear strength of the joint was systematically 
investigated. Meanwhile, the formation mechanism 
of Ti2AlNb/TC4 diffusion bonded joint was 
discussed in depth, thus providing a theoretical 
basis and guidance in the practical applications of 
Ti2AlNb alloy and TC4 alloy. 
 
2 Experimental 
 

Figure 1 shows the microstructures of Ti2AlNb 
alloy and TC4 alloy. The Ti2AlNb alloy was in the 
as-cast status and had a chemical composition of 
Ti−22Al−23Nb−2V (at.%). It consisted of three 
phases: B2, O and α2. TC4 alloy had a chemical 
composition of Ti−6Al−4V (at.%) and featured a 
dual-phase structure of grey α matrix phase and 
white β phase. 
 

 
Fig. 1 Microstructures of Ti2AlNb (a) and TC4 (b) alloys 
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Before diffusion bonding, the Ti2AlNb and 
TC4 substrates were cut into small pieces by the 
wire-cut electrical discharge machining. The   
sizes of Ti2AlNb and TC4 substrates were   
6 mm × 5 mm × 3 mm and 10 mm × 8 mm × 1.9 mm, 
respectively. Then, the joining surfaces were 
polished by SiC papers up to 1200#. Finally, all the 
samples were placed in acetone and cleaned for 
10 min under ultrasound. The bonding couples were 
fixed in a graphite jig and the bonding pressure was 
10 MPa. The diffusion bonding experiment was 
performed in a vacuum furnace. The vacuum level 
was about 4×10−4 Pa. The heating rate was 
30 °C/min. When the holding time was over, the 
bonding couple was first cooled down to 400 °C at 
a cool rate of 15 °C/min. Then, the heat power was 
turned off and the bonding couple was cooled down 
to room temperature in furnace. 

After the diffusion bonding, the joint was cut 
into halves along the center line and was inlaid in 
base polymer. Then, the specimens were polished 
by SiC papers and diamond polishing agent. The 
cross-section and the fracture surface of joints were 
characterized using the scanning electron 
microscope (SEM) equipped with the energy- 
dispersive spectrometer (EDS), and X-ray diffracto- 
meter (XRD). The room-temperature shear strength 
of the joint was tested using the universal test 
machine. The shear rate was 0.5 mm/min. The 
schematic diagram is shown in Fig. 2. 
 

 

Fig. 2 Schematic diagram of joint shear test 

 

3 Results and discussion 
 
3.1 Typical microstructure of Ti2AlNb/TC4 joint 

Figure 3 shows the typical microstructure of 

the Ti2AlNb/TC4 joint bonded at 950 °C for 30 min 
under a pressure of 10 MPa. The SEM back- 
scattered electron (BSE) image revealed that the 
Ti2AlNb alloy was bonded well to TC4 alloy. Three 
distinctive zones were formed at the bonding 
interface, as marked in Fig. 3. The diffusion Zone I 
was composed primarily of a grey big blocky phase 
(marked as A). The diffusion Zone II was a 
continuous dark grey layer (marked as B). The 
diffusion Zone III contained a grey matrix phase 
(marked as C) and a dark grey granular phase 
(marked as D). EDS analysis was conducted on 
each phase. According to EDS results in Table 1 
and Ti−Al−Nb ternary phase diagram, the grey big 
blocky phase (i.e. Phase A) in Zone I and the grey 
matrix phase (Phase C) in Zone III were supposed 
to be the B2/β phase. The dark grey layer (Phase B) 
in Zone II and the dark grey granular phase (Phase 
C) in Zone III were the α2 phases. To further 
confirm the phases in the joint, XRD analysis was 
also carried out. The results in Fig. 4(a) showed the 
existence of α2 and B2/β phases and proved above 
analysis. 
 

