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Abstract For the purpose of elevated temperature service

and weight reduction in aerospace vehicle applications, a

novel Ti–Zr–Fe–Cu–Ni–Co–Mo filler metal was employed

to join TiAl to Ni-based superalloy (GH536). The effects of

brazing temperature on interfacial microstructure and

chemical composition of the joints were analyzed. The

representative joint microstructure from TiAl substrate to

GH536 substrate was primarily composed of four charac-

teristic layers in order: B2; Al3NiTi2; AlNi2Ti containing

Cr-rich (Cr, Ni, Fe)ss (subscript ss represents solid solu-

tion), Ni-rich (Ni, Cr, Fe)ss and TiNi3; Cr-rich (Cr, Ni, Fe)ss

containing AlNi2Ti, Ni-rich (Ni, Cr, Fe)ss and TiNi3. Layer

IV has the majority of the brazing seam, while Layer II was

the thinnest. And the thickness of Layer II was not affected

by brazing temperature. With the increase in brazing

temperature in the range of 1110–1170 �C, both the shear

strength and the thickness of brazing seam firstly increased

and then decreased. The joint performance was jointly

controlled by the thickness of brazing seam, the amounts of

microcracks and intermetallic compounds formed in braz-

ing seam. The maximum shear strength of 183 MPa at

room temperature was obtained together with a peak

thickness when the joint was brazed at 1150 �C for 10 min

and the shear fracture mainly occurred in the thinnest Layer

II Al3NiTi2.

Keywords TiAl alloy; Ni-based superalloy; Brazing;

Microstructure; Shear strength

1 Introduction

The outstanding performance at elevated temperature makes

intermetallic compounds attract a great deal of attention

[1–3]. In particular, TiAl alloy is a promising structural

material and has been widely employed in aerospace vehicle

and automotive industry, due to its attractive properties of not

only excellent creep resistance and good oxidation stability at

elevated temperature, but also relatively low density and high

specific strength [4–7]. Compared with Ni-based superalloy

widely applied in the aviation field, TiAl alloy has many

advantages such as quite lighter density (only half that of

traditional Ni-based superalloy), better specific strength and

higher specific stiffness, but its cost is much higher. So, TiAl

alloy is often combined with Ni-based superalloy to obtain

outstanding comprehensive performance accompanying with

cost reduction. Therefore, joining of TiAl alloy to Ni-based

superalloy to produce good performance dissimilar joints is

of great interest to achieve the optimal material combination

design.

However, due to the great differences in physical and

chemical properties between TiAl alloy and Ni-based

superalloy, joining them is a great challenge. First, due to

that the dissolution enthalpy of Ti in liquid Ni solvent is up

to - 170 kJ�mol-1 [8], many Ti–Ni intermetallic com-

pounds, such as Ti2Ni, TiNi and TiNi3, are prone to

forming by the reaction of the Ti and Ni from the two base

materials [9]. If the used filler metals cannot effectively

restrain the Ti–Ni diffusion reaction between the parent

materials, the formation of a large amount of intermetallic

compounds will embrittle the joints and thus deteriorate the

joint performance. Furthermore, the thermal expansion

coefficient of Ni-based superalloy is much higher than that

of TiAl alloy [10]. The difference will yield large residual
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stress in the brazed joints. Consequently, microcracks

easily form in the joints which seriously weaken the joints

strength. Therefore, joining TiAl alloy and Ni-based

superalloy is an extremely difficult issue. It is very critical

to inhibit the formation of brittle phase and to ensure

favorable metallurgical quality at the joining interface.

At present, research on the joining of TiAl alloy to Ni-

based superalloy mainly focuses on fusion welding [11],

diffusion bonding [12–15] and brazing [16–19]. Traditional

fusion welding method is difficult to obtain satisfactory

joints, due to the obvious tendency of low-temperature

brittleness and hot cracking mainly from TiAl alloy. Dif-

fusion bonding and brazing are considered to be effective

methods for joining TiAl alloy to Ni-based superalloy. But

compared with diffusion bonding, brazing is in wide

application in that it not only joins parts with complex

shapes, but also has a simpler process [20, 21].

