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Abstract: A novel micro-nano Ti−10Cu−10Ni−8Al−8Nb−4Zr−1.5Hf filler was used to vacuum braze Ti−47Al− 
2Nb−2Cr−0.15B alloy at 1160−1220 °C for 30 min. The interfacial microstructure and formation mechanism of TiAl 
joints and the relationships among brazing temperature, interfacial microstructure and joint strength were emphatically 
investigated. Results show that the TiAl joints brazed at 1160 and 1180 °C possess three interfacial layers and mainly 
consist of α2-Ti3Al, τ3-Al3NiTi2 and Ti2Ni, but the brazing seams are no longer layered and Ti2Ni is completely replaced 
by the uniformly distributed τ3-Al3NiTi2 at 1200 and 1220 °C due to the destruction of α2-Ti3Al barrier layer. This 
transformation at 1200 °C obviously improves the tensile strength of the joint and obtains a maximum of 343 MPa. 
Notably, the outward diffusion of Al atoms from the dissolution of TiAl substrate dominates the microstructure 
evolution and tensile strength of the TiAl joint at different brazing temperatures. 
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1 Introduction 
 

TiAl alloy is widely used in the automotive 
and aerospace fields due to its low density, high 
specific strength, excellent corrosion resistance and 
oxidation resistance at high temperatures, which has 
been considered as the most promising alternative 
material to replace Ni-based superalloys [1−3]. But 
the inherent characteristics of TiAl alloy, such as 
brittleness and poor workability, make the 
preparation of complicated or large-scale 
components very difficult [4−6]. Thus, it is 
necessary to choose a suitable connection method 
for TiAl alloy to widen its practical application. 
Among all joining methods, vacuum brazing has 

been considered as a superior connection method 
due to its convenience, cost-effectiveness, lower 
joining pressure requirement, high bonding quality 
and small deformation [7−9].  

Compared with Ag-based and Al-based fillers, 
Ti-based fillers with higher melting temperature 
have better compatibility and wettability on TiAl 
alloys, so the TiAl joints brazed with them 
commonly possess high bonding strength, corrosion 
and oxidation resistance at ambient and elevated 
temperatures. Among the Ti-based fillers, the 
Ti−Zr−Cu−Ni system filler is widely used to braze 
TiAl alloy [10,11]. Cu and Ni are melting point 
depressant (MPD) elements in Ti-based filler and 
they are easy to form eutectic alloy with Ti, 
resulting in excellent wettability and flowability of  
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filler over the surface of TiAl. However, overmuch 
brittle intermetallics (such as Ti2Ni and Ti2Cu) 
occur in the TiAl brazed joint due to the high 
content of Cu+Ni in the Ti−Zr−Cu−Ni filler, giving 
rise to the drop off in joint properties [11,12]. The 
melting temperature of Ti2Cu/Ni is only about 
1000 °C [13], which results in a low service 
temperature of the TiAl brazed joint. Therefore, the 
TiAl joint brazed with the Ti−Zr−Cu−Ni filler 
containing lower content of Cu and Ni should have 
superior bonding strength and high service 
temperature. As β-isomorphous element, Nb can 
form the infinite solid solution with Ti, addition of 
Nb into Ti alloy can significantly improve the 
mechanical properties (such as strength, toughness, 
and creep resistance) and oxidation resistance [14]. 
Al is a main element of the TiAl substrate, so 
addition of Al into Ti-based filler can improve the 
affinity and wettability of filler alloy with the TiAl 
substrate. The large atomic radius of Hf with similar 
chemical properties to Ti has a low diffusion rate in 
Ti-based alloy, the addition of Hf thus can improve 
the stability of the liquid phase and foil formation 
ability of Ti-based filler alloy, as well as refine its 
grain size [13]. Generally, the filler alloys with  
fine grain size possess lower segregation, more 
homogeneous and finer microstructure, larger 
specific surface area and better atomic activity, 
resulting in reduction of melting temperature for the 
filler alloy and enhancement of compositional 
homogeneity and interfacial reaction in the brazed 
joint, which is beneficial to obtaining a robust 
brazed joint [14]. Although micro-nano fabrication 
technology of Ti-based alloys has been greatly 
developed and perfected, few of the prepared alloys 
are selected as fillers to braze TiAl alloys. 

