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High-quality joining of TiAl alloy to stainless steel is of great significance to the

aerospace field. However, the hybrid structure of TiAl and 316L always suffers

from insufficient strength when serving at elevated temperatures. In this work, a

high-melting-point quaternary Ni-Nb-Zr-Ti amorphous alloy was applied as

the filler metal to braze the two alloys at different temperatures. The

microstructure and mechanical properties were studied in detail, and the

results indicated that the joint was divided into three different regions and

various reaction products were formed after brazing. The shear strength of the

joint tends to first increase and then decrease with increasing brazing

temperature. A satisfactory joint was obtained at 1090°C, and the highest

shear strength reached 290 MPa and 180 MPa at room temperature and

750°C, respectively. Shear fracture indicates that there were obvious

cleavage steps and some secondary cracks on the fracture surface,

indicating that a high-melting-point quaternary Ni-Nb-Zr-Ti amorphous

alloy is useful to improve the shear strength of TiAl alloy and 316L stainless

steel, but it is difficult to effectively improve the plasticity. The fracture occurred

on the TiAl interfacial region, and the phase causing microcrack initiation and

propagation was AlNiTi.
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Introduction

With the development of aerospace, chemical energy and other industries, the range

and speed of aircraft have gradually increased, and the service environment of various

engineering components has become increasingly harsh, which puts forwards higher

requirements for the mechanical and physical properties of engineering materials (Han

et al., 2017; Yu et al., 2022). TiAl alloy is a new type of superalloy material with superior
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comprehensive properties, such as high specific strength, specific

stiffness, creep resistance, oxidation resistance and low density,

and is an ideal alloy in the aerospace field (Dong et al., 2019;

Huang et al., 2021; Wang et al., 2021; Liu et al., 2022; Wang et al.,

2022). Stainless steel has low cost, strong corrosion resistance,

easy processing, etc. The hybrid structure of TiAl and 316L can

give full play to their advantages in performance and economy,

and among the many manufacturing methods, welding proves to

be the most flexible and convenient method (Dong et al., 2021;

Zhang et al., 2022a). However, due to the large difference in

physical properties (including melting point, thermal expansion

coefficient, thermal conductivity, etc.) and chemical properties

(easy to form Ti-Fe/Ti-Al/Al-Fe brittle intermetallic compounds)

between titanium and steel, it is difficult to obtain excellent joints

by traditional arc welding (Muralimohan et al., 2014; Lim et al.,

2021; Liu and Fujii, 2021).

Good welding process design is the basis for realizing high

strength joint (Meng et al., 2021; Xie et al., 2022). The brazing

method has proven to be the most suitable welding method for

hard-to-weld dissimilar metal joining (Schwartz, 2003). When

brazing, the whole workpiece is heated, so the deformation and

residual stress are small. Moreover, the formation of brittle

intermetallic compounds can be effectively inhibited by selecting

an appropriate filler metal. Therefore, selecting an appropriate filler

metal plays a dominant role in obtaining a satisfactory joint (Way

et al., 2020; He et al., 2022). Considering the serving conditions of

the two alloys, the selected filler metal should have good high-

temperature properties. However, there are very few reports on this,

and most of them use Ag-based or Ti-based solders to weld TiAl

alloy and stainless steels. Laik et al. (2013) used Ag-based alloy

solder to braze pure titanium and 304L stainless steel and found

that there was a Ni-depleted solid solution layer and a

discontinuous layer of (Ni,Fe)2TiAl formed on the stainless steel

surface, but three contiguous layers of intermetallic compounds,

CuTi, AgTi, and (Ag,Cu)Ti2, formed at the Ti-braze alloy interface,

and failure in the joints occurred by the formation and propagation

of cracks mostly along the Ti-braze alloy interface. To avoid the

malignant effect of Ti-Cu compounds on the brazed joint, Lee et al.