For the past few years, a few studies have been con-

ducted on the brazing of TiAl alloy and Ni-based super-

alloy. Chen et al. [22] brazed the Ti3Al alloy and GH536

with Ti–13Zr–21Cu–9Ni (wt%) filler metal. And due to the

formation of many intermetallic compounds such as Ti–Ni

and Ti–Fe in the brazing joints, the shear strength of the

joints was low, only 86 MPa. Ren et al. [23] adopted Ag–

21Cu–25Pd (wt%) filler metal to join Ti3Al alloy and Ni-

based superalloy under vacuum brazing. Pd mainly reacted

with Ti3Al substrate and formed intermetallic compounds

of TiPd, Ti3Pd5 and AlPd. The joints brazed at 1253 K for

10 min presented the maximum tensile strength of

404 MPa at room temperature, and the tensile strength

value of 212 MPa was maintained at 773 K. However, the

filler is too expensive because of application of Ag and

especially Pd.

In this study, vacuum brazing of TiAl alloy to GH536

alloy was done using a Ti–30Zr–10Fe–5Cu–4Ni–3Co–2Mo

(wt%) filler metal. The microstructures of the dissimilar

joints were analyzed in details. The effects of brazing

temperature on the microstructural evolution and the

mechanical properties of the joints were also investigated.

2 Experimental

2.1 Materials

The chemical compositions of TiAl and GH536 alloys used

in this study are listed in Table 1. GH536 and TiAl alloys

were machined into sizes of 22 mm 9 6 mm 9 3 mm and

5 mm 9 6 mm 9 3 mm, respectively. Brazing foil with a

nominal composition of Ti–30Zr–10Fe–5Cu–4Ni–3Co–

2Mo (wt%), which was 10 mm in width and 40 lm in

thickness, was produced by rapid solidification technology

in a vacuum single roller spinning quenching system (XC-

500). The melting temperature range of this brazing foil

was 870–892 �C.

2.2 Brazing process

Prior to joining, all the joining surfaces were ground by up

to 800-grit SiC paper, then cleaned ultrasonically in

absolute ethyl alcohol and dried in air. The brazing foil was

placed between the TiAl and GH536 specimens to form

sandwich structure, as shown in Fig. 1a. During the brazing

process, the assembly was placed into a graphite mold and

a slight pressure was applied to ensure an appropriately

close surface contact between the brazing filler and the

substrates.

The brazing experiments were carried out in a HP-

12 9 12 9 12 heating furnace with vacuum level up to

1.33 9 10-2 Pa. Figure 1b shows the heating process upon

the brazing experiment. At the beginning of brazing pro-

cess, the furnace was initially heated to 200 �C at a rate of

10 �C�min-1. Afterward, the temperature was further

increased to the brazing temperatures at higher heating rate

of 20 �C�min-1 and the brazing temperature was set in the

range of 1110–1170 �C and the brazing time was 10 min.

Eventually, the specimens were cooled down to room

temperature in the furnace.

2.3 Examination of structure and properties of joints

After brazing, the microstructures and fracture surfaces of

the joints were characterized by a scanning electron

microscope (SEM, Quanta 200) equipped with an energy

dispersive X-ray spectrometer (EDS). Furthermore, the

detailed microstructure of the joints was observed by a

transmission electron microscope (TEM, FEI Tecnai F30)

with selected area electron diffraction (SAED). The shear

tests were conducted using a Shimadzu AG-X100KN uni-

versal material testing machine with a constant loading rate

of 1 mm�min-1 at room temperature, as shown in Fig. 1c.

The average joint shear strength of different brazing con-

ditions was obtained from five tests. Nano-indentations

were carried out with an Anton Paar, TTX-NHT3 to

measure the hardness (H) and elastic modulus (E) of the

joints. And the phases of fracture surface were identified by

X-ray diffractometer (XRD, Bruker-AXS D8 Advance).

3 Results and discussion

3.1 Microstructural characterization of TiAl/GH536

joints

Figure 2 shows the typical interfacial microstructure of the

joint brazed with Ti–Zr–Fe–Cu–Ni–Co–Mo filler metal at
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1150 �C for 10 min. As shown in Fig. 2a, the joint is

soundly bonded and is devoid of imperfections such as

cracks and voids. In addition, four different characteristic

microstructures can be distinguished in the brazed joint

based on their heterogeneous morphologies, which are

marked as Layers I, II, III and IV. The four characteristic

microstructures in turn from TiAl side to GH536 side are

continuous diffusion Layer I, continuous isothermal solid-

ification Layer II, reaction Layer III distributed with

irregularity structure and reaction Layer IV distributed with

island structure.

