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Abstract: As a technology for micro-deformed solid-phase connection, transient liquid phase (TLP)
diffusion bonding plays a key role in the manufacture of heating components of aero engines. However,
the harmful brittle phase and high hardness limit the application of TLP diffusion bonding in nickel-
based superalloys. In this paper, a new strategy in which a low-boron and high-titanium interlayer
can restrain the brittle phase and reduce the hardness of the TLP-diffusion-bonded joint is proposed.
With this strategy, the Ni3Al joint can achieve a high strength of 860.84± 26.9 MPa under conditions of
1250 ◦C, 6 h and 5 MPa. The microhardness results show that the average microhardness of the joint area
is 420.33 ± 3.15 HV and is only 4.3% higher than that of the Ni3Al base material, which proves that this
strategy can effectively inhibit the formation of the harmful brittle phase in the joint area. The results of
EBSD show that 7.7% of the twin boundaries exist in the isothermal solidification zone, and only small
amounts of secondary precipitates are observed at the grain boundaries in the joint, which indicates that
twin boundaries may play a dominant role in crack initiation. This study provides a feasible avenue to
suppress the brittle phase in TLP-diffusion-bonded joints.

Keywords: TLP diffusion bonding; interlayer; superalloy

1. Introduction

Nickel-based superalloys (Ni0.25Al0.75, NiAl, Ni0.75Al0.25, etc.) are key materials in
the manufacture of advanced aero engines because of their excellent properties, such as
resistance to high-temperature deformation, oxidation and corrosion, especially their ability
to work at temperatures as high as 85% to 90% of the melting point [1–4]. Ni3Al superal-
loy has a melting point temperature as high as 1395 ◦C and excellent yield properties in
the middle-temperature range of 600–800 ◦C due to its new two-phase (γ′-γ) microstruc-
ture; therefore, it has received significant research attention and has become one of the
most promising candidate materials for blades and impellers of the new-generation aero
engine [5,6].

Since Ni3Al alloy is commonly used in heating parts with complex structures in aero
engines, it is very important to study a suitable bonding method for the manufacture of
complex Ni3Al alloy parts [7,8]. TLP diffusion bonding is an optimization technology
for achieving high strength in Ni3Al alloy joints, which is usually performed at high
temperatures to ensure sufficient solid-phase diffusion between the bonding interface
elements with the base material [9,10]. In the process of TLP diffusion bonding, the
interlayer, whose melting point is lower than that of the base material, will first melt and
fill the gap between the base material and the interlayer. Melting point depressants (MPDs)
such as B, Si and Hf will diffuse from the liquid layer to the junction between the liquid
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phase and the base material, thus reducing the melting point of the base material at the
edge of the liquid phase, resulting in the melting of the base material in this area. This
process is essential for the formation of high-quality TLP-diffusion-bonded joints [11–15].
Yingjun Jiao et al. used Ni-Cr-B as the interlayer material for the TLP diffusion bonding of
Inconel625 and Mar-M247 superalloy. However, the high levels of borides that precipitate
in the joint lead to higher hardness and become the preferred source of cracks, which leads
to the deterioration of the mechanical properties of the joint [16]. Zhun Cheng et al. brazed
K417G alloy with boron-containing nickel-base alloy powder as the repair filler and found
that 2.44% of dispersed M3B2 boride precipitates were found in the joint [17]. However,
the MPDs Si and B in the interlayer can significantly increase the hardness of the joint and
lead to a decrease in mechanical properties, which is attributed to the formation of the
brittle phase induced by the segregation of silicon and boron [18,19]. Granular and acicular
silicides or borides are harmful to the tensile strength and ductility of joints at room or
higher temperatures [20–23].

