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Abstract: Dissimilar materials brazing of Ti2AlNb alloy to GH99 superalloy is of great pragmatic
importance in the aerospace field, especially the lightweight space aircraft components manufacturing.
In this work, TiZrCuNi amorphous filler alloy was used as brazing filler, and experiments were carried
out at different brazing temperatures and times to investigate the changes in interfacial structures
and properties of the joints. The typical interfacial microstructure was Ti2AlNb alloy/B2/β/Ti2Ni
(Al, Nb) + B2/β + (Ti, Zr)2(Ni, Cu) + (Ti, Zr)(Ni, Cu)/(Cr, Ni, Ti) solid solution + (Ni, Cr) solid
solution/GH99 superalloy when being brazed at 1000 ◦C for 8 min. The interfacial microstructure
of the joints was influenced by diffusion and reaction between the filler alloy and the parent metal.
The prolongation of brazing process parameters accelerated the diffusion and reaction of the liquid
brazing alloy into both parent metals, which eventually led to the aggregation of (Ti, Zr)2(Ni, Cu)
brittle phase and increased thickness of Ti2Ni (Al, Nb) layer. According to fracture analyses, cracks
began in the Ti2Ni (Al, Nb) phase and spread with it as well as the (Ti, Zr)2(Ni, Cu) phase. The joints
that were brazed at 1000 ◦C for 8 min had a maximum shear strength of ~216.2 MPa. Furthermore,
increasing the brazing temperature or extending the holding time decreased the shear strength due
to the coarse Ti2Ni (Al, Nb) phase and the continuous (Ti, Zr)2(Ni, Cu) phase.

Keywords: intermetallics; dissimilar alloys brazing; interfacial microstructure; fracture

1. Introduction

As demands for aerospace and nuclear energy industries have increased, more strict
comprehensive performance of materials and structures is required. For example, tech-
nological advances such as advanced high thrust-to-weight ratio aero-engines strongly
depend on new materials and structures with excellent overall performance such as low
density, high strength, high-temperature resistance, and oxidation resistance [1].

A superalloy is a kind of high-temperature resistant metal material composed of Ni, Co,
and other elements. Due to its good oxidation resistance, corrosion resistance, and excellent
strength at high temperatures, it is often used in equipment such as aero-engine and
industrial gas turbines [2]. GH99, a typical aging strengthening nickel-base superalloy, is
mainly used in high-temperature structural materials such as aerospace turbines and power
station turbines. However, the high density of GH99 superalloy alloy increased the part’s
weight and reduced the work’s efficiency [3]. On the other hand, TiAl alloys have low room-
temperature plasticity, fracture toughness, and poor high-temperature oxidation resistance,
limiting their practical application [4]. To improve the properties of TiAl alloys, Nb and
Zr have been added to enhance their room-temperature plasticity and high-temperature
oxidation resistance [5]. Among the TiAl-based alloys, Ti2AlNb alloy has attracted attention
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for its high-temperature strength, good anti-oxidation properties, and low density, with
long-term service temperatures of up to 923 K–973 K [6]. Currently, Ti2AlNb alloy has
become the most promising lightweight material for aerospace applications [7]. Therefore,
for the sake of weight reduction for some components, joining GH99 alloy to Ti2AlNb alloy
became one of the effective methods to achieve lightweight.

The joining of dissimilar alloys mainly includes diffusion bonding [8], arc welding [9],
laser welding [10], friction welding [11], and brazing. As one of the cost-effective joining
techniques, the brazing method [12,13] is often used to join Ni-based superalloys and TiAl-
based alloys. Currently, the primary brazing alloys used for joining Ti-based or Ni-based
superalloys are Ag-based, Au-based, Ni-based, and Ti-based alloys. Sequeiros et al. [14]
used AgCuInTi filler alloy to join TiAl and Inconel 718 alloys. The hardness test showed that
the joints microhardness rapidly reduced from the diffusion zone to the center of the brazing
seam. The brittle phase in the joints was mainly the AlNi2Ti phase. Ren et al. [15] used AuNi
filler alloy to join Ti3Al and GH536 superalloys. The brazing seam was mainly composed of
AlNi2Ti phase and Ni-Ti compounds. Liu et al. [16] used graphene-reinforced BNi-2 filler
to join GH99 alloy. They found that the introduction of graphene reduced the precipitation
of borides in the brazing seam, thereby increasing the joint strength. Li et al. [17] used
amorphous filler alloy TiZrCuNiCo to connect TiAl intermetallic compounds. The joint
produced a significant amount of Ti2Cu/Ti2Ni phase. They found that cracks initiated and
propagated at the Ti2Cu/Ti2Ni phase. It was well known that Ag-based filler alloys had a
lower service temperature, Au-based filler alloys were more expensive and Ni-based filler
alloys had a high melting point. So, Ti-based filler alloys were chosen to join Ti-based alloys
and Ni-based superalloys in this work. Nevertheless, there were few reports of studies on
the brazing of TiAl intermetallic compounds with Ni-based alloys.