In order to verify the phase constitution in each layer,

EDS analysis was carried out on the microstructure of the

brazed joints. According to EDS results listed in Table 2,

Layer I is mainly composed of Ti, Al and some b-Ti

stable elements such as Cr, Nb and Mo. Combined with Ti–

Al binary phase diagram [24], Layer I is referred as B2

phase. Based on Table 2 and the Al–Ni–Ti ternary alloy

phase diagram [25], Layer II can be deduced to be

Al3NiTi2 phase, namely s3 phase. Figure 2b, c shows that

there are four phases with different contrasts in Layers III

and IV. The charcoal gray Phase A of Layer III is dis-

tributed continuously next to Layer II, the gray Phase C is

flake, the white Phase B is island like, and the light gray

Phase D is small strip. Different from Layer III, the char-

coal gray Phase F of Layer IV is block. The gray Phase H

presents continuous distribution next to GH536 substrate,

but in local areas, it has island distribution. Furthermore,

the white Phase G is the matrix in Layer IV, and the light

gray Phase E presents strip like. The charcoal gray Phases

A and F are mainly composed of Al, Ni and Ti, and the

atomic ratio of Al, Ni and Ti is approximately equal to

1:2:1, which can be deduced to be AlNi2Ti phase, namely

s4 phase. In addition, the white Phases B and G are mainly

composed of Cr, Fe and Ni, and the atomic ratio of Cr, Fe

and Ni is close to 2:1:1, which can be inferred as Cr-rich

(Cr, Ni, Fe)ss phase (subscript ss represents solid solution).

The gray Phases C and H are mainly composed of Ni, Cr

and Fe with an atomic ratio of 2:1:1, which can be inferred

as Ni-rich (Ni, Cr, Fe)ss phases. Light grey Phases D and E

Fig. 1 a Schematic diagram for joining experiment; b heating curve for brazing process; c shear test of joint sample

Fig. 2 SEM images of joint brazed at 1150 �C for 10 min: a joint; b high magnified image of Area B’; c high magnified image of Area C’

Table 1 Chemical composition of TiAl and GH536 alloys (at%)

Alloys Al Ni Cr Ti Nb Fe Co Mo W

TiAl 43.69 – 2.71 Bal 2.38 – – – –

GH536 0.40 Bal 25.65 – – 18.47 2.05 5.30 0.24
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are mainly composed of Ni and Ti, and the atomic ratio of

Ni and Ti is approximately equal to 3:1. Referenced to Ti–

Ni binary alloy phase diagram, it is deduced as TiNi3
phase. The microstructure of Layers I, II and III was further

verified by SAED, as shown in Fig. 3 (marked as Areas A–

C). Combined with EDS results listed in Table 3, Areas A–

C are further confirmed to be B2, Al3NiTi2 and AlNi2Ti.

Table 2 EDS chemical analysis results of different positions in Fig. 2 (at%)

Layer Ti Al Ni Cr Fe Zr Cu Nb Co Mo Possible phase

I 56.86 34.23 1.64 3.25 1.36 0 0 2.47 0.15 0.04 B2

II 33.75 38.90 17.70 3.28 3.53 0 0.36 1.94 0.43 0.11 Al3NiTi2

III

Phase A 19.39 20.35 48.25 3.85 5.16 0.91 0.26 0.10 1.46 0.27 AlNi2Ti

Phase B 3.42 2.14 19.14 40.61 20.53 0 0.10 0.00 2.01 12.05 Cr-rich (Cr, Ni, Fe)ss

Phase C 7.37 4.33 41.36 20.06 21.35 0.18 0.42 0.20 2.05 2.68 Ni-rich (Ni, Cr, Fe)ss

Phase D 16.65 5.01 61.88 4.71 7.14 1.30 0.45 0.55 1.71 0.60 TiNi3

IV

Phase E 18.37 4.15 63.39 3.81 5.96 1.28 0.69 0.23 1.74 0.38 TiNi3

Phase F 18.44 18.44 48.91 4.79 5.71 0.89 0.50 0.34 1.45 0.53 AlNi2Ti

Phase G 3.50 1.77 18.57 41.01 22.16 0.19 0.04 0.09 1.82 10.85 Cr-rich (Cr, Ni, Fe)ss