 
Fig. 3 Typical microstructure of Ti2AlNb/TC4 joint 

(950 °C, 30 min and 10 MPa) 

 

Table 1 EDS results of each phase in Fig. 3 (at.%) 

Position Ti Al Nb V Phase

A 74.61 12.65 8.46 4.29 B2/β 

B 70.06 21.97 6.68 1.29 α2 

C 64.26 15.00 17.16 3.58 B2/β 

D 63.89 22.19 11.42 2.51 α2 

 

Figure 4(b) represents the elemental line 
distributions across the joint. Compared with 
Ti2AlNb alloy, TC4 alloy had a high content of Ti 
and V, and a low content of Nb and Al. Driven by  
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Fig. 4 XRD pattern (a) and elemental line distribution (b) 

 

the chemical concentration gradient, V and Ti atoms 
migrated from the TC4 substrate to Ti2AlNb 
substrate, while Nb and Al atoms diffused along the 
opposite direction. It should be noticed that the 
distributions of Nb, V and Al elements were 
obviously selective in the vicinity of bonding 
interface. In Zone I, Nb and V elements had an 
apparent enrichment while Al concentrate decreased. 
This phenomenon was mainly due to the different 
roles of Nb, V and Al elements in the phase 
transformation process. ZHAO et al [32] reported 
that Nb and V were the β-stabilising elements, and 
HUANG et al [33] reported that Al was the 
α-stabilising element. During the diffusion bonding, 
Nb and Al atoms diffused from Ti2AlNb substrate to 
TC4 substrate. Nb atoms aggregated in the primary 
β phase in the TC4 substrate, promoting the 
formation of B2/β phase in Zone I. Al atoms 
aggregated in the primary α phase, forming the dark 
grey α2 layer. Meanwhile, Ti atoms diffused from 
TC4 substrate to Ti2AlNb substrate. The increase of 
Ti concentrate in Ti2AlNb alloy was beneficial to 
the formation of α2 phase. A small portion of α2 
phase with a granular morphology precipitated from 
the primary microstructure during the diffusion 

bonding, forming the B2/β+α2 microstructure in 
Zone III. Thus, it could be inferred that Zones I and 
II were the diffusion zones formed from the TC4 
alloy, and Zone III was the diffusion zone formed 
from the Ti2AlNb alloy. 
 

3.2 Influence of bonding parameters on joint 
microstructure 
Figure 5 shows the joint microstructure at 

different bonding temperatures. With the increase of 
bonding temperature, the interfacial microstructure 
had a dramatic change. During the diffusion 
bonding process, the atomic diffusion velocity (D)  
 

 

Fig. 5 Influence of bonding temperature on joint micro- 
structure (10 min and 10 MPa): (a) 800 °C; (b) 900 °C; 
(c) 950 °C 
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followed the Arrhenius equation [34]: 
 

0 exp( )
Q

D D
RT


                          (1) 

 
where D0, Q, R and T are the diffusion coefficient, 
activation energy, gas constant and temperature, 
respectively. 

The atomic mobility was positively correlated 
with elevated temperature [35,36]. The inter- 
diffusion of Ti, Al, Nb and V elements determined 
the formation of reaction layers at the Ti2AlNb/TC4 
interface. When the bonding temperature was 
800 °C, the low atomic mobility led to the 
insufficient elemental diffusion and the short 
diffusion distance in the bonding couple. No 
continuous reaction layer could be formed at the 
bonding interface. The unbonded area was observed 
clearly in Fig. 5(a). When the bonding temperature 
increased to 900 °C, the mutual diffusion of Ti, Al, 
Nb and V elements was enhanced at the bonding 
interface. The interfacial reactions were promoted 
partly. Therefore, continuous reaction layers were 
formed in the joint (see Fig. 5(b)). The total 
thickness of four reaction layers was ~4 μm. Further 
increase of bonding temperature to 950 °C greatly 
enhanced the atomic mobility. The interfacial 
reaction layers continued to grow, and the thickness 
of reaction layers increased from 4 to 8 μm. 