In this study, TiZrCuNi amorphous filler metal was selected to brazed Ti2AlNb and
GH99 superalloy. The microstructure evolution of joints during brazing was discussed. On
the evolution of the interfacial microstructure and the mechanical characteristics of joints,
the effects of the brazing parameters (temperature and time) were investigated.

2. Experiment

The materials used in this experiment were Ti2AlNb alloy, GH99 superalloy, and
commercially obtained TiZrCuNi filler alloy. The chemistry of the parent metals is listed
in Table 1. In this work, Ti38.65Zr15.7Cu10.1Ni (wt.%) amorphous filler alloy was used
to join Ti2AlNb alloy and GH99 superalloy. Figure 1a shows the X-ray diffraction pattern
taken from Ti35.5Zr38.65Cu15.70Ni10.10 (wt.%) alloy foil, which indicated the amorphous
structure of the filler. The DSC result indicated that the brazing filler metal started to melt
at 845 ◦C and turned to liquid at 853 ◦C, as shown in Figure 1b. In this experiment, the
brazing temperature was chosen to be above 853 ◦C in order to allow the filler alloy to melt,
based on the DSC test results.

Table 1. Chemical composition of the parent metals and filler alloy.

Ti Zr Ni Cu Al Nb Cr W Co Mo

Ti2AlNb (at.%) Bal. — — — 11.72 32.31 — — — 1.7
GH99 (at.%) 1.42 — Bal. — 1.05 — 18.32 8.23 6.56 2.93
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Figure 1. (a) XRD pattern and (b) DSC curve of Ti35.5Zr38.65Cu15.70Ni10.10 (wt.%) amorphous
filler alloy.

GH99 superalloy and Ti2AlNb alloy were cut into specimens with sizes of
15 × 10 × 5 mm3 and 5 × 5 × 5 mm3, respectively. The thickness of the amorphous
TiZrCuNi filler alloy was 60 µm. Prior to brazing, Ti2AlNb and GH99 superalloys were
ground on sandpaper and subsequently polished. The polished parent metal and filler
alloy were ultrasonically cleaned for 15 min in acetone and then dried with a hair dryer.
Subsequently, the TiZrCuNi foil was sandwiched between GH99 superalloy and Ti2AlNb
alloy. The sample assembly is shown in Figure 2a. The vacuum level in the vacuum furnace,
where the brazing experiments were conducted, was kept at (1.0–2.0) 10−3 Pa. Five brazing
temperatures of 960, 980, 1000, 1020, and 1040 ◦C were chosen for the brazing experiments,
along with five holding times of 4, 6, 8, 10, and 12 min. At the initiation of brazing, the
furnace’s heating was carried out at 10 ◦C/min to 800 ◦C and held for 10 min, and then
the heating was continued at this rate to brazing temperature; hold at brazing temperature
for the corresponding time, then cool down from brazing temperature to 200 ◦C with
5 ◦C/min, and finally cool down with the furnace to room temperature.
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Figure 2. (a) Brazed joint assembly diagram; (b) shear test diagram.

The Ti2AlNb/GH99 brazed joints were cut using a cutting machine and the interfacial
microstructure was characterized by scanning electron microscopy (SEM, ZEISS, MERLIN
Compact). An energy spectrometer (EDAX, OCTANE PLUS) was used to determine the
phase composition of the brazed joints. The fracture was characterized by X-ray diffraction
(XRD, DX-2700) to determine the interfacial phase’s composition further. The shear test
of brazed joints was conducted using a universal testing apparatus (Instron 5967) at room
temperature with a constant shear speed of 0.5 mm/min. The assembly of the shear
test specimen is illustrated in Figure 2b. Each group of experimental data of the shearing
experiment was tested with at least five samples, and the average value was finally obtained
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as the final practical result. Shear test followed by characterization of the fracture using
SEM to study the failure mode and fracture morphology of the joint.