In order to solve this intractable problem, researchers have made significant efforts.
One strategy is to use a pure Ni interlayer without MPDs. The pure Ni interlayer disappears
completely after the mutual diffusion between Ni and the base material during long-time
heating. However, the performance of the joint is still inferior to that of the base material
due to the presence of a non-uniform microstructure diffusion zone at the interface [19,24].
Yu Peng et al. welded single-crystal Ni3Al using 4 mm pure nickel foil as the interlayer
and obtained a shear strength of 727 MPa at 1170 ◦C, 55 MPa and 6 h. However, this high
pressure can lead to large deformations [25]. Lin Yuan et al. adopted a new 70Mn25Ni5Cr
interlayer to perform TLP diffusion bonding on Ni3Al and found that high residual MC
carbide content in the joint could induce stress concentration and reduce the ductility of the
joint. The joint elongation was 4.4% at the highest point, only about 40% of BM [26]. Another
strategy is to control the process parameters of diffusion bonding to suppress the influence
of borides. The segregation and formation of silicide in the joint are inhibited by reducing
the gap size between the bonded substrates and completing isothermal solidification in the
appropriate time [27,28]. Hamid Tazikeh et al. used amorphous Ni-Cr-Fe-Si-B filler alloy to
conduct vacuum TLP connection for Inconel 939 superalloy. It was found that there were
cubic-shaped, needle-like and grain-boundary-shaped borides in the diffusion-affected
zone, and the connection temperature has a direct relationship with the hardness of the
isothermal solidification zone [29,30]. However, this method is limited by the processing
technology. Due to the complex elemental composition of nickel-based superalloys, it is
still a challenge to restrain the formation of silicides or borides in the joint during TLP
diffusion bonding and to make the joint hardness close to that of the base material.

In the TLP diffusion bonding of Ni3Al superalloy, the commonly used interlayers
are BNi-2 (boron 3.2 wt.%), MBF-30 (boron 3.2 wt.%), NB-150 (boron 3.5 wt.%), etc. The
content of the B element in all of these interlayers exceeds 3.2 wt.%. Here, we design an
interlayer with low B (1.27 wt.%) and high Ti to meet this challenge. It is well known that
the melting point temperature of the alloy drops sharply from 1670 ◦C to 942 ◦C as the
Ti content increases from 0 to 23% in the Ti-Ni phase diagram [31]. Thus, it is possible to
inhibit the formation of borides and silicates in joints by adding Ti and reducing B and
Si MPDs in the interlayer. Enlightened by the above findings, we prepared a diffusion
bonding interlayer with low B and high Ti and studied Ni3Al-based alloy TLP-diffusion-
bonded joints with this interlayer. A joint with a high strength of 860.84 MPa was obtained
by TLP diffusion bonding, which is an intuitive parameter for judging the quality of the
TLP-diffusion-bonded joint [6,32,33]. Unexpectedly, the average microhardness in the joint
area was 420.33 HV, only 4.3% higher than that of the Ni3Al base material. This strategy
effectively inhibits the formation of the harmful brittle phase in the joint area. In order
to understand the properties of the interlayer with low B and high Ti in TLP diffusion
bonding, systematic experiments have been performed.
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2. Materials and Methods
2.1. Material Preparation

Ni3Al superalloy (IC10) columnar bars with a size of Φ 16 mm × 200 mm and orien-
tation of [001] were used as the base material (Institute of Metals, Chinese Academy of
Sciences, Shenyang, China). The chemical compositions of the Ni3Al superalloy and the
interlayer alloy powder are shown in Table 1. The preparation method of the interlayer
powder are as follows: Ni, Cr, Ta, Al, W, Mo, Ti, Nb and Re metal particles with 99.9%
purity and crystal B (Zhongnuo Advanced Material (Beijing) Technology, Beijing, China)
undergo mixed melting in a vacuum melting furnace (VCF, Shenyang Vacuum Technology
Institute, Shenyang, China) at 1450 ◦C, then the alloy ingot with uniform composition
is obtained after five cycles of vacuum melting, and lastly, the interlayer alloy powders
are formed by water atomization under an argon atmosphere (VCF, Shenyang Vacuum
Technology Institute, Shenyang, China). As shown in Figure 1, more than 80% of the
particles range from 22.1 µm to 160.6 µm in diameter, and the largest proportion of particle
diameters is 91.2 µm. The density of the powder is 7.98 g/cm3. According to the density
formula, the powder mass required to completely cover the bonding surface is calculated to
be about 0.022 g based on an interlayer thickness of 40 µm. In order to ensure the precision
of the powder weight in the interlayer, an electronic balance with a precision of 0.001 g was
used for weighing. Figure 1c shows the DTA curve of the interlayer powder. The melting
point of interlayer powder is 1112.5 ◦C, and that of the Ni3Al base material is 1390 ◦C,
277.5 ◦C lower than that of the Ni3Al base material. Consequently, the suitable TLP dif-
fusion bonding temperature range using a low-B nickel-base power interlayer is about
1160~1300 ◦C.
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Table 1. Chemical compositions of powder interlayer and Ni3Al base material (wt.%).