Accordingly, we innovatively designed and 
prepared a novel multi-component micro-nano 
Ti−10Cu−10Ni−8Al−8Nb−4Zr−1.5Hf (wt.%) foil 
filler with low Cu and Ni contents to vacuum braze 
Ti−47Al−2Nb−2Cr−0.15B (at.%) alloy at 1160− 
1220 °C for 30 min. The formation mechanism of 
TiAl brazed joint and its interfacial microstructure 
evolution with brazing temperature as well as the 
internal relationship between the interfacial 
microstructure and tensile strength of TiAl brazed 
joint were systematically studied. Furthermore, the 
tensile fracture morphology was also analyzed to 
further investigate the variation of joint strength as 
a function of brazing temperature. 

 
2 Experimental 
 

The microstructure of Ti−47Al−2Nb−2Cr− 
0.15B (at.%) alloy used as parent metal displayed a 
lamellar characteristic consisting of γ-TiAl and 
α2-Ti3Al, as shown in Fig. 1. The casting filler alloy 
with a nominal composition of Ti−10Cu−10Ni− 
8Al−8Nb−4Zr−1.5Hf (wt.%) was vacuum arc 
remelted more than ten times in a water-cooled 
copper crucible. The prepared alloy ingot was 
produced into filler foil with a thickness of about 
80 μm and a width of 5−6 mm by induction melting 
first and then single roller melt-spinning technique. 
The microstructures and element distributions of 
casting and foil fillers were characterized by 
scanning electron microscope (SEM) equipped with 
energy dispersive spectrometer (EDS). And their 
phase constitutions were further verified by X-ray 
diffractometer (XRD) and transmission electron 
microscopy (TEM) with selected area electron 
diffraction (SAED). Meanwhile, differential 
scanning calorimetry (DSC) was carried out for the 
casting and foil fillers at a heating rate of 
20 °C/min. 
 

 

Fig. 1 Microstructure (a) and XRD pattern (b) of 
Ti−47Al−2Nb−2Cr−0.15B parent metal 
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Prior to brazing, the joining surfaces of TiAl 
parent metal and filler foil were polished by 
metallographic sandpaper with grit sizes from 180# 
to 1500#, and then ultrasonically cleaned in acetone 
for 5 min. The eventual size of the filler foil for 
brazing was 13 mm in length, 5−6 mm in width, 
and 60 μm in thickness, which was sandwiched 
between two TiAl alloys, as shown in Fig. 2(a). The 
brazing experiment was performed in an HP-12 × 
12 × 12 vacuum furnace with a vacuum degree of 
~13.3 mPa. The brazing temperature ranged from 
1160 to 1220 °C for 30 min and the corresponding 
schematic diagram of the temperature profile for 
brazing is shown in Fig. 2(b). The TiAl brazed 
joints were cut into tensile and metallographic 
specimens according to the schematic diagram, as 
shown in Fig. 2(c). The room temperature (RT) 
tensile strength of TiAl brazed joints was evaluated 
 

 
Fig. 2 Schematic diagrams: (a) Assembly for brazing;  
(b) Temperature profile for brazing; (c) Specimens for 
tensile test and metallographic examination 

by an AG-X100KN universal testing machine at a 
constant speed of 0.5 mm/min. SEM and EDS were 
employed to characterize the interfacial micro- 
structures of the TiAl brazed joints and their 
fracture morphologies after tensile test. 
 