3. Results and Discussion
3.1. Typical Interfacial Microstructure of Ti2AlNb/TiZrCuNi/GH99 Joint

The Ti2AlNb alloy and GH99 superalloy were successfully brazed using amorphous
TiZrCuNi as the filler alloy, as illustrated in Figure 3a. The brazing seam could distinguish
three zones in brazed joints according to the contrast of interfacial microstructure, which
were named zone I (diffusion zone at Ti2AlNb alloy side), zone II (reaction zone), and zone
III (diffusion zone at GH99 side). From Figure 3b,d, it can be seen that Ti and Nb elements
were mainly distributed in zone I, and their content gradually decreased in zone II and
zone III. The Ti, Zr, Ni, Cu, Nb, and Al elements were mainly centered in the brazing seam.
The distributions of the elements in the brazed joint indicated sufficient diffusion between
the parent metal and the filler alloy. Combining Figure 3a,b,g, it was apparent that the
black phase in zone II mostly contained Ti, Ni, and less Al, Nb. Despite the low levels of Cr
and Co in the braze seam (zone II), the fact that Co was present in higher concentrations
than Cr suggested that Co was more likely to diffuse into the braze seam. Because Cu and
Zr were components of the brazing alloy, it was possible to see that they were distributed
evenly throughout the brazing seam in Figure 3e,f. Zone III was primarily concentrated
with Ni, Cr, and Co, as seen in Figure 3g,h,i.
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Figure 3. Element distribution maps of the Ti2AlNb/GH99 joint brazed at 1000 ◦C for 8 min.

The typical interfacial microstructure of the brazed joint is illustrated in Figure 4.
Table 2 displays the findings of the EDS analysis for each phase. The phases marked as
A and C had similar atomic percentages. Phase A had more Al elements and fewer Nb
elements than the C phase. The phases A and C contained mainly Ti, Al, and Nb elements
and the atomic percentages were similar to the B2 phase of the Ti2AlNb parent metal.
Owing to the high relative content of Nb (β phase stabilizer of titanium alloy), phases A
and C could be inferred as β/B2 phases, as demonstrated in Ref. [8]. The phases marked as
B and D had similar contents consisting mainly of the elements Al, Nb, Ti, and Ni. It can be
seen from Table 2 that the atomic percentages of Ti and Ni are close to 2:1. Compared to the
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Ti2Ni phase, the B and D phases had a higher concentration of Al, Nb. Ren et al. also found
that the Ti2Ni phase contains higher Al and Nb elements, and the research suggested that
it was the dissolution of these elements in the brazing seam into the Ti2Ni phase. Therefore,
phases B and D were suggested to be Ti2Ni (Al, Nb) phases, as demonstrated in Refs. [18,19].
In addition, as observed in Figure 5, diffraction peaks of Ti2Ni were detected on the fracture
surface of the Ti2AlNb side, further proving the formation of Ti2Ni (Al, Nb) phases in the
joint. It could be seen from the ternary phase diagrams [20,21] of Ti-Zr-Cu and Ti-Zr-Ni that
Ti was miscible with Zr and Cu was miscible with Ni. In phase E, the atomic percentages
of Ti and Zr elements were 64.77%, while Ni and Cu elements were 30.97%. The atomic
percentage was close to 2:1, and phase E was identified as the (Ti, Zr)2(Ni, Cu) phase [13].
Similarly, phase F could be considered the (Ti, Zr)(Ni, Cu) phase [17]. In zone III, the phases
G, H, and I mainly contained Ni, Cr and Ti elements. With approaching the GH99 side,
the content of the Ti element gradually decreased. This indicated the diffusion of elements
from the brazing seam into the GH99 alloy. Simultaneously, the elements in GH99 alloy
diffused into the brazing seam and eventually converged in the diffusion zone (zone III).
According to the Ni-Cr-Ti phase diagram [22], it could be determined that the phases G, H,
and I were (Cr, Ni, Ti) ss. Phase J mainly contained Ni and Cr elements. Based on the Ni-Cr
binary phase diagram [23], phase J could be determined as (Ni, Cr) solid solution [24]. The
XRD analysis identified five phases, which were in agreement with the findings of the EDS
analysis, as illustrated in Figure 5: B2/β, (Ti, Zr)(Ni, Cu), (Ti, Zr)2(Ni, Cu), (Ni, Cr) ss, and
Ti2Ni. In conclusion, the microstructure of the interface of the Ti2AlNb/GH99 joint was
Ti2AlNb alloy/B2/β/Ti2Ni (Al, Nb) + B2/β + (Ti, Zr)2(Ni, Cu) + (Ti, Zr)(Ni, Cu)/(Cr, Ni,
Ti) ss + (Ni, Cr) ss/GH99 superalloy.
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Figure 4. Interfacial microstructure of Ti2AlNb/GH99 brazed joint (1000 ◦C/10 min). (a) Microstruc-
ture of joint interface; (b) the GH99 side.