Figure 6 shows the interfacial microstructure 
evolution with different holding time. Unlike the 
obvious increasing trend in Fig. 5, the thickness of 
interfacial reaction layers showed a very slow 
increase with the prolonging of holding time. When 
the holding time increased from 10 to 60 min, the 
total thickness of reaction layers only increased 
from 8 to 11 μm. Thus, the growth of reaction 
layers in Ti2AlNb/TC4 joint was more sensitive to 
and likely to be influenced by the bonding 
temperature rather than the holding time. This 
phenomenon could be explained as follows. In 
diffusion bonding, the formation process of 
interfacial reaction layers consisted of two parts: 
atomic diffusion process and chemical reaction 
process. For the diffusion bonding of Ti2AlNb alloy 
and TC4 alloy, the atomic diffusion time was far 
longer than the chemical reaction time, and the 
growth of reaction layers was mainly determined by 
the atomic diffusion. High bonding temperature 
provided the atoms more energy to overcome the 
energy barrier in the diffusion process and get a 

long diffusion distance. YAO et al [37] suggested 
that within a rational degree, a thicker reaction layer 
might lead to the higher mechanical properties. 
Therefore, a high bonding temperature was required 
to realize the reliable bonding of Ti2AlNb alloy and 
TC4 alloy. 
 

 

Fig. 6 Influence of bonding time on joint micro- 

structure (950 °C and 10 MPa): (a) 10 min; (b) 30 min; 

(c) 60 min 

 
3.3 Shear strength of Ti2AlNb/TC4 joints 

The room-temperature shear strength test was 
performed to evaluate the mechanical properties of 
the Ti2AlNb/TC4 joints. Figure 7 shows the tested 
results of the joints bonded with different 
parameters. It could be seen from Fig. 7(a) that the 
bonding temperature had a dramatic influence on 
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Fig. 7 Influence of bonding temperature (a) and holding 

time (b) on shear strength of Ti2AlNb/TC4 joints 

 
the shear strength of the joint. When the bonding 
temperature was 800 °C, the shear strength was 
227 MPa. When the bonding temperature increased 
to 900 and 950 °C, the shear strength first reached 
367 MPa and then the maximum value of 450 MPa. 
The variation of shear strength of the joint 
depended on the evolution of joint micro-  
structure [38,39]. Figure 5 indicated that when the 
bonding temperature was 800 °C, the elemental 
interdiffusion was insufficient and no reaction layer 
was formed at the bonding interface. The unbonded 
area was clearly observed, leading to the low shear 
strength. Increasing the bonding temperature 
improved the atomic mobility. More Ti, Al and Nb 
atoms moved across the interface and entered the 
adjacent substrate. The thickness of reaction layers 
reached 4 μm when the bonding temperature 
increased to 900 °C, which effectively improved the 
bonding quality. As a result, the shear strength of 
the joint increased from 227 to 367 MPa. When the 
bonding temperature further increased to 950 °C, 
the reaction layers grew thicker. The total thickness 

of the reaction layers reached 8 μm. Beneficial from 
the thick reaction layers, the joint could bear higher 
load during the shear test. The shear strength of the 
joint reached the maximum of 450 MPa. 