3 Results and discussion 
 
3.1 Microstructures of Ti−Cu−Ni−Al−Nb−Zr−Hf 

fillers 
Figures 3(a) and (c) show the backscattered 

electron images (BEIs) of the casting and foil 
Ti−Cu−Ni−Al−Nb−Zr−Hf fillers. It is clearly seen 
that the microstructure of casting filler shows three 
obvious contrasts, marked as A, B and C in Fig. 3(a). 
According to the EDS results (Table 1) and 
Refs. [10,15], it can be inferred that the black block 
Zone A is primarily α2-Ti3Al, the gray Zone B is 
Ti2Cu(Ni) and the dark gray block Zone C is 
Ti2Cu(Ni) + α2-Ti3Al. This is further confirmed by 
the XRD pattern in Fig. 3(b). Meanwhile, it can be 
observed that the foil filler reveals a featureless 
contrast (Fig. 3(c)), indicating that the element 
distribution of the foil filler is uniform, which is 
further verified by the EDS results of Zones D−F 
(see Table 1). The bright field TEM image of the 
foil filler (Fig. 3(d)) reveals that the grain size of 
the foil filler is in the range of 50−300 nm and 
belongs to micro-nanocrystalline characteristics.  
In general, the uniform composition and fine 
microstructure of the filler alloy are beneficial to 
shortening its melting interval, thereby improving 
its brazeability [16]. 

Figure 4 shows the DSC curves of casting and 
micro-nano fillers. The melting ranges of the 
casting and micro-nano fillers are 1128.57− 
1161.44 °C and 1134.73−1155.43 °C, respectively. 
Apparently, the melting range of the micro-nano 
filler foil is narrower than that of the casting filler, 
and the liquidus temperature (TL) of the micro-nano 
filler foil is lower than that of the casting filler, 
which further proves that the uniform composition 
of filler alloy is beneficial to shortening the melting 
interval. It is well known that the narrower melting 
range and lower TL of the filler are beneficial to 
reducing the formation of voids or cracks in the 
brazed joints and obtaining robust joints [16]. 
Therefore, we selected micro-nano filler to  
vacuum braze Ti−47Al−2Nb−2Cr−0.15B (at.%) alloy. 
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Fig. 3 Backscattered electron images (BEIs) of Ti−Cu−Ni−Al−Nb−Zr−Hf fillers (a, c), XRD pattern of Ti−Cu−Ni− 
Al−Nb−Zr−Hf casting filler (b), and bright field TEM image with corresponding SAED pattern of Ti−Cu−Ni− 
Al−Nb−Zr−Hf foil filler (d)  
 

 
Fig. 4 DSC curves of Ti−Cu−Ni−Al−Nb−Zr−Hf: (a) Casting; (b) Micro-nano foil fillers 
 
Table 1 EDS results of each zone in Figs. 3(a, c) 

Zone 
Content/at.% 

Possible phase 
Ti Al Zr Ni Cu Nb Hf 

A 70.83 22.57 0.92 1.12 1.33 2.65 0.58 α2-Ti3Al 

B 55.71 4.48 3.60 16.95 13.90 4.92 0.44 Ti2Cu(Ni) 

C 63.59 10.52 1.88 7.92 11.72 4.02 0.35 
Ti2Cu(Ni)+ 
α2-Ti3Al 

D 61.62 14.99 2.06 8.66 7.95 4.28 0.44 − 

E 61.52 14.96 2.17 8.52 8.01 4.40 0.42 − 

F 61.57 14.87 2.26 8.59 7.98 4.30 0.43 − 
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Generally, the selected brazing temperature should 
be higher than the liquidus temperature of the filler 
to ensure that the filler is completely melted. 
Accordingly, the Ti−Cu−Ni−Al−Nb−Zr−Hf micro- 
nano filler foil was used to vacuum braze TiAl alloy 
at 1160−1220 °C in the following study. 

3.2 Interfacial microstructure of TiAl joint 
brazed with micro-nano Ti−Cu−Ni−Al− 
Nb−Zr−Hf filler foil 
Figure 5 shows the interfacial microstructure 

of the TiAl joint brazed at 1180 °C for 30 min. It 
can be clearly seen that there are no cracks or pores, 

 

 