Materials Co Cr Ta Al W Hf Mo Ti Nb Re B C Ni

Interlayer 7.37 12.61 3.75 3.20 4.64 - 0.96 4.51 0.35 2.45 1.27 1.37 Bal
Ni3Al-

base alloy 12.15 6.94 6.87 6.02 4.81 1.63 1.22 - - - - 1.21 Bal
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2.2. Transient Liquid Phase Diffusion Bonding

The samples were cut into sticks of Φ 16 mm × 30 mm via wire electrical discharge
machining along the [100] direction, and the schematic diagrams of the diffusion bonding
fixture are shown in Figure 2. Four samples can be installed in the fixture and positioned
with a positioning circle (lower die) and an alumina ceramic gasket (upper die). Before
diffusion bonding, the surface of the Ni3Al substrate was treated with 200–2000# SiC sand-
paper to remove oxides and contaminants. Then, the treated samples were ultrasonically
cleaned in alcohol for 10 min. TLP diffusion bonding was carried out with a vacuum
diffusion bonding furnace (Central Vacuum Industries, Workhorse II, Nashua, NH, USA).
The vacuum degree before heating was higher than 5 × 10−4 Pa. The TLP diffusion bond-
ing was performed at 1250 ◦C for 6 h under a pressure of 5 MPa. The heating curve and
pressure curve are shown in Figure 2c.

Materials 2023, 16, x FOR PEER REVIEW 4 of 14 
 

 

Table 1. Chemical compositions of powder interlayer and Ni3Al base material (wt.%). 

Materials Co Cr Ta Al W Hf Mo Ti Nb Re B C Ni 
Interlayer 7.37 12.61 3.75 3.20 4.64 - 0.96 4.51 0.35 2.45 1.27 1.37 Bal 

Ni3Al- 
base alloy 

12.15 6.94 6.87 6.02 4.81 1.63 1.22 - - - - 1.21 Bal 

2.2. Transient Liquid Phase Diffusion Bonding 
The samples were cut into sticks of Φ 16 mm × 30 mm via wire electrical discharge 

machining along the [100] direction, and the schematic diagrams of the diffusion bonding 
fixture are shown in Figure 2. Four samples can be installed in the fixture and positioned 
with a positioning circle (lower die) and an alumina ceramic gasket (upper die). Before 
diffusion bonding, the surface of the Ni3Al substrate was treated with 200–2000# SiC sand-
paper to remove oxides and contaminants. Then, the treated samples were ultrasonically 
cleaned in alcohol for 10 min. TLP diffusion bonding was carried out with a vacuum dif-
fusion bonding furnace (Central Vacuum Industries, Workhorse II, Nashua, NH, USA). 
The vacuum degree before heating was higher than 5 × 10−4 Pa. The TLP diffusion bonding 
was performed at 1250 °C for 6 h under a pressure of 5 MPa. The heating curve and pres-
sure curve are shown in Figure 2c. 

 
Figure 2. Specimen assembly diagrams and TLP diffusion bonding process: (a) welding fixture; (b) 
powder interlayer assembly diagram; (c) TLP diffusion bonding process. 

2.3. Characterization Methods 
The cross-section of the TLP diffusion joint was mechanically polished and chemi-

cally etched in a solution of glycerin (5 mL) + HF (10 mL) + HNO3 (5 mL) for 30–35 s. The 
microstructure and chemical composition of TLP-diffusion-bonded joints were examined 
with a field-emission scanning electron microscope (SEM, Nova Nano, SEM430) equipped 
with an energy-dispersive X-ray spectroscopy instrument (EDS, Noran System 7, Ther-
moFisher Scientific, Waltham, MA, USA). The density of the powder was measured with 
a densitometer (HR-D1, Dandong Hengrui Instrument Co., Liaoning, China). The thermal 
analysis of the interlayer powder was carried out with a differential thermal analyzer (Ne-
tzsch PC409, NETZSCH GmbH & Co., Selb, Germany). A transmission electron micro-
scope (TEM, JEOL-2100F, JEOL, Tokyo, Japan) equipped with a high-angle annular dark-
field (HAADF) detector and electronic back-scatterer detection (EBSD, Oxford, Edax, Ox-
ford, UK) instrument were used to analyze the fine microstructure, and the phase compo-
sition of the joint was tested using an X-ray diffractometer (XRD, RIGAKU Smartlab 9 kW, 
Smartlab, Tokyo, Japan). The EBSD samples were prepared by OPS polishing. An X-ray 
photoelectron spectrometer (XPS, Thermo Fisher Nexsa, Waltham, MA, USA) was used 
to record the XPS spectra of a typical sample. The mechanical properties of the sample 
were tested with a universal testing machine (MTS, CMT5105, Belmont, MS, USA). The 
elasticity modulus was measured with a nanoindentation tester (Anton Paar, UNHT3, 
Graz, Austria) with a load of 30 mN and a loading duration of 55 s, and the microhardness 
was measured with a Vickers microhardness tester (Wilson VH1202, Wilson, Fort Worth, 
TX, USA) with a load of 300 g and a loading duration of 10 s. 