Figure 7(b) displays the shear strength of the 
joints bonded with different holding time. Unlike 
the results in Fig. 7(a), the holding time had a very 
slight influence on the shear strength of the joint. 
When the holding time increased from 10 to 60 min, 
the shear strength fluctuated between 450 and 
467 MPa, maintaining at a high level. It was mainly 
because when the bonding temperature was 950 °C, 
the atomic activities of Ti, Al and Nb elements were 
already very high. Even the holding time was as 
short as 10 min, reaction layers with a total 
thickness of 8 μm still could be formed at the 
bonding interface. When the holding time reached 
30 min, the reaction layers grew thicker. But the 
total thickness of reaction layers only increased by 
2 μm and reached 10 μm. Within certain limits, 
thicker reaction layers were favorable to the 
mechanical performance of the joint [40]. Thus, the 
shear strength of the joint increased to 467 MPa. 
However, the reaction layers had brittle IMCs and 
large property difference (e.g. CTE) with the 
Ti2AlNb and TC4 substrates. When the reaction 
layers were too thick, high residual stress was 
formed at the bonding interface and affected the 
joint strength. Therefore, when the holding time 
was 60 min, the total thickness of reaction layers 
increased to 12 μm. The shear strength of the joint 
slightly decreased to 460 MPa. It was noteworthy 
that when the bonding temperature was 950 °C, the 
shear strength of the joints was all higher than 
450 MPa with different holding time, which was 
also higher than that of the Ti2AlNb joints obtained 
by brazing (359 MPa) [17] and TLP bonding 
(428 MPa) [14]. Additionally, the high-strength 
diffusion bonding joint of Ti2AlNb alloy and TC4 
alloy could be achieved with a wide range of 
bonding parameters, which was crucial for the 
engineering application [29]. 

Figure 8 shows the fracture morphology of 
Ti2AlNb/TC4 joint obtained at 950 °C for 30 min 
under a pressure of 10 MPa. It could be seen from 
Fig. 8(a) that the joint fracture surface had a flat 
morphology, which meant that the fracture might 
occur within the same reaction zone. To confirm the 
fracture mode, a typical position in Fig. 8(a) was 
enlarged to show more details. In the magnified 
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image (see Fig. 8(b)), dimple-like structures were 
observed, which meant that the dominant joint 
fracture mode was ductile rupture. Corresponding 
EDS analysis was also performed on the fracture 
surface. The results (76.74 at.% Ti, 13.12 at.% Al, 
9.01 at.% Nb and 1.13 at.% V) demonstrated that 
the fracture was supposed to occur within Zone I 
(B2/β). 

 
3.4 Formation mechanism of joint 

The above analysis indicated that the 
elemental diffusion during the bonding process 
determined the interfacial microstructure of the 
joint. To illustrate the microstructure evolution of 
the joint, a physical model was established (see 
Fig. 9). The formation of the Ti2AlNb/TC4 joint 

could be divided into the following four stages. 
(1) Physical contact 
Prior to the diffusion bonding, the bonding 

couple was fixed under a certain bonding pressure. 
Although the bonding surfaces were polished by the 
sand paper, they were still uneven on the 
meta-microscale and cannot get full contact with 
each other. Some voids were formed at the bonding 
interface, as shown in Fig. 9(a). With the elevation 
of temperature, the Ti2AlNb alloy and TC4 alloy 
became soft gradually. Under the effect of bonding 
pressure, deformation and flow occurred in the 
substrates near the interface, which significantly 
increased the contact area. The voids at the 
interface disappeared gradually and the substrates 
got full contact with each other. 

 

 
Fig. 8 Fracture surface morphologies of Ti2AlNb/TC4 joint 

 

 

Fig. 9 Schematic diagrams of formation mechanism of Ti2AlNb/TC4 diffusion bonded joint: (a) Physical contact;    

(b) Atomic diffusion; (c−e) Formation of reaction layers; (f) Growth of reaction layers 
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(2) Atomic diffusion 
When the bonding temperature increased to 

the set value, the substrates got full contact with 
each other. The increased contact area was 
beneficial to the elemental diffusion. Due to 
different chemical compositions of the Ti2AlNb 
alloy and TC4 alloy, there was a concentration 
gradient of Ti, Al, Nb and V elements at the 
bonding interface. Under the driving force of this 
concentration gradient, Ti and V elements from 
TC4 alloy moved across the interface and diffused 
into the Ti2AlNb alloy. Meanwhile, the Ti2AlNb 
alloy had high contents of Al and Nb elements. The 
Al and Nb elements spontaneously diffused into the 
TC4 alloy, as shown in Fig. 9(b). 