Fig. 5 Interfacial microstructure of TiAl joint brazed at 1180 °C for 30 min: (a, b) Whole joint and high magnification 
of brazing seam, respectively; (c, d, e) Bright field TEM images with corresponding SAED patterns of Layer I, Layer II 
and Layer III, respectively 
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indicating that the brazed joint is soundly bonded. 
The total width of the brazing seam is about 73 μm, 
which is 21.7% higher than that of the original  
filler foil, demonstrating that intensive interfacial 
reaction has taken place between the filler alloy and 
TiAl substrate. Based on the interfacial morphology 
of the TiAl brazed joint, it can be divided into solid 
diffusion Layer I, isothermal solidification Layer II 
and central brazed Layer III, as shown in Fig. 5(a). 
The high magnification of the brazing seam is 
shown in Fig. 5(b). According to the contrast 
difference, Layer I mainly consists of Phases A and 
B, Layer II is mixed with two different phases 
(Phase C and Phase D) and Phase E occupies Layer 
III. Zr and Hf as neutral element of Ti and Nb as 
isomorphous element of β-Ti, all of them can form 
infinite solid solution with Ti, so Zr, Nb and Hf to a 
certain extent can be regarded as element Ti [17]. 
Cu and Ni are β-Ti active eutectoid elements with 
similar atomic size and crystal structure, they are 
chemically compatible with and fully soluble to 
each other [18]. According to the Cr−Ni binary 
diagram [19], the maximum solid solubility of   
Cr in Ni is more than 22 at.%. Therefore, Cu, Cr 
and Ni in a certain sense are collectively referred to 
as Ni in the following discussion. Combining the 
EDS analysis results listed in Table 2, Ti−Ni−Al 
ternary alloy phase diagram [20] and the research 
results reported by REN et al [21], it can be 
deduced that Phase A is mainly α2-Ti3Al with minor 
γ-TiAl, Phases B and C are α2-Ti3Al, Phase D is 
τ3-Al3NiTi2, and Phase E is α2-Ti3Al + Ti2Ni, which 
are further verified by the bright field TEM  
images with the corresponding SAED patterns 
(Figs. 5(c−e)) of Layers I, Layer II and Layer III, 
respectively. 

Due to driving by the concentration gradients, 
Al atoms diffuse outwards from the TiAl parent 
metal and the filler atoms (Ti, Zr, Cu, Ni and Hf) as 

melting point depressants diffuse into the TiAl 
parent metal, resulting in formation of solid 
diffusion Layer I and dissolution of the TiAl parent 
metal into the molten filler. The concentration of Al 
decreases but that of Ti increases in Layer I and 
makes the molar ratio of Ti to Al satisfy the 
formation compositional (molar ratio 1.5−3.2 [22]) 
of α2-Ti3Al, the original γ-TiAl is thus transformed 
into α2-Ti3Al (marked as A and B in Fig. 5(b)). The 
bright field TEM image with the corresponding 
SAED patterns (Fig. 5(c)) indicates that only 
α2-Ti3Al exists without γ-TiAl in the Layer I, which 
may be attributed to complete transformation of 
γ-TiAl into α2-Ti3Al or the TEM sample taken  
from the outer part of Layer I adjacent to Layer II. 
The inner part of the dissolution of TiAl parent 
metal makes the liquidus temperature of the 
Ti−Cu−Ni−Al−Nb−Zr−Hf filler alloy increase to 
the brazing temperature or above, which mixes with 
the molten filler and forms isothermal solidification 
Layer II, and the outer part will diffuse toward the 
central brazing seam in the molten filler and 
distribute in the Layer III. Epitaxial solidification 
occurs in the Layer II closed to the Layer I, so 
Phase C should be the same as Phase B, which is 
further verified by the EDS result in Table 2 and 
both are α2-Ti3Al. As can be seen in Fig. 5(b), a 
large continuous α2-Ti3Al layer is formed by Phases 
B and C, which acts as a barrier to obstruct the 
atomic inter-diffusion between its two sides. The 
same phenomenon is also found by REN et al [21] 
and they pointed out that the successive diffusion of 
filler atoms (especially Ni and Cu) towards TiAl 
substrate is restrained by the α2-Ti3Al barrier. 
Therefore, Cu and Ni enrich in the outer part of 
Layer II and form Phase D. According to the EDS 
result (Table 2) of Phase D and the research results 
reported by ZENG et al [23], Ti, Ni and Al are   
the main elements and they are in the compositional 