Table 2. EDS analysis of the different phases in Figure 4 (at. %).

Spots Al Zr Nb Ti Cr Co Ni Cu Possible Phase

A 18.33 1.74 22.99 52.50 0.44 0.88 2.37 0.75 β/B2

B 16.08 6.17 11.56 39.57 0.40 1.34 20.41 4.47 Ti2Ni (Al, Nb)

C 12.56 2.84 29.52 52.80 0.50 0.09 1.33 0.36 β/B2

D 15.07 6.33 10.45 40.53 0.43 1.63 20.92 4.64 Ti2Ni (Al, Nb)

E 0.24 1.63 1.26 63.14 0.36 2.40 27.95 3.02 (Ti, Zr)2(Ni, Cu)

F 6.41 2.01 1.39 36.40 0.35 4.76 47.45 1.14 (Ti, Zr)(Ni, Cu)

G 5.92 5.36 5.93 19.74 29.76 5.65 27.08 0.56 (Cr, Ni, Ti) ss

H 15.43 2.70 2.03 15.30 28.99 3.90 31.30 0.35 (Ni, Cr) ss

I 2.24 2.08 1.58 14.12 20.26 3.74 55.57 0.41 (Ni, Cr) ss

J 10.26 0.88 1.31 4.74 21.87 5.22 55.45 0.26 (Ni, Cr) ss
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3.2. Effect of Brazing Parameters on the Microstructure of Ti2AlNb/GH99 Brazed Joints

The BSE diagram of the joint for different brazing temperatures is illustrated in Figure 6.
Totally, the brazing temperature had a strong relationship with the interfacial microstructure
and the width of brazed joints. Specifically, the widths of zone I and zone II were increased
as the brazing temperature rose. The dissolution of the parent metals extended the width
of the brazing seam, whereas the melting of the filler alloy had the opposite effect. The
brazing alloy used in this experiment was foil, so the effect of the brazing alloy could be
ignored. The GH99 dissolved a little, and the increase in braze thickness was mainly due
to the melting of Ti2AlNb. At lower brazing temperatures (960 ◦C), the Ti2AlNb/GH99
brazed joints had three distinct reaction zones, as shown in Figure 6a. The reaction zone
(zone II) was a distinctly mixed structure. As the brazing temperature increased (1000 ◦C),
the (Ti, Zr)2(Ni, Cu) intermetallic compound decreased, illustrated in Figure 6c. Furter
increasing the brazing temperature to 1040 ◦C, the content of the (Ti, Zr)2(Ni, Cu) phases
increased and tended to converge together. However, cracks appeared in the brazing seam
(Figure 6e), which would deteriorate the joining properties.

Aerospace 2023, 10, x FOR PEER REVIEW 7 of 12 
 

 

3.2. Effect of Brazing Parameters on the Microstructure of Ti2AlNb/GH99 Brazed Joints 

The BSE diagram of the joint for different brazing temperatures is illustrated in Fig-

ure 6. Totally, the brazing temperature had a strong relationship with the interfacial mi-

crostructure and the width of brazed joints. Specifically, the widths of zone I and zone II 

were increased as the brazing temperature rose. The dissolution of the parent metals ex-

tended the width of the brazing seam, whereas the melting of the filler alloy had the op-

posite effect. The brazing alloy used in this experiment was foil, so the effect of the brazing 

alloy could be ignored. The GH99 dissolved a little, and the increase in braze thickness 

was mainly due to the melting of Ti2AlNb. At lower brazing temperatures (960 °C), the 

Ti2AlNb/GH99 brazed joints had three distinct reaction zones, as shown in Figure 6a. The 

reaction zone (zone II) was a distinctly mixed structure. As the brazing temperature in-

creased (1000 °C), the (Ti, Zr)2(Ni, Cu) intermetallic compound decreased, illustrated in 

Figure 6c. Furter increasing the brazing temperature to 1040 °C, the content of the (Ti, 

Zr)2(Ni, Cu) phases increased and tended to converge together. However, cracks appeared 

in the brazing seam (Figure 6e), which would deteriorate the joining properties. 

 

Figure 6. Microstructures of Ti2AlNb/GH99 joints brazed at different temperatures for 10 min. (a) 

960 °C; (b) 980 °C; (c) 1000 °C; (d) 1020 °C; (e) 1040 °C. 