(3) Formation of reaction layers 
With the diffusion bonding progressed, a large 

number of atoms exchanged through the interface, 
forming a diffusion zone. Driven by the chemical 
concentration gradient, Al and Nb elements diffused 
into the TC4 alloy. In the narrow region near the 
interface, Al and Nb concentrations increased 
obviously. Figure 1 shows that the TC4 alloy had a 
dual-phase structure of α matrix and blocky β. High 
Al concentration promoted the α→α2 phase 
transformation in α matrix. A thin α2 reaction layer 
was formed, as shown in Fig. 9(c). Since Nb and V 
were the β-stabilising elements, the increasing Nb 
concentration promoted the growth of blocky β 
phase in TC4 alloy. As the atomic diffusion went  
on, the blocky β phase grew up gradually and 
linked up, forming a reaction layer, as shown in 
Fig. 9(d). Meanwhile, the growth of β phase needed 
more Nb atoms, so the Nb atoms spontaneously 
migrated from α2 layer and concentrated in the B2/β 
layer, which could be seen from the elemental line 
distribution in Fig. 4(b). On the Ti2AlNb side, the 
decrease of Nb and Al concentrations and the 
increase of Ti concentration transformed the 
triphase structure of α2+O+B2 to the dual-phase 
structure of B2+α2 near the interface. As for the V 
element, it had a less effect on the phase 
transformation during the diffusion bonding 
because of its low content. Thus, it was not 
discussed in this section. 

(4) Growth of reaction layers 
After the main reaction layers were formed in 

the bonding couple, the interfacial structure became 
stable. In the holding period, the atomic diffusion 

kept going and the reaction layers grew thicker. A 
reliable metallurgical bonding was formed between 
Ti2AlNb alloy and TC4 alloy. When the holding 
process was over, the bonding couple cooled down 
in the furnace. The atomic diffusion in the joint 
gradually stopped, forming the final joint, as shown 
in Fig. 9(f). 
 

4 Conclusions 
 

(1) The distributions of Nb, V and Al elements 
were selective at the bonding interface. The 
interfacial microstructure of the Ti2AlNb/TC4 joint 
was characterized by three reaction layers: B2/β 
layer (I) and α2 layer (II) on the TC4 side, and 
α2+B2/β layer (III) on the Ti2AlNb side. 

(2) The bonding parameters determined the 
atomic activity in the bonding couple, thus 
influencing the formation and growth of the 
interfacial reaction layers. The bonding temperature 
had a much more significant influence on the 
microstructure evolution of the joint than the 
bonding time. 

(3) When the Ti2AlNb alloy and TC4 alloy 
were bonded at 950 °C for 30 min under a pressure 
of 10 MPa, the elemental diffusion was sufficient 
and the shear strength of the joint had the maximum 
value of 467 MPa. The fracture occurred within the 
B2/β layer and the fracture model was the ductile 
rupture. 

(4) The formation of Ti2AlNb/TC4 diffusion 
bonded joint consisted of four stages: physical 
contact, atomic diffusion, formation of reaction 
layers and growth of reaction layers. 
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摘  要：采用真空扩散焊方法连接 Ti2AlNb 合金与 TC4 合金，并研究连接参数与接头显微组织、力学性能之间的

关系。结果表明，由于 Al、Ti、Nb 和 V 的扩散，界面处生成 3 种反应层，分别是 TC4 一侧的 B2/β层和 ɑ2层以

及 Ti2AlNb 侧的 ɑ2+B2/β层。连接温度决定接头中的原子活性，因此，控制着反应层的形成和接头的抗剪切强度。

当连接温度为 950 °C、保温时间为 30 min 和连接压力为 10 MPa 时，接头的抗剪切强度达到最高，为 467 MPa。

断口形貌的分析结果表明，断裂主要发生在 B2/β 层，接头的断裂模式为韧性断裂。同时，对接头的形成机理进

行系统深入的讨论。 

关键词：Ti2AlNb 合金；TC4 合金；扩散连接；界面反应；抗剪切强度；形成机理 

 (Edited by Bing YANG) 