Phase H 6.02 4.42 41.29 21.80 20.34 0.10 0.40 0.12 2.13 3.38 Ni-rich (Ni, Cr, Fe)ss

Fig. 3 TEM images of a Layer I and b Layer II–III; SAED patterns of c Area A in a, d Area B and e Area C in b

Table 3 Chemical analysis results of different areas in Fig. 3 (at%)

Area Al Ti Ni Fe Cr Mo

A 37.63 57.03 0.71 1.13 3.50 0

B 41.64 33.27 18.04 3.30 3.64 0.11

C 25.14 23.12 45.60 5.24 0.37 0.53
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Figure 4 illustrates elemental distribution maps of the

brazing seam of TiAl and GH536 alloys brazed at 1150 �C
for 10 min. It can be seen that Ti, Al and Nb are mainly

concentrated in Layers I, II and III. And the further the

position is away from TiAl alloy substrate, the less the Ti,

Al and Nb contents are. Cr, Ni and Fe are concentrated in

Layers III and IV. In addition, Cr-rich and Ni-rich solid

solutions can be clearly distinguished in Fig. 4d–f. As

shown in Fig. 4g, the distribution of Mo is similar to that of

Cr, and it can be judged that Mo is mainly distributed in

Cr-rich (Cr, Ni, Fe)ss. Zr lies mainly in Layer III and Co

distributes uniformly in Layers III and IV. And the distri-

bution of Cu is evenly in the brazing seam.

3.2 Microstructural evolution mechanism of joints

In order to describe the brazing process intuitively, a sim-

plified schematic diagram of the microstructural evolution is

proposed in Fig. 5. First of all, the filler metal begins to melt

when brazing temperature exceeds its solidus temperature.

Then, due to the concentration gradient, Al atoms diffuse

from c-TiAl substrate to the liquid filler metal and the out-

diffusion of Al leads to the transformation of the original c
phase to B2 phase of Layer I. Meanwhile, due to the diffusion

of Ni, Cr and Fe from GH536 to the liquid filler metal, Ni-rich

(Ni, Cr, Fe)ss Layer IV forms at filler/GH536 interface. With

the increase in brazing temperature or holding time, Al and

Fig. 4 a SEM image of joint brazed at 1150 �C for 10 min; corresponding elemental distribution maps of b Ti, c Al, d Fe, e Cr, f Ni, g Mo, h Zr,

i Nb, j Co and k Cu
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Ni contents in the liquid filler gradually increase. Then, Al

and Ni react with Ti in the liquid filler to form a thin layer of

Al3NiTi2 phase next to B2 phase. Under the effect of con-

centration gradient, Al in TiAl alloy and Ni in GH536 alloy

further diffuse to the central area of the brazing seam. When

the concentration increases to a certain extent, discontinuous

AlNi2Ti phase forms next to the Al3NiTi2 reaction Layer II.

In the meantime, due to the further diffusion of Ni and Cr and

the relatively increasing concentration of Cr, part of Ni-rich

(Ni, Cr, Fe)ss turns to Cr-rich (Cr, Ni, Fe)ss. Additionally, Ti

in the liquid filler reacts with Ni, and a small amount of TiNi3
phase is generated.

In the subsequent cooling stage, the residual liquid filler

at the center of the brazing seam solidifies to form Layer III

and the solid-state elemental diffusion in the brazed joint

goes on. As a result of the mutual diffusion of elements, a

few Cr-rich (Cr, Ni, Fe)ss, Ni-rich (Ni, Cr, Fe)ss and TiNi3
phases appear in AlNi2Ti reaction layer, while some Ni-

rich (Ni, Cr, Fe)ss, AlNi2Ti and TiNi3 phases also occur in

the Cr-rich (Cr, Ni, Fe)ss matrix. Therefore, based on the

above analysis, the typical interfacial microstructure of the

joints brazed at 1150 �C for 10 min is composed of B2,

Al3NiTi2, AlNi2Ti containing Cr-rich (Cr, Ni, Fe)ss, Ni-rich

(Ni, Cr, Fe)ss and TiNi3, and Cr-rich (Cr, Ni, Fe)ss con-

taining AlNi2Ti, Ni-rich (Ni, Cr, Fe)ss and TiNi3.