(2009) sputtered a layer of Ag metal on the titanium base metal in

advance. A layer of Ti-Ag compound was produced in the brazed

joint, which replaced the formation of brittle Cu-Ti series

compounds. The tensile strength of the joint increased, and the

tensile curve showed that the joint had a certain toughness. Noda

et al. (1997) used Ti-15Cu-15Ni (wt.%) to braze TiAl alloy and

AISI4340 structural steel. Since titanium is a strong carbide-

forming element, a brittle TiC compound layer is formed on the

steel side brazing seam, and the joint is stretched. After the tensile

test, the TiC layer was fractured, and the tensile strengths were

220 MPa and 260MPa at room temperature and 500°C,

respectively. Although the application of Ti-based and Ag-based

solders can achieve high-strength connections between TiAl alloys

and steel, due to the relatively low melting points of Ti-based and

Ag-based solders, the high-temperature strength of the obtained

joints or the serviceable temperature are far from sufficient (Li et al.,

2021).

Amorphous solder has attracted substantial attention for its

special structure and concomitant excellent mechanical properties,

which have been of special scientific and engineering value (Yang

et al., 2021; Zhang et al., 2022b; Zhao et al., 2022). The

thermodynamically nonsteady structure of amorphous solders is

conducive to accelerating the diffusion of atoms and interfacial

reactions during high-temperature brazing, reducing the

temperature required for connection, thereby reducing the

residual stress in the joint and improving the joint strength, but

it is difficult to reduce the heat resistance temperature of the joint

after brazing. To date, there are few reports on the application of

high melting point amorphous alloys such as Ni-based amorphous

alloys as interlayer brazing filler metals, andmore are using Ti-based

or Zr-based amorphous alloys with higher amorphous forming

ability as brazing filler metals. Dong and Kong, (2019) reported that

high-strength joining of TiAl- and Ni-based alloys was achieved by

utilizing a multicomponent Zr-Al-Ni-Co amorphous filler metal. A

low-melting-point Ti-based amorphous solder was also applied to

join TiAl andNi-based alloys (Liu and Fujii, 2021). Pang et al. (2016)

reported that high-strength joining of titanium alloys, which is

mainly attributed to the reduced amount of intermetallics in the

braze zone, was achieved by using a TiZr-based amorphous solder.

In this work, a high-melting-point Ni-based amorphous ribbon

with a nominal composition of Ni60Nb15Zr15Ti10 was fabricated by

utilizing electron beam melting and single roll spin quenching

technology and applied as the filler metal to braze TiAl alloy and

316L stainless steel. Since the melting point of the Nb element in the

selected solder composition is as high as 2468°C, it is difficult to smelt

the alloy evenly by the smelting method, such as arc melting, while the

amorphous alloy is very sensitive to the composition; thus, electron

beammelting is a good choice. The brazing was performed at different

temperatures because the high brazing temperature has a large

influence on the joint. The microstructure of the joint and the

relationship between the microstructure and the mechanical

properties were studied in detail.

Experimental procedures

The base metals used in this work are TiAl-4822 and 316L

stainless steel, which chemical composition are shown in Table 1

and Table 2, respectively. Lamellar filler metal Ni60Nb15Zr15Ti10
with a thickness of 0.5 mm was fabricated by electron beam

TABLE 1 Chemical compositions of TiAl-4822 and 316 stainless
steel (wt.%).

Materials Al Cr Nb O C N H Ti

TiAl-4822 46.5 2.4 2.1 0.11 0.01 0.01 0.001 Bal
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melting and single roll spin quenching technology. Commercial

Nb, Mo, Ta, W and Zr elemental raw materials with purities

higher than 99.95 wt% were first melted by electron beam

melting technology into an alloyed ingot. Table 3 shows the

melting parameters. Then, the obtained ingot was remelted in the

quartz tube and injected into a high-speed rotating copper wheel

to fabricate the ribbon-shaped filler metal. Bruker AXS

D8 Advance X-ray diffraction (XRD) and differential scanning

calorimetry (DSC) were used to determine the structure and

thermal behaviors with a detection degree from 10° to 80° and a

heating rate of 20 K/min, respectively. Figure 1 shows the XRD

pattern and DSC curve of the obtained amorphous ribbon. From

Figure 1A, it can be seen that only one broad peak exists in the

pattern, indicating an amorphous structure of the obtained

ribbon. From Figure 1B, the melting point of the ribbon was

detected to be approximately 1331 K. According to the value,

brazing parameters can be determined.