As concluded, the microstructure evolution in brazed joints was influenced by the 

diffusion and reaction of the filler alloy with the parent metals. Throughout the brazing 

process, the Ti2AlNb/GH99 brazed joint interfacial structure changed with temperature in 

the following way. Firstly, when the brazing temperature was low, the elements such as 

Al, Nb, Co, and Cr diffused into the brazing seam. Based on the phase diagram of Ti-Cu 

[24] and Ti-Ni-Al [25], the concentration of Cu and Ni in the liquid pool decreased due to 

the diffusion and reaction of elements. Meanwhile, the diffusion of elements from Ti2AlNb 

alloy to the brazing seam also increased the concentration of Al and Ti in the molten seam, 

which eventually increased the melting temperature of the liquid phase in the brazing 

seam. Therefore, an isothermal solidification process occurred even at lower brazing tem-

peratures. It eventually formed lamellar structures near the Ti2AlNb alloy side. The insuf-

ficient reaction between the parent metal and brazing alloy. Continuous (Ti, Zr)2(Ni, Cu) 

phase and (Ti, Zr)(Ni, Cu) phase distributed in the brazing seam. Compared to the other 

alloying elements in the GH99 superalloy, Ni had a strong affinity with Ti and was more 

likely to diffuse into the brazing seam [22]. Thus, other alloying elements in the GH99 

were concentrated in zone III, forming the solid solution phase. Secondly, as the brazing 

temperature increased, more Ti and Ni elements diffused into the Ti2AlNb side, which 

promoted the formation of the β/B2 phase and the disappearance of the lamellar structure. 

Dissolved Al and Nb elements of the Ti2AlNb alloy aggregated in the brazing seam. The 

Figure 6. Microstructures of Ti2AlNb/GH99 joints brazed at different temperatures for 10 min.
(a) 960 ◦C; (b) 980 ◦C; (c) 1000 ◦C; (d) 1020 ◦C; (e) 1040 ◦C.



Aerospace 2023, 10, 73 7 of 11

As concluded, the microstructure evolution in brazed joints was influenced by the
diffusion and reaction of the filler alloy with the parent metals. Throughout the brazing
process, the Ti2AlNb/GH99 brazed joint interfacial structure changed with temperature
in the following way. Firstly, when the brazing temperature was low, the elements such
as Al, Nb, Co, and Cr diffused into the brazing seam. Based on the phase diagram of
Ti-Cu [24] and Ti-Ni-Al [25], the concentration of Cu and Ni in the liquid pool decreased
due to the diffusion and reaction of elements. Meanwhile, the diffusion of elements from
Ti2AlNb alloy to the brazing seam also increased the concentration of Al and Ti in the
molten seam, which eventually increased the melting temperature of the liquid phase in
the brazing seam. Therefore, an isothermal solidification process occurred even at lower
brazing temperatures. It eventually formed lamellar structures near the Ti2AlNb alloy
side. The insufficient reaction between the parent metal and brazing alloy. Continuous (Ti,
Zr)2(Ni, Cu) phase and (Ti, Zr)(Ni, Cu) phase distributed in the brazing seam. Compared to
the other alloying elements in the GH99 superalloy, Ni had a strong affinity with Ti and was
more likely to diffuse into the brazing seam [22]. Thus, other alloying elements in the GH99
were concentrated in zone III, forming the solid solution phase. Secondly, as the brazing
temperature increased, more Ti and Ni elements diffused into the Ti2AlNb side, which
promoted the formation of the β/B2 phase and the disappearance of the lamellar structure.
Dissolved Al and Nb elements of the Ti2AlNb alloy aggregated in the brazing seam. The
Ti2Ni (Al, Nb) phase was formed in the brazed seam. Finally, the (Ti, Zr)2(Ni, Cu) and Ti2Ni
(Al, Nb) phase in the brazed seam grew and thickened as the brazing temperature reached
1040 ◦C. Due to each phase’s different thermal expansion coefficients, stress concentration
would occur in the cooling process and eventually lead to cracks.