Figure 2. Specimen assembly diagrams and TLP diffusion bonding process: (a) welding fixture;
(b) powder interlayer assembly diagram; (c) TLP diffusion bonding process.

2.3. Characterization Methods

The cross-section of the TLP diffusion joint was mechanically polished and chemically
etched in a solution of glycerin (5 mL) + HF (10 mL) + HNO3 (5 mL) for 30–35 s. The
microstructure and chemical composition of TLP-diffusion-bonded joints were examined
with a field-emission scanning electron microscope (SEM, Nova Nano, SEM430) equipped
with an energy-dispersive X-ray spectroscopy instrument (EDS, Noran System 7, Ther-
moFisher Scientific, Waltham, MA, USA). The density of the powder was measured with a
densitometer (HR-D1, Dandong Hengrui Instrument Co., Liaoning, China). The thermal
analysis of the interlayer powder was carried out with a differential thermal analyzer (Net-
zsch PC409, NETZSCH GmbH & Co., Selb, Germany). A transmission electron microscope
(TEM, JEOL-2100F, JEOL, Tokyo, Japan) equipped with a high-angle annular dark-field
(HAADF) detector and electronic back-scatterer detection (EBSD, Oxford, Edax, Oxford,
UK) instrument were used to analyze the fine microstructure, and the phase composition of
the joint was tested using an X-ray diffractometer (XRD, RIGAKU Smartlab 9 kW, Smartlab,
Tokyo, Japan). The EBSD samples were prepared by OPS polishing. An X-ray photoelectron
spectrometer (XPS, Thermo Fisher Nexsa, Waltham, MA, USA) was used to record the XPS
spectra of a typical sample. The mechanical properties of the sample were tested with a
universal testing machine (MTS, CMT5105, Belmont, MS, USA). The elasticity modulus
was measured with a nanoindentation tester (Anton Paar, UNHT3, Graz, Austria) with a
load of 30 mN and a loading duration of 55 s, and the microhardness was measured with a
Vickers microhardness tester (Wilson VH1202, Wilson, Fort Worth, TX, USA) with a load of
300 g and a loading duration of 10 s.

3. Results and Discussion
3.1. The Microstructure of Ni3Al TLP-Diffusion-Bonded Joints Using Low-B Interlayer

Figure 3 shows the scanning electron micrograph of the cross-section of a TLP-
diffusion-bonded joint using a low-B interlayer. The joint is composed of an isothermal
solidification zone (ISZ), a diffusion-affected zone (DAZ) and the Ni3Al substrate, ex-
hibiting the typical microstructure characteristics of the TLP-diffusion-bonded joint. The
width of the ISZ is about 50 µm. It is important to obtain the ideal microstructure of the
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transition area between the joint and substrate for a high-performance joint. As shown
in Figure 3b, the DAZ, as the transition region between the joint and the Ni3Al substrate,
presents a uniform and fine mesh structure with a diameter of less than 1 µm, similar to
the microstructure of the Ni3Al substrate, indicating that the joint grows epitaxially with
the substrate and has a good bonding interface. Compared with the Ni3Al matrix, the
diameter of the unit structure in the DAZ is smaller, which is beneficial for enhancing the
joint strength.
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Figure 3. SEM images of cross-section of TLP-diffusion-bonded joint using low-B interlayer. (a) TLP
joint bonded at 1250 ◦C for 6 h; (b) Expanded region in (a).