 
Table 2 EDS results of each phase in Fig. 5(b) 

Phase 
Content/at.% 

Possible phase 
Ti Al Ni Cu Nb Zr Cr Hf 

A 55.93 36.79 0.37 1.00 2.82 0.11 2.87 0.11 α2-Ti3Al+γ-TiAl 

B 65.57 24.68 1.47 2.55 2.59 0.87 2.17 0.10 α2-Ti3Al 

C 71.97 23.67 0.29 0.91 2.04 0.12 0.83 0.17 α2-Ti3Al 

D 39.54 32.14 12.46 9.38 1.95 2.81 0.69 1.03 τ3-Al3NiTi2 

E 58.87 24.44 6.87 5.69 3.14 0.43 0.37 0.19 α2-Ti3Al+Ti2Ni 
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range of τ3-Al3NiTi2 varied from Al30Ni28Ti42 (at.%) 
to Al50Ni16Ti34 (at.%), Phase D is thus determined as 
τ3-Al3NiTi2 exhibited the structure of MgZn2. An 
interesting phenomenon is found in the high 
magnification SEM of the brazing seam and the 
bright field TEM image of Layer II (Figs. 5(b, d)) 
that rounded boundaries occurred between α2-Ti3Al 
and τ3-Al3NiTi2. Similar phenomenon is also found 
by RASTKAR and SOHI [24] and they explained 
that the stable phase of τ3-Al3NiTi2 nucleated first 
together with low surface tension grains of α2-Ti3Al 
and then α2-Ti3Al grains wetted the grain 
boundaries of τ3-Al3NiTi2 phase and partly 
dissolved τ3-Al3NiTi2. The diffusion of Al from the 
TiAl substrate increases the content of Al in the 
Layer III and dilutes the concentration of filler 
elements, while the diffusion of filler elements 
towards TiAl substrate also decreases their 
concentrations in Layer III, resulting in increase of 
α2-Ti3Al and reduction of Ti2Ni in Layer III. The 
above conclusion is further proved by the EDS 
result of Phase E occupied the Layer III and the 
proportion of α2-Ti3Al is more than that of Ti2Ni, 
which is contrary to their proportions in the original 
crystalline Ti−Cu−Ni−Al−Nb−Zr−Hf filler. Notably, 
it seems that the corresponding SEM image of 
Phase E reveals a featureless contrast (Fig. 5(b)), 
indicating that its element distribution and 

microstructure are uniform. The bright field TEM 
image with the corresponding SAED patterns of the 
Layer III determines that Phase E has two different 
phases of α2-Ti3Al and Ti2Ni rather than only one 
phase. 

Figure 6 shows the interfacial microstructure 
of TiAl joints brazed at different temperatures for 
30 min. It can be seen that the thickness of the 
brazing seam increases first and then decreases with 
brazing temperature, which may be attributed to the 
increase of element diffusion coefficient and 
fluidity of liquid filler. The thickness of the brazing 
seam is only 70 μm at the brazing temperature of 
1160 °C, which is slightly thicker than that of the 
origin filler foil. The main cause may be a low 
atomic diffusion coefficient and insufficient 
interaction between the parent metal and the filler at 
a lower temperature. The Arrhenius equation 
(D=D0exp(−Q(RT)−1)) [25] indicates that the atomic 
diffusion coefficient (D) increases with increasing 
temperature (T). Generally, increasing the brazing 
temperature can increase the fluidity of the molten 
filler, the dissolution of the parent metal into the 
molten filler pool and the diffused depth of the filler 
atoms into the parent metal [26]. Therefore, the 
thickness of the brazing seam gradually increases 
when the brazing temperature increases from 1160 
to 1200 °C, as shown in Figs. 6(a−c). However, the 

 

 
Fig. 6 Interfacial microstructures of TiAl joints brazed at 1160 °C (a), 1180 °C (b), 1200 °C (c) and 1220 °C (d) for 
30 min 
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thickness of the brazing seam reversely decreases 
when the brazing temperature is further increased to 
1220 °C. It may be imputed to the liquid filler 
losses from the gap between the two parent metals 
due to the extremely excellent fluidity of the filler 
alloy at a high temperature. Accordingly, the 
maximum thickness of the brazing seam is 75 μm 
obtained at 1200 °C. 