The BSE diagram of the joint for different holding times is illustrated in Figure 7. There
was no significant change in interfacial microstructure with increased holding time. The
short holding time did not allow the elements in the filler alloy to diffuse sufficiently with
the parent metal, and the brazing seam was dominated by the Ti2Ni (Al, Nb) phase, with
less β/B2 phase. With the extension of holding time, the (Ti, Zr)2(Ni, Cu) phase and (Ti,
Zr)(Ni, Cu) phase in the brazing seam increased. With extended holding time further,
continuous brittle intermetallic compounds were formed in the brazing seam. During the
following cooling stage, cracks were generated and propagated along the brittle phase,
reducing the strength of brazed joints.
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Based on the above discussion, the interfacial microstructure evolution during the
brazing process is suggested in Figure 8. As the temperature increased to the filler alloy’s
melting point (853 ◦C) during the early stages of brazing (as illustrated in Figure 8a), the
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brazing filler began to melt. The brazing seam had higher concentrations of the elements
Ti, Zr, Ni, and Cu. Due to the concentration gradient, Zr and Cu elements diffused to the
parent metal on both sides, and Al, Nb, Cr, and Co elements in the parent metals also
diffused into the brazing seam. In comparison to elements Cr and Co, the Ni in GH99
superalloy diffused more readily into zone II [22]. The strong affinity for Ni allowed the Ti
and Ni in the filler alloy to diffuse to the GH99 and Ti2AlNb, respectively. With the increase
of Ti and Ni concentrations, β-Ti and (Ti, Zr)2(Ni, Cu) were formed during the cooling
process, as shown in Figure 8b. Extending the holding time, the element diffused between
the parent metal and filler alloy was more adequate. The elements Nb, Ni, and Cu were
clustered on the Ti2AlNb side of the alloy. The maximum solubility of Cu and Ni in β-Ti
(13.5 at. % and 10 at. %) was much higher than that of α-Ti, and Nb was a stable element
in β phase. The Ti, Nb, and Cu content at higher brazing temperatures was beneficial to
the nucleation and growth of β-Ti. Therefore, a diffusion zone (zone I) dominated by the
β/B2 phase was formed on the Ti2AlNb side. In addition, many elements such as Ti, Ni,
Nb, and Al were gathered in the brazing seam. According to the existing research, Ni
and Ti elements had good affinities, and the Gibbs free energy of 2Ti + Ni = Ti2Ni was
−78.03 KJ/mol [26], so the continuous Ti2Ni (Al, Nb) phase was formed in the brazing
seam. Due to the long-distance diffusion of elements, many Ti, Ni, Zr, and Cu elements
were accumulated on the GH99 alloy side, as shown in Figure 3. Finally, a continuous (Ti,
Zr) (Ni, Cu) phase was formed on the GH99 side, which hindered the diffusion of Cr and
Co into the brazing seam. Eventually, these elements aggregated on the GH99 side (zone
III) to form a Ni-Cr-based solid solution, as shown in Figure 8d.
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3.3. Effect of Brazing Parameters on the Mechanical Properties of Ti2AlNb/GH99 Brazed Joints

The shear strength of the Ti2AlNb/GH99 brazed joints is shown in Figure 9a,b, re-
spectively, with various processing parameters. With the increase in brazing parameters
(temperature or time), the shear strength of the brazed joint increased initially before de-
clining. When the brazing parameters were 1000 ◦C/8 min, the maximum average shear
strength of ~216.2 MPa was achieved. The shear strength was similar to the results of
Dong et al. [13]. Further increased brazing parameters resulted in a significant reduction in
joint shear strength.

The fracture path of the bonded joint was analyzed by SEM. The fracture paths of the
Ti2AlNb/GH99 brazed joints at various temperatures are shown in Figure 10a–c, and the
corresponding fracture surface is shown in Figure 10(a-1–c-1). At different temperatures,
the fracture surfaces of the Ti2AlNb/GH99 joints showed smooth and flat, indicating that
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the joints were brittle fracture, as shown in Figure 10(a-1–c-1). EDS analysis of the fracture
showed that the fracture surface was mainly Ti2Ni (Al, Nb) phase and (Ti, Zr)2(Ni, Cu)
phase when the brazing temperature was below 1000 ◦C. When the temperature was
1040 ◦C, the fracture surfaces were Ti2Ni (Al, Nb), (Ti, Zr)2(Ni, Cu), and (Ti, Zr)(Ni, Cu)
phases. Combining Figure 10a–c, it was evident that as the temperature rose, the joint
fracture path shifted in favor of the GH99 side. A continuous lamellar organization formed
on the Ti2AlNb side at 960 ◦C because the reaction between the parent metal and the filler
alloy was insufficient at that temperature. These mixed phases became the weak spots in the
joint, where most of the fractures occurred. Combined with Figure 9a, it could be seen that
the average shear strength of the joint at this temperature was lower at 116.0 MPa. With the
increased brazing temperature, the B2/β phase was formed on the Ti2AlNb side, and the
fracture path moved to the brazing seam. Consequently, there was also an increase in joint
strength. When the brazing temperature reached 1040 ◦C, the coarse Ti2Ni (Al, Nb) and
(Ti, Zr)2(Ni, Cu) phases in the brazing seam were also harmful to the joints’ properties and
caused some microcracks, as illustrated in Figure 10c. It was well known that a continuous
metal interlayer was detrimental to the properties of the joint. As a result, the presence of a
large number of Ti2Ni (Al, Nb) layers or continuous (Ti, Zr)2(Ni, Cu) layers of intermetallic
compounds in the Ti2AlNb/GH99 joints obtained at low brazing temperatures (960 ◦C) or
high temperatures (1040 ◦C) made the brazed joints lower in strength.