Before brazing, the contacting surfaces of TiAl and 316L base

metals were polished with SiC paper and cleaned using acetone to

remove the oxide layer and oil contamination. The samples were

assembled as shown in Figure 2Awith the amorphousfillermetal as the

intermediate layer. Brazing was performed in a vacuum hot-pressing

furnace with an atmosphere of 10–3 Pa and a pressure of 5MPa.

Figure 2B illustrates the heating process. According to the DSC results

of the ribbon, the brazing temperatures were determined to be 1070°C,

1080°C, 1090°C and 1100°C, with the same holding time of 10min.

After brazing, a Quant 250FEG scanning electron

microscope (SEM) equipped with an EDS was applied to

characterize the microstructure and elemental distribution of

the joint. Bruker AXS D8 Advance XRD and FEI Tecnai

20 transmission electron microscope (TEM) equipped with a

selected area electron diffraction (SAED) were used to identify

the phases formed in the joint. Shearing tests with a loading rate

of 0.15 mm/min were performed at room temperature and 750°C

to study the shear strength of the joint at room temperature and

elevated temperature.

Results and discussion

Figure 3 shows the SEMmicrostructures of the joint brazed at

1070 °C, 1080 °C, 1090 °C and 1100 °C. From the pictures, it can

TABLE 2 Chemical compositions of 316 stainless steel (wt.%).

Materials Cr Ni Mn Si Mo Cu C S p Fe

316L SS 18.6 12.3 2.1 0.6 2.2 0.02 0.016 0.012 0.021 Bal

TABLE 3 Parameters of the vacuum electron beam melting.

Parameters Total power
(kW)

Acceleration voltage
(mA)

Scanning rate
(mm/s)

Cooling time
(h)

Chamber vacuum
(E-2pa)

Gun vacuum
(E-3pa)

3.0 60 80 1.0 5.3 4.5

FIGURE 1
(A) XRD pattern and (B) DSC curve of the obtained amorphous ribbon.
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be observed that after brazing, a sound joint was obtained. The

interfaces between the base metals and filler metal are free from

cracks and holes. In addition, it can be found that temperature

has a great influence on the microstructure evolution of the joint.

When the brazing temperature was low, i.e., 1070 °C, the metal of

the intermediate layer was not completely melted, and the

interface reaction was not sufficient, as shown in Figure 3A.

As the brazing temperature increased to 1080°C, the filler metal

melted completely, and after the brazing was cooled and

solidified, based on the differences in morphology, it can be

seen that the intermediate layer was mainly composed of

dendritic phases and bulky phases.

FIGURE 2
(A) Brazing assembly schematic and (B) heating process schematic.

FIGURE 3
Scanning electron microscopy images of the joint bonded at (A) 1070°C, (B) 1080°C, (C) 1090°C and (D) 1100°C.
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At the interface of 316L and filler metal, due to the good

chemical solubility of the major elements of Fe in 316L and Ni in

the filler metal, it was difficult to find a clear line after sufficient

reaction, while a thin layer was formed at the interface of TiAl

and filler metal. Continuing to increase the brazing temperature

did not make much change in the microstructure of the

intermediate layer, as shown in Figure 3C. However, when the

brazing temperature rises to 1100°C, the microstructure

morphologies change significantly, and the reaction products

tend to grow and coarsen. Based on previous research results

(Dong et al., 2019), the aggregation and growth of reaction

products are unfavorable to the mechanical properties of joints.