There are obvious three regular and well- 
demarcated layers of the joints brazed at 1160 and 
1180 °C, as shown in Figs. 6(a, b). The thickness of 
the solid diffusion Layer I and isothermal 
solidification Layer II increases but that of the 
central brazed Layer III decreases with increasing 
brazing temperature, it is further indicated that the 
dissolution of TiAl substrate into the molten filler 
as well as interdiffusion and interaction between 
both of them is enhanced with brazing temperature. 
However, it is hard to distinguish the boundary 
between Layers I and II as well as Layers II and III 
once the brazing temperature is up to 1200 °C    
or above, as shown in Figs. 6(c, d). Similar 
phenomenon is also found by LEE and WU [27], 
they pointed out that α2-Ti3Al became unstable and 
the successive α2-Ti3Al barrier layer was broken 
once the temperature was up to 1200 °C or above, 
resulting in sharp increase of dissolution of TiAl 
substrate and more sufficient atomic interdiffusion 
and metallurgical reaction between TiAl parent 
alloy and filler alloy. 

Owing to the existence of the large continuous 
α2-Ti3Al layer formed on both sides of the boundary 
between Layer I and Layer II, the atomic 
inter-diffusion between its two sides is obstructed. 
So the increasing diffusion of Al into the central 
brazed Layer III with increasing brazing 
temperature from 1160 to 1180 °C brings about 
increase of α2-Ti3Al but reduction of Ti2Ni in Layer 
III. Meanwhile, the constitution and distribution of 
the phases in Layers I and II are almost unchanged. 
Further increasing the brazing temperature to 1200 
and 1220 °C, the successive α2-Ti3Al barrier layer is 
broken and a large amount of Al sharply diffuses 
into the central brazed Layer III and increases with 
brazing temperature, leading to entire replacement 
of Ti2Ni with τ3-Al3NiTi2. τ3-Al3NiTi2 increases but 
α2-Ti3Al decreases with brazing temperature. 
Accordingly, Al is the main controlling factor 
pertaining to the microstructure evolution of TiAl 
brazed joints. The microstructure morphology and 

the content and distribution of each phase in the 
brazing seams can be regulated by adjusting Al 
from the dissolution of TiAl substrate to further 
improve the bonding quality of TiAl brazed joint. 
 
3.3 Evaluation of tensile strength and fracture 

analysis of TiAl brazed joints 
Figure 7 shows the room temperature (RT) 

tensile strength of TiAl joints brazed at different 
temperatures for 30 min. The tensile strength of the 
TiAl brazed joint increases first and then decreases 
with brazing temperature, and the maximum tensile 
strength of 343 MPa is obtained at 1200 °C. As can 
be seen from Figs. 6 and 7, the variation of joint 
strength as a function of brazing temperature is 
largely dependent upon the interfacial micro- 
structure morphology and the content and 
distribution of each phase in the TiAl brazed joint. 
Noticeably, the joint strength variation is consistent 
with the thickness variation of the brazing seam. 
The tensile strength of the TiAl brazed joint 
increases from 175 MPa at 1160 °C to 229 MPa at 
1180 °C. One reason is that the lower dissolution of 
TiAl substrate in the molten filler as well as weaker 
inter-diffusion and metallurgical combination 
reaction between both of them occurs at low 
brazing temperature and increases with brazing 
temperature. Another reason may be that high 
hardness Ti2Ni (HV 700 [28]) decreases but low 
hardness α2-Ti3Al (HV 341.6 [28]) increases with 
increasing brazing temperature from 1160 to 
1180 °C in Layer III, which can release residual 
stresses of the brazing seam to a certain extent and 
improve the joint strength. When the brazing 
temperature is increased up to 1200 °C, the continuous 
 