Aerospace 2023, 10, x FOR PEER REVIEW 9 of 12 
 

 

Zr) (Ni, Cu) phase was formed on the GH99 side, which hindered the diffusion of Cr and 

Co into the brazing seam. Eventually, these elements aggregated on the GH99 side (zone 

III) to form a Ni-Cr-based solid solution, as shown in Figure 8d. 

 

Figure 8. Schematic diagram of the microstructure evolution. (a) atomic migration; (b) nucleation of 

β-Ti and (Ti, Zr)2(Ni, Cu); (c) nucleation of Ti2Ni (Al, Nb) and (Ti, Zr)(Ni, Cu); (d) final solidification 

stage. 

3.3. Effect of Brazing Parameters on the Mechanical Properties of Ti2AlNb/GH99 Brazed Joints 

The shear strength of the Ti2AlNb/GH99 brazed joints is shown in Figure 9a,b, re-

spectively, with various processing parameters. With the increase in brazing parameters 

(temperature or time), the shear strength of the brazed joint increased initially before de-

clining. When the brazing parameters were 1000 °C/8 min, the maximum average shear 

strength of ~216.2 MPa was achieved. The shear strength was similar to the results of Dong 

et al. [13]. Further increased brazing parameters resulted in a significant reduction in joint 

shear strength. 

 

Figure 9. Shear strength of Ti2AlNb/GH99 joints at various parameters. (a) Brazing temperature and 

(b) holding time. 

The fracture path of the bonded joint was analyzed by SEM. The fracture paths of the 

Ti2AlNb/GH99 brazed joints at various temperatures are shown in Figure 10a–c, and the 

corresponding fracture surface is shown in Figure 10(a-1–c-1). At different temperatures, 

the fracture surfaces of the Ti2AlNb/GH99 joints showed smooth and flat, indicating that 

the joints were brittle fracture, as shown in Figure 10(a-1–c-1). EDS analysis of the fracture 

Figure 9. Shear strength of Ti2AlNb/GH99 joints at various parameters. (a) Brazing temperature and
(b) holding time.

Aerospace 2023, 10, x FOR PEER REVIEW 10 of 12 
 

 

showed that the fracture surface was mainly Ti2Ni (Al, Nb) phase and (Ti, Zr)2(Ni, Cu) 

phase when the brazing temperature was below 1000 °C. When the temperature was 1040 

°C, the fracture surfaces were Ti2Ni (Al, Nb), (Ti, Zr)2(Ni, Cu), and (Ti, Zr)(Ni, Cu) phases. 

Combining Figure 10a–c, it was evident that as the temperature rose, the joint fracture 

path shifted in favor of the GH99 side. A continuous lamellar organization formed on the 

Ti2AlNb side at 960 °C because the reaction between the parent metal and the filler alloy 

was insufficient at that temperature. These mixed phases became the weak spots in the 

joint, where most of the fractures occurred. Combined with Figure 9a, it could be seen that 

the average shear strength of the joint at this temperature was lower at 116.0 MPa. With 

the increased brazing temperature, the B2/β phase was formed on the Ti2AlNb side, and 

the fracture path moved to the brazing seam. Consequently, there was also an increase in 

joint strength. When the brazing temperature reached 1040 °C, the coarse Ti2Ni (Al, Nb) 

and (Ti, Zr)2(Ni, Cu) phases in the brazing seam were also harmful to the joints’ properties 

and caused some microcracks, as illustrated in Figure 10c. It was well known that a con-

tinuous metal interlayer was detrimental to the properties of the joint. As a result, the 

presence of a large number of Ti2Ni (Al, Nb) layers or continuous (Ti, Zr)2(Ni, Cu) layers 

of intermetallic compounds in the Ti2AlNb/GH99 joints obtained at low brazing tempera-

tures (960 °C) or high temperatures (1040 °C) made the brazed joints lower in strength. 