Figure 4 shows the EDS maps of the joint brazed at 1090°C. It

can be found that Fe and Ni, as the major elements in the 316L

are mainly distributed in the 316L base material. The Fe and Ni

elements were detected in the intermediate layer due to the

thermal diffusion behavior in the brazing process. In addition,

because the mass fraction of Ni in the amorphous alloy, i.e., the

filler layer, reaches 60%, some Ni atoms even diffuse into the base

material of TiAl. An enrichment of Ti and Al elements was

displayed in the TiAl material, while Nb mainly accumulated on

the trunk of the dendrite phases, and Zr was uniformly displayed

in the intermediate layer. The results indicate that Nb may

participate in the transformation process of the main phases

of the intermediate layer, while Zr may form a solid solution or

act as a dispersed precipitation phase. Cheng et al. (2021) carried

out a study of the precipitation behavior of the δ phase (Ni3Nb)

in a nickel-based superalloy and indicated that Nb atoms easily

combine with Ni atoms to form new phases of δ that easily

concentrate around grain boundaries and are randomly

distributed within grains. The result of this paper is consistent

with that of a previous study (Cheng et al., 2021).

From Figure 3, it can be found that the joint was divided into

three different regions: TiAl-based reaction layer (I),

intermediate layer (II) and 316L-based reaction layer (III). To

clarify the phase composition in different regions, XRD was

performed, and the results are shown in Figure 5. The X-ray

diffraction peaks of the 316L-based reaction layer corresponded

to those of γ-Fe, indicating that the microstructure in the 316-

based reaction layer was composed of the γ-Fe phase. The

diffraction peaks of the intermediate layer are complex, and a

variety of reaction products can be detected, including γ-(Fe, Ni),
NiTiAl, NiTi2Al and Ni3(Ti, Al) et al. Because the intermediate

layer is composed of a multielement alloy mainly composed of Ni

element, atoms react with each other to form a variety of

precipitates during rapid solidification. The diffraction peaks

of the TiAl phase were found in the TiAl-based reaction layer,

and some other phases were also found in the XRD pattern. The

possible reason is that the effective diffusion of elements occurred

in the TiAl-based reaction layer.

To study the phases within these regions in detail, high

magnification of the three regions was characterized and

analysed utilizing SEM and EDS, and the results are shown in

Figure 6 and Figure 7, respectively. The EDS results indicate that

FIGURE 4
EDS map of the joint after brazing at 1090°C.
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the effective diffusion of elements occurs in the joint and that

various phases may be formed in the reaction zone. Figure 6A

shows the high magnification of the TiAl-based reaction layer. A

thin off-white layer as well as some slightly irregular bulk phases

were formed after brazing. According to the EDS and XRD

results, the off-white layer phases marked with A were

determined to be AlNiTi. The adjacent irregular block phases

marked with B may be determined to be AlNi2Ti. Figure 6B and

Figure 6C show the high magnification of the intermediate layer.

The phases formed in this region were mainly derived from the

solidification of residue filler metal. Depending on the

morphology difference, the intermediate layer is mainly

composed of two types of blocking: dendrite-like structures

labelled with C and small ball-shaped phases marked with D,

as well as a number of extremely fine phases marked with E. EDS

and XRD results indicated that dendrite phase C was determined

to be γ-(Fe,Ni) and D was a complex of Ni3 (Ti, Zr) and Ni3Nb

phases. According to the Ti-Nb, Nb-Ni and Ti-Ni binary phase

diagrams as well as the Ti-Nb-Ni ternary phase diagram, during

solidification, this region first formed the supersaturated solid

solution phases γ-Ni (Nb, Ti, Al), and as the temperature

decreased, the solubility of supersaturated solid solutions

decreased, precipitating Ni3(Ti, Nb) from the supersaturated

solid solution phases (Zhang et al., 2022b). The phases within

region E are relatively small and contain a variety of major

elements, so it is difficult to determine its composition only by

XRD and SEM. Figure 6D illustrates the morphology of the 316L-

based reaction layer, and from the picture, it can be seen that after

brazing, this region mainly includes two different phases marked

with F and G. According to the EDS results of the F region and G

region in Figure 7, it can be found that the blocky phase of F may

be the γ′-Ni3(Ti,Nb) phase formed during solidification in the

multicomponent alloy system, and the phase of the G region may

be γ-(Fe,Ni), in which the content of Fe, Ni and Cr elements is

similar to that in 316 L.