The SEM-EDS results of the DAZ are shown in Table 2. The dark region (#1) and
light region (#2) are the γ′ phase (Ni3Al) and γ phase (Ni), respectively. In addition, Ti is
mainly distributed in the γ′ phase, because Ti tends to replace Al in Ni3Al [34–36]. Since
the Ni3Al substrate does not contain the Ti element, the concentration of the Ti element in
the interlayer is significantly higher than that in the Ni3Al substrate. Under the influence
of a chemical concentration gradient, the Ti element diffuses from the interlayer to the
Ni3Al substrate, resulting in a decrease in Ti content in the joint. The Cr and Co elements
tend to concentrate in the γ phase, while Ta mainly concentrates in the γ′ phase. The
behavior of Cr, Co and Ta can be attributed to the partitioning behavior of these alloying
elements between the two phases [37,38]. The EDS results show that the precipitates in
the DAZ (#3) are Hf-rich carbides composed of Co, Ni, Hf and C elements. Obviously, the
Hf-rich precipitates are caused by the diffusion of Hf from the Ni3Al substrate to the joint.
The precipitates (#4) in the ISZ are intermetallic compounds mainly composed of W, Cr
and Ni. Only very small amounts of precipitated carbides and intermetallic compounds
are observed in the DAZ and ISZ, and almost no precipitated boride phase is observed,
indicating that the low-boron interlayer can effectively inhibit hard boride phase formation.

Table 2. SEM-EDS scan results according to Figure 3 (at.%).

Position C Al Ti Cr Co Ni Mo Hf Ta W

#1 21.25 - 0.27 7.07 11.51 31.73 0.47 24.76 2.94 -
#2 3.84 3.15 - 22.10 2.99 14.57 - - 2.12 51.23
#3 6.29 11.45 0.38 4.98 8.51 64.58 0.31 0.24 1.65 1.61
#4 6.34 2.81 - 11.54 13.64 64.33 - - - 1.34

In order to observe the microstructure of the joint more clearly, TEM images of the TLP
diffusion bonding joint region are shown in Figure 4. The joint microstructure is mainly
composed of an elliptical region and an ellipse-surrounding region, which form grids. Ac-
cording to the bright-field TEM image (Figure 4a–d), the diameters of the elliptical regions
range from 412 nm to 1226 nm, and the average diameter is about 721 nm. According to the
TEM-EDS results (Table 3), the elliptical region and the ellipse-surrounding region consist
of the γ′ phase and γ phase, respectively. The Ti content of the γ′ phase in the joint is only
0.11%, because Ti has a high solid-phase diffusion coefficient and diffuses from the joint to



Materials 2023, 16, 2554 6 of 14

the Ni3Al substrate at high temperatures, which is consistent with the results of SEM-EDS
in Table 2. Studies have shown that when the Ti content exceeds 1.7%, the γ′ phase changes
from an ellipsoidal phase to a cubic phase [37], which explains why the γ′ phase in the joint
maintains an elliptical structure. In addition, Ti can reduce the interfacial energy between
the γ′ phase and γ phase, thus increasing the driving force for the growth of the γ′ phase.
The increase in Ti content in the joint will lead to an increase in the microstructure size of
the γ′ phase. Therefore, maintaining low Ti content in the joint is the key to forming fine γ′

phases.
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Figure 4. TEM images of TLP-diffusion-bonded joint: (a–d,f,g) bright-field TEM image and (e) selected
area diffraction indexed from (a).

Table 3. TEM-EDS scan results according to Figure 4 (at.%).

Area C Al Ti Cr Co Ni Mo Hf Ta W

#1 4.13 12.17 0.11 3.73 8.74 66.16 1.03 - 1.56 1.37
#2 3.58 3.99 0.06 14.42 15.39 61.19 0.34 - - 1.03

It is generally believed that the γ′ phase has enhanced directivity, and the ratio of
the γ′ phase to the γ phase directly affects the mechanical properties of non-equilibrium
materials composed of γ′ + γ. According to the TEM image (Figure 4a–d), the area ratio
of the γ′ phase to the γ phase in the joint is 49.3:50.7. Increasing the proportion of the
γ′ phase can improve the strength, but the toughness decreases. While increasing the
proportion of the γ phase can increase the toughness, the strength decreases. Therefore,
it is important to maintain the proper area ratio of the γ′ phase to the γ phase in the joint.
The proper volume fraction of the γ′ phase guarantees the high stability of Ni3Al at high
temperatures [26]. James et al. found that lattice mismatches were greatly mitigated when
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the volume fraction of the γ′ phase was reduced to ~50% during the creep process, thus
enhancing the resistance to creep [39]. Therefore, the ratio of the γ′ phase to the γ phase in
the joint is conducive to obtaining good creep resistance at high temperatures.