3.3 Effect of brazing temperature on microstructure

of joint

Figure 6 shows the microstructure of the joints brazed at

1110, 1130, 1150 and 1170 �C for 10 min, respectively.

Due to insufficient metallurgical reaction and thermal

stress in cooling, many microcracks can be observed in the

brazing seam when the brazing temperature is 1110 �C, as

shown in Fig. 6a. When the brazing temperature up to

1130 �C, the formation of microcracks in brazing seam has

been suppressed to a certain extent, but it can still be easily

observed. Such improvement is attributed to the increasing

amount of Cr-rich (Cr, Ni, Fe)ss and Ni-rich (Ni, Cr, Fe)ss

in the brazing seam and the decreasing amount of AlNi2Ti,

as shown in Fig. 6b. With the brazing temperature further

increasing to 1150 and 1170 �C, the atomic interdiffusion

can be accelerated, which causes metallurgical reaction

more sufficient and no obvious defect in the brazing seam.

In addition, the amount of AlNi2Ti phase in the brazing

seam significantly reduces; the grains of Cr-rich (Cr, Ni,

Fe)ss and Ni-rich (Ni, Cr, Fe)ss become coarse, evenly

scattering in island shape, as shown in Fig. 6c, d.

Figure 7 shows the thickness change trends of brazing

seam and reaction layer with different brazing temperatures

for 10 min. The total thickness of the brazing seam

increases first and then decreases, and the peak value of

210 lm presents at 1150 �C. Actually, the thickness of the

brazed joint is mainly determined by the dissolution of the

two base metals and the loss of molten filler. The former

will increase the joint thickness, and the later will play a

role in reducing [26]. When the brazing temperature is

below 1150 �C, the dissolution of the base metal plays a

major role, which makes the brazing seam thicker with the

temperature increasing. The fluidity of liquid filler is better

at a higher brazing temperature such as 1170 �C. Thus,

serious loss of filler arises, which results in the joint

Fig. 5 Formation mechanism of microstructure of TiAl/GH536 joint: a filler melting; b formation of reaction layers B2 and Ni-rich (Ni, Cr,

Fe)ss; c formation of Al3NiTi2, AlNi2Ti, Cr-rich (Cr, Ni, Fe)ss phase; and d growth of reaction layers and reaction zone
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thickness reducing. Meanwhile, the increase in brazing

temperature induces the thickness of Layers I and II

increasing slightly. Once the continuous B2 layer fully

forms in the joint, the further atomic interdiffusion between

TiAl alloy and filler metal would be suppressed. Further-

more, as the temperature rises, the formation of more Cr-

rich (Cr, Ni, Fe)ss and Ni-rich (Ni, Cr, Fe)ss consumes a lot

of Ni. Thus, the formation of AlNi2Ti phase reduces and

the thickness of Layer III decreases consequently. In

addition, the thickness of Layer IV increases first and then

decreases with a peak at 1150 �C. According to the pre-

vious analysis, it can be seen that the dissolution and dif-

fusion of base metal causes the increase in thickness and

the loss of filler results in the decrease of thickness. In the

present research, the order of reaction layer thickness is

Layer IV, Layer III, Layer I, Layer II from thick to thin.

And Layer IV takes up the majority of brazing seam. In

comparison with that of Layer IV, the thickness variation

of Layer II can be overlooked.

3.4 Mechanical properties of TiAl/GH536 joints

Figure 8 displays the room-temperature shear strength of

the joints brazed at 1110, 1130, 1150 and 1170 �C for

10 min, respectively. The strength has a similar trend to the

total thickness of brazing seam with the increase in brazing

temperature. At a lower brazing temperature, the fluidity of

the liquid filler is poor and the dissolution and reaction

between the substrates and the liquid filler are insufficient,

which results in that the thickness of the brazing seam is

relatively thin and appropriate interfacial reaction layers

are not formed. In addition, the amount of AlNi2Ti phase in

Layer III is relatively larger and the formation of overmuch

intermetallic compounds leads to microcracks present in

the joint, so a relatively low strength will be obtained (e.g.,

Fig. 6 SEM images of joints brazed at different temperatures for 10 min: a 1110 �C, b 1130 �C, c 1150 �C and d 1170 �C

Fig. 7 Effect of brazing temperature on thickness of brazing seam

and reaction layers
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97 MPa for 1110 �C). With the brazing temperature up to

1130 �C, the joint strength is improved to 135 MPa. It can

be attributed to the increase in brazing seam thickness, the

decrease in the amount of AlNi2Ti phase in Layer III and

the depression of the microcracks in the brazing seam.