In order to further confirm the phases found in Figure 6C,

TEM and selected area electron diffraction (SAED) were

performed, and the results are shown in Figure 8. From the

SAED pattern, in can be known that the TiAl phase shown in

Figure 8A presented a lamellar structure, which SAED was

marked in Figure 8D. From Figure 8B, it can be known that

the fine phases with a size of approximately 200 nm were

uniformly distributed in the matrix. Based on the SAED

pattern shown in Figure 8E and Figure 8F, the phases of

regions B and C were both the AlNi2Ti phase, and the phase

of region D was determined to be the AlNiTi phase, which SAED

was presented in Figure 8G. The TEM results verified the phase

type inferred from the EDS analysis shown in Figure 7. In

FIGURE 5
XRD pattern of (A) 316-based reaction layer, (B) intermediate layer and (C) TiAl-based reaction layer.
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FIGURE 6
High magnifications of the (A) TiAl-based reaction layer, (B) and (C) intermediate layer and (D) 316L-based reaction layer.

FIGURE 7
EDS results of the scanning zone marked in Figure 5 with arrows.
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addition, a large number of nanosized precipitates were found in

the reaction zone shown in Figure 8C, indicating that the

multicomponent alloy system has a complex phase

precipitation reaction, which may cause performance

improvement.

Figure 9 illustrates the phase formation process of the joint. It

can be described as follows: in the initial stage (Figure 9A), the

filler metal was completely melted. The Ni, Nb, Zr, and Ti

elements in the filler metal started to diffuse into TiAl alloy

and 316L stainless steel under the effect of concentration

difference, while Ti and Al elements in the TiAl alloy and Fe,

Cr, and Co elements in the 316L diffused into the filler metal. In

the second stage (Figure 9B), as the amount of elemental

diffusion increases in the interfacial regions, the elements

react with each other, resulting in the formation of a number

of bulky phases in the TiAl alloy interface. According to the Al-

Ni-Ti ternary phase diagram, two different phases, AlNiTi and

AlNi2Ti, are formed after the reaction. Without considering the

influence of Al, NiTi will form first because NiTi possesses a low

free energy (He et al., 1999):

G Ti2Ni( ) � −49120 + 17.208T J/mol( )

G TiNi( ) � −54600 + 18.133T J/mol( )

However, due to the high content of Al in the reaction region,

the above reaction is inhibited. Thus, in the second stage, the

AlNiTi phase will be formed in the TiAl alloy interface. In the

third stage, the continued diffusion of Ti and Al elements into the

molten solder will cause the formation of:

Ti + Al + Ni → AlNi2Ti

As shown in Figure 9C. In addition, as the temperature

decreased, γ-(Fe, Ni) dendritic phases started to form in the

FIGURE 8
TEM image and corresponding SAED pattern: (A) TiAl matrix, (B) intermediate layer, (C) Nano-sized precipitation, (D) SAED pattern of region A
marked in panel (A), (E–G) SAED pattern of region B, C and D marked in panel (B).
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intermediate layer. Due to the good chemical compatibility between

316L and Ni-based filler metal, there is no clear line between filler

metal and 316L and only some bulky γ-(Fe, Ni) phases finally

formed in the 316L interfacial region, as shown in Figure 9D.

Considering the serving environment of the TiAl/316L joint, a

shearing test was performed at room temperature and 750°C, and

the results are shown in Figure 10. The results show that the joint

brazed at 1090°C has the highest shear strength. The shear strength

at room temperature and 750 °C reaches 290MPa and 180 MPa

respectively, which are equivalent to 0.71 and 0.51 of that at room

temperature and 750 °C of TiAl alloy. Dong et al. (2021) reported a

TiAl alloy/316L stainless steel joint brazed with Zr-Cu-Ni-Al

amorphous filler metal, and its maximum shear strength of

brazed joints reached 129 MPa when brazed at 1020°C for

10 min. Compared with the results of this study, the filler metal

of the Ni-Nb-Zr-Ti amorphous ribbon used could further improve

the mechanical properties of TiAl alloy/stainless steel.