 
Fig. 7 RT tensile strength of TiAl joints brazed at 
different temperatures for 30 min 
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α2-Ti3Al barrier layer is broken and sufficient inter- 
diffusion and metallurgical combination reaction 
occur between TiAl substrate and filler alloy, 
resulting in sufficiently uniform distribution of 
τ3-Al3NiTi2 and α2-Ti3Al in the whole brazing seam 
and transformation from three interfacial layers at 
1180 °C to one interfacial layer at 1200 °C. This is 
beneficial to decreasing the difference in thermal 
expansion coefficient and residual stress in the 
brazing seam and improving the joint strength. 
Meanwhile, the maximum hardness of τ3-Al3NiTi2 
(HV 1749.3 [29]) enriches the outer part of Layer II 
adjacent to Layer III at brazing temperatures of 
1160 and 1180 °C, resulting in obtaining a lower 
joint strength. Therefore, the tensile strength of the 
joint brazed at 1200 °C significantly increases by 
almost 50%, reaching 343 MPa. Further increasing 

the brazing temperature to 1220 °C, increase of 
τ3-Al3NiTi2 and reduction of α2-Ti3Al embrittle the 
brazing seam and make thermal stress difficult to 
release, while overmuch residual thermal stress also 
will yield in the TiAl joint brazed at high 
temperature, resulting in reverse reduction of the 
tensile strength to 258 MPa. Accordingly, the 
content and distribution of τ3-Al3NiTi2 are the key 
factors to the joint strength, and it should be 
avoided accumulation or overmuch in the brazing 
seam to obtain a robust joint. 

Figure 8 shows the fracture morphologies of 
TiAl joints brazed at different temperatures for 
30 min after tensile test. All TiAl brazed joints have 
obvious cleavage facets and typical brittle cleavage 
fracture characteristics. The EDS analysis results 
listed in Table 3 and XRD patterns (Figs. 8(e, f))  

 

 
Fig. 8 Fracture morphologies of TiAl joints brazed at different temperatures for 30 min after tensile test (a−d) and 
corresponding XRD patterns at brazing temperatures of 1180 °C (e) and 1200 °C (f), respectively: (a) 1160 °C;       
(b) 1180 °C; (c) 1200 °C; (d) 1220 °C 
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Table 3 EDS results of fracture surfaces in Fig. 8 

Position 
Content/at.% Possible 

phase Ti Al Ni Zr Nb Cu Cr 

A 34.57 40.21 18.81 3.59 0.97 1.04 0.45 τ3-Al3NiTi2 

B 67.93 24.40 0.45 4.06 1.63 1.21 0.32 α2-Ti3Al 

C 69.52 26.09 0.10 0.34 3.22 0.23 0.58 α2-Ti3Al 

D 35.34 40.37 20.27 0.28 2.53 0.50 0.72 τ3-Al3NiTi2 

E 35.29 40.49 20.12 0.09 2.26 0.84 0.91 τ3-Al3NiTi2 

F 65.19 29.52 0.39 0.00 2.21 0.55 2.15 α2-Ti3Al 

G 41.74 35.08 19.41 0.14 2.10 0.71 0.82 τ3-Al3NiTi2 

H 67.29 28.65 0.18 0.19 2.32 0.60 0.77 α2-Ti3Al 
 
indicate that only brittle τ3-Al3NiTi2 and α2-Ti3Al 
exist on the fracture surface corresponding to each 
brazing temperature. Therefore, it can be inferred 
that the failures take place in the isothermal 
solidification Layer II of the TiAl joints brazed at 
1160 and 1180 °C. It is worth mentioning that 
obvious tearing ridges are found on the fracture 
surfaces at brazing temperatures of 1180 and 
1200 °C (Figs. 8(b, c), indicating that the tensile 
strength of the TiAl joint brazed at 1180 and 
1200 °C should be higher than that at 1160 and 
1220 °C, respectively. The fracture surface at 
brazing temperature of 1200 °C is the roughest and 
even contains large particle extraction similar to 
dimple. In general, the rough fracture surface forms 
along with large particles pull-out and needs to 
overcome significant increase of fracture energy, 
and the alloy possesses better mechanical  
properties [30,31]. Therefore, the maximum tensile 
strength of the TiAl joint is obtained at 1200 °C. 
The aforementioned results are consistent with the 
variation of the tensile strength of TiAl brazed 
joints as a function of brazing temperature in Fig. 7. 
 