When the brazing temperature is 1150 �C and the brazing

seam thickness reaches the maximum, which indicates

better metallurgic bonding in the joint. As a result, the

shear strength further goes up to 183 MPa. Generally, a too

wide joint thickness will lead to dramatical deterioration of

bonding strength [27, 28]. However, in the present work,

the joint strength and thickness reach the maximum syn-

chronously. Too high brazing temperature leads to severe

loss of filler metal and higher residual stress [29]. The

continuous reaction Layer III becomes thinner and unable

to bear a large load [30]. Accordingly, the shear strength

decreases instead at 1170 �C.

Although different brazing temperatures yield different

joint shear strengths, there are similar fracture paths and

fracture morphology in the brazing temperature range of

1110–1170 �C, due to the formation of similar joint

microstructure except for the thickness of reaction layers

and microcracks. As shown in Fig. 9a, the joint brazed at

1150 �C for 10 min breaks mainly in Layer II, and the

microcracks originate from Layer II and then gradually

propagate to Layers I and III. According to the elastic

modulus (E) and hardness (H) results listed in Table 4,

Al3NiTi2 phase has the highest E and H in the brazing

seam, which suggests that the plasticity of Layer II is the

worst. And the microstructure of Layer IV mainly consists

of Cr-rich (Cr, Ni, Fe)ss and Ni-rich (Ni, Cr, Fe)ss, which

could restrain the crack propagation due to their excellent

plasticity. Therefore, the crack tends to propagate in Layer

II during the shear test. The fracture surface is micro-

scopically flat and exhibits a cleavage fracture feature with

river pattern. From XRD pattern of the fracture surfaces, it

is further confirmed that the main phase on the fracture

surface is Al3NiTi2 intermetallic compound. Accordingly,

it is also confirmed that Layer II primarily consisting of

brittle Al3NiTi2 intermetallic compound is the weakest area

in the joint.

4 Conclusion

Vacuum brazing of joining TiAl alloy to GH536 alloy was

successfully achieved by using Ti–Zr–Fe–Cu–Ni–Co–Mo

Fig. 8 Shear strength of joints brazed at different temperatures for

10 min

Fig. 9 a Fracture path, b fracture surface and c XRD patterns of fracture surface of joint brazed at 1150 �C for 10 min

Table 4 Mechanical properties of reaction phases in brazed joint

Phase c-TiAl B2 Al3NiTi2 AlNi2Ti Cr-rich (Cr, Ni, Fe)ss Ni-rich (Ni, Cr, Fe)ss GH536

Modulus/GPa 147.436 149.729 267.595 172.648 239.275 181.763 158.064

Hardness/GPa 4.867 9.328 17.152 9.759 14.979 5.864 4.180
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filler metal. The interfacial microstructure and mechanical

properties of the brazed joints were investigated in details.

Experimental results show that the representative joint

microstructure from TiAl substrate to GH536 substrate is

primarily composed of four characteristic layers in order:

B2; Al3NiTi2; AlNi2Ti containing Cr-rich (Cr, Ni, Fe)ss, Ni-

rich (Ni, Cr, Fe)ss and TiNi3; Cr-rich (Cr, Ni, Fe)ss con-

taining AlNi2Ti, Ni-rich (Ni, Cr, Fe)ss and TiNi3.

With the increase in brazing temperature in the range of

1110–1170 �C, the thickness of brazing seam firstly

increases and then decreases, reaching its peak at 1150 �C.

Layer IV is the majority of the brazing seam, while Layer II is

the thinnest. And the thickness of Layer II is not affected by

brazing temperature. The shear strength of the joints

increases first and then decreases with the increase in the

brazing temperature. The joint brazed at 1150 �C for 10 min

obtains the maximum shear strength of 183 MPa. Brazed

joints break mainly in Layer II because of the worst plasticity

of Al3NiTi2. The fracture surface shows typical cleavage

fracture characteristics, and the crack originates from Layer

II and then gradually propagates to Layers I and III.
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