 

Figure 10. (a–c) The fracture paths of Ti2AlNb/GH99 joints at 960 °C, 1000 °C and 1040 °C, respec-

tively (10 min); (a-1–c-1) the fracture morphology for 960 °C, 1000 °C and 1040 °C, respectively (10 

min). 

Figure 10. Cont.



Aerospace 2023, 10, 73 10 of 11

Aerospace 2023, 10, x FOR PEER REVIEW 10 of 12 
 

 

showed that the fracture surface was mainly Ti2Ni (Al, Nb) phase and (Ti, Zr)2(Ni, Cu) 

phase when the brazing temperature was below 1000 °C. When the temperature was 1040 

°C, the fracture surfaces were Ti2Ni (Al, Nb), (Ti, Zr)2(Ni, Cu), and (Ti, Zr)(Ni, Cu) phases. 

Combining Figure 10a–c, it was evident that as the temperature rose, the joint fracture 

path shifted in favor of the GH99 side. A continuous lamellar organization formed on the 

Ti2AlNb side at 960 °C because the reaction between the parent metal and the filler alloy 

was insufficient at that temperature. These mixed phases became the weak spots in the 

joint, where most of the fractures occurred. Combined with Figure 9a, it could be seen that 

the average shear strength of the joint at this temperature was lower at 116.0 MPa. With 

the increased brazing temperature, the B2/β phase was formed on the Ti2AlNb side, and 

the fracture path moved to the brazing seam. Consequently, there was also an increase in 

joint strength. When the brazing temperature reached 1040 °C, the coarse Ti2Ni (Al, Nb) 

and (Ti, Zr)2(Ni, Cu) phases in the brazing seam were also harmful to the joints’ properties 

and caused some microcracks, as illustrated in Figure 10c. It was well known that a con-

tinuous metal interlayer was detrimental to the properties of the joint. As a result, the 

presence of a large number of Ti2Ni (Al, Nb) layers or continuous (Ti, Zr)2(Ni, Cu) layers 

of intermetallic compounds in the Ti2AlNb/GH99 joints obtained at low brazing tempera-

tures (960 °C) or high temperatures (1040 °C) made the brazed joints lower in strength. 

 

Figure 10. (a–c) The fracture paths of Ti2AlNb/GH99 joints at 960 °C, 1000 °C and 1040 °C, respec-

tively (10 min); (a-1–c-1) the fracture morphology for 960 °C, 1000 °C and 1040 °C, respectively (10 

min). 

Figure 10. (a–c) The fracture paths of Ti2AlNb/GH99 joints at 960 ◦C, 1000 ◦C and 1040 ◦C, respec-
tively (10 min); (a-1–c-1) the fracture morphology for 960 ◦C, 1000 ◦C and 1040 ◦C, respectively
(10 min).

4. Conclusions

Amorphous TiZrCuNi filler was used in this work to successfully braze GH99 super-
alloy and Ti2AlNb alloy together. Investigations were carried out into how the interfacial
microstructure was affected by the brazing parameters of temperature and time. The
interfacial microstructure was related to the mechanical strength of the joint. It provided
a theoretical basis for further experimental research. Following was a summary of the
key findings:

(1) The characteristic interfacial microstructure of Ti2AlNb/GH99 joint brazd with TiZr-
CuNi filler brazed at 1000 ◦C for 10 min was Ti2AlNb alloy/B2/β/Ti2Ni (Al, Nb) + B2/
β + (Ti, Zr)2(Ni, Cu) + (Ti, Zr)(Ni, Cu)/(Cr, Ni, Ti) ss + (Ni, Cr) ss/GH99 alloy. The
brazing seam was mainly composed of Ti2Ni (Al, Nb) and (Ti, Zr)2(Ni, Cu) phases.

(2) Higher brazing temperature or longer holding time promoted atomic diffusion be-
tween the parent metals and the filler alloy, which enhanced the metallurgical reaction
between them, resulting in the increase in Ti2Ni (Al, Nb) phase and the coarsening of
(Ti, Zr)2(Ni, Cu) phase.

(3) The existence of coarse (Ti, Zr)2(Ni, Cu) phase and continuous Ti2Ni (Al, Nb) phase
in the brazing seam resulted in cracks that could easily sprout and expand in these
brittle phases, and the performance of Ti2AlNb/GH99 brazed joint was decreased
dramatically. The joints reached a maximum average shear strength of ~216.2 MPa
when brazed at 1000 ◦C for 8 min. The fracture results showed that the cracks extend
in the brazed seam.
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