4 Conclusions 
 

(1) Compared with the casting filler 
containing α2-Ti3Al, Ti2Cu(Ni) and Ti2Cu(Ni) + 
Ti3Al, the foil filler with uniform element 
distribution is verified as typical micro-nano 
crystalline characteristics and possesses narrower 
melting interval and lower liquidus temperature. 
The Ti−Cu−Ni−Al−Nb−Zr−Hf micro-nano filler 
foil is used to vacuum braze Ti−47Al−2Nb−2Cr− 
0.15B (at.%) alloy at 1160−1220 °C for 30 min. 
The typical interfacial microstructure of γ-TiAl 

brazed joint is TiAl/α2-Ti3Al + TiAl (Layer I)/ 
α2-Ti3Al + τ3-Al3NiTi2 (Layer II)/Ti2Ni + α2-Ti3Al 
(Layer III)/α2-Ti3Al + τ3-Al3NiTi2 (Layer II)/α2-Ti3Al + 
TiAl (Layer I)/TiAl. 

(2) Regular TiAl brazing seams with obvious 
three-layers are presented at brazing temperatures 
of 1160 and 1180 °C, but no obvious multi-layer 
exists at 1200 and 1220 °C. Once the brazing 
temperature is up to 1200 °C, Ti2Ni is completely 
replaced of τ3-Al3NiTi2 due to the disappearance of 
the successive α2-Ti3Al barrier layer and excessive 
increasing diffusion of Al into the central brazed 
Layer III, indicating that the interfacial micro- 
structure of TiAl brazed joint is dependent on the 
diffusion of Al from the dissolution of TiAl 
substrate. 

(3) The RT tensile strength of the TiAl brazed 
joint increases first and then decreases with 
increasing brazing temperature and the maximum 
tensile strength of 343 MPa is obtained at 1200 °C. 
The variation of tensile strength is closely related to 
the microstructure evolution of Ti2Ni, τ3-Al3NiTi2 

and α2-Ti3Al with brazing temperature. Notably, the 
content and distribution of τ3-Al3NiTi2 are the key 
factors to the joint strength. The tensile fracture of 
TiAl brazed joints exhibits obvious cleavage 
regardless of brazing temperatures and all cracks 
prefer to nucleate and propagate between α2-Ti3Al 
and τ3-Al3NiTi2. 
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钎焊温度对微纳米 Ti−Cu−Ni−Nb−Al−Hf 钎料 
真空钎焊 γ-TiAl 接头组织和抗拉强度的影响 
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摘  要：采用自主研制的新型 Ti−10Cu−10Ni−8Al−8Nb−4Zr−1.5Hf 微纳米钎料，在钎焊温度 1160~1220 ℃、钎焊

时间 30 min 的工艺参数下真空钎焊连接 Ti−47Al−2Nb−2Cr−0.15B 合金。研究 TiAl 钎焊接头的界面组织和形成机

理，以及钎焊温度、界面组织和接头强度之间的内在联系。结果表明，钎焊温度 1160 和 1180 ℃的 TiAl 接头均由

三个界面反应层组成，主要物相均为 α2-Ti3Al、τ3-Al3NiTi2 和 Ti2Ni。然而，当钎焊温度为 1200 和 1220 ℃时，由

于具有壁垒效应的连续 α2-Ti3Al 层被打破，导致钎缝中未见明显分层，τ3-Al3NiTi2 完全取代 Ti2Ni 且均匀分布在钎

缝中。当钎焊温度为 1200 ℃时，钎焊接头的抗拉强度显著提高，最大抗拉强度为 343 MPa。需特别指出的是，

在不同钎焊温度下，溶解的 TiAl 母材中向外扩散的 Al 是影响钎焊接头组织演变和抗拉强度的主控因素。 

关键词：γ-TiAl 合金；微纳米钎料；真空钎焊；界面显微组织；抗拉强度 
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