In addition, Figure 10 shows that the variation in the average

shear strength with temperature at room temperature and high

temperature shows similar trends, namely, with increasing brazing

temperature, the shear strength of joints at room temperature and

high temperature both showed a trend of increasing first and then

decreasing. This is mainly because when the brazing temperature is

1070°C, the joint reaction is not sufficient due to the high melting

point of the brazingfillermetal.With increasing brazing temperature,

the atoms in the joint are fully diffused and reacted, and the joint

strength is improved. However, when the temperature is too high, the

tissue in the joint coarsens, which affects the performance of the joint.

Figure 10 shows that the shear strength of the joint at room

temperature and 750 °C was 240MPa and 161MPa, respectively,

when the brazing temperature was increased to 1100 °C.

Figure 11 shows the fracture morphologies of the joint brazed

at 1090°C tested at room temperature and 750°C. The high-

density short and curved cleavage steps could be found from the

figure of both fracture surfaces, which is characteristic of quasi-

cleavage fracture. In addition, there is also a small fracture

around the cleavage steps, the fracture surface is

perpendicular to the shear stress, the fracture is flush and

FIGURE 9
Phase formation process of the joint: (A) initial stage of brazing, (B) formation of AlNiTi in the TiAl alloy interface, (C) formation of γ-(Fe, Ni)
dendritic phase, (D) solidification stage of brazing.

FIGURE 10
Shear strength of the joint tested at room temperature and
750°C.
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bright, and secondary cracks can be found, which indicates the

high brittleness of the joint. Compared with the room

temperature fracture, there are some obvious large-scale cleavage

steps on the fracture surface of the high-temperature joint shown in

Figure 11B. The crack propagation was in the form of a river pattern,

and there were also obvious secondary cracks. According to the EDS

result, the fracture occurred on the TiAl interfacial region, and the

phase causing microcrack initiation and propagation may be

AlNiTi. The shear test results show that it is difficult to connect

dissimilar metals of TiAl alloy and 316L stainless steel. High-

melting-point quaternary Ni-Nb-Zr-Ti amorphous alloy is useful

to improve the shear strength of TiAl alloy and 316L stainless steel,

but it is difficult to effectively improve the plasticity.

Conclusion

A Ni60Nb15Zr15Ti10 high-temperature amorphous alloy has

been successfully applied to dissimilar metals welding of TiAl

alloy and 316L stainless steel. The hybrid structure of TiAl and

316L revealed high shear strength both at room temperature and

750°C. Some main conclusions were as follows:

1) Metallurgical bonding was realized through high temperature

brazing. Due to good chemical compatibility between 316L SS

and Ni-based amorphous solder, it is difficult to find a clear

interface between them while a thin AlNiTi layer was formed

on the TiAl alloy interface.

2) A satisfactory joint with high shear strength was obtained at

1090°C, and the highest shear strength reached 290 MPa and

180 MPa at room temperature and 750°C, respectively,

proving that the high-temperature performance of the joint

can be improved by utilizing a Ni60Nb15Zr15Ti10 filler alloy.

The shear strength of the joint tend to increase and then

decrease with increasing brazing temperature.

3) Both fractures of the joint tested at room temperature and

750°C were brittle. There were obvious cleavage steps and

some secondary cracks on the facture surface, indicating that

FIGURE 11
Fracture morphologies of the joint brazed at 1090°C tested at (A) room temperature and (B) 750°C.
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a Ni60Nb15Zr15Ti10 filler alloy is useful to improve the shear

strength, but it is difficult to effectively improve the plasticity.

4) The fracture occurred on the TiAl interfacial region, and the phase

causing microcrack initiation and propagation may be AlNiTi.
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