Figure 4e shows the selected area diffraction pattern of the joint region, which is
indexed from Figure 4a. There are two groups of diffraction spots: the brighter spots are
the γ′ phase, and the darker spots are the γ phase. Figures 4f and 4a–d,g show that there
are a large number of parallel dislocation lines in both the γ′ phase and γ phase of the joint.
The length of the dislocation lines is about 50–300 nm, and the dislocation line density is
1.84 × 1014 m−2 according to the TEM bright-field image statistics. Dislocation lines will
entangle with each other by slipping and climbing, which requires more energy to initiate
the dislocation line motion, resulting in a dislocation-induced strengthening effect on the
mechanical strength of the joint. Studies have shown that pre-existing dislocations in Ni3Al
superalloy can significantly increase the creep latency under low-stress creep conditions
and provide Ni3Al superalloy with excellent creep strength [39].

Figure 5 shows EBSD images of the cross-section of the TLP-diffusion-bonded joint
using the low-B interlayer. The ISZ is mainly composed of randomly oriented equiaxed
grains, and the width of the ISZ is about 50–60 µm, which is consistent with the results in
Figure 3. Since grain boundary failure is one of the main failure forms of superalloys, the
grain boundary information for the TLP-diffusion-bonded joint was obtained and is given
in Figure 5b. The ISZ is mainly composed of large-angle grain boundaries (blue lines) at
15~180◦, which is attributed to heterogeneous nucleation during the solidification of the
TLP diffusion bonding process. Thermal cracks caused by liquid film, stress concentration
and Re-rich precipitates at grain boundaries are common serious defects in the solidification
process of nickel-based superalloys. Thermal crack initiation tends to occur at small grain
boundaries, because the small-angle grain boundary has a higher degree of undercooling
during solidification [40]. The ISZ of the joint is mainly composed of large-angle grain
boundaries, which can effectively reduce the tendency for thermal crack formation during
the TLP diffusion bonding process.
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Figure 5. EBSD images of TLP-diffusion-bonded joint: (a) IPF image; (b) grain boundary angle
distribution.

In addition to thermal cracks, fatigue cracking is also an important cause of superalloy
failure. Non-metallic precipitates and twin boundaries are preferred initiation locations
of fatigue cracks in polycrystalline nickel-based superalloys. Therefore, the secondary
precipitates and twin boundaries at the grain boundaries were studied. The twin bound-
aries of nickel-based superalloys are prone to failure in harsh environments, because the
critical stress of dislocation slip is lower at the twin boundary than at the common grain
boundary and within the grain [41]. As shown by small arrows in Figure 5b, there is a
small number of twin grain boundaries in the ISZ zone, accounting for about 7.7% of the
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grain boundaries, while only very small amounts of secondary precipitates are observed
at the grain boundaries of the joint. There is competition between non-metallic precipi-
tates and twin boundaries for the initiation of fatigue cracks [42]. Previous studies have
found that the interaction between dislocations and grain boundaries has an important
effect on grain boundary crack initiation. When the dislocation is parallel to the twin
boundary, it is difficult for the dislocation to move through the twin boundary, resulting
in stress concentration at the twin boundary. This leads to crack initiation at the twin
boundary [43,44]. The number of twin grain boundaries is significantly higher than that of
non-metallic precipitates at grain boundaries in the TLP-diffusion-bonded joints using the
low-B interlayer, so twin boundaries may play a dominant role in crack initiation.

Figure 6 shows the inverse pole diagram of the TLP-diffusion-bonded joint using
a low-B interlayer. The strengths of [001], [100] and [010] are 21.385, 7.704 and 2.776,
respectively, indicating that [001] is the preferred orientation.
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Figure 6. Inverse polar diagram of TLP-diffusion-bonded joint using low-B interlayer. (a) [100]
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3.2. The Phases of Ni3Al TLP-Diffusion-Bonded Joints Using Low-B Interlayer

The GIXRD spectrum of the joint region is shown in Figure 7. The peak at
75◦ corresponds to Ni3Al, while the peaks at 43◦ and 91◦ correspond to Ni and Ni3Al,
which are the main phases of the joint. The diffraction peaks at 39.5◦ and 68◦ correspond
to HfC, and the diffraction peak at 96◦ corresponds to TaC. The peak intensity of the two
components is very weak, indicating that the carbide content is very low. The peaks at
51◦ and 57◦ correspond to boride (CrB, Cr1.8W3.2B3), indicating that B in the joint tends to
bind Cr and W.
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Figure 7. XRD pattern of TLP-diffusion-bonded joint using low-B interlayer XRD.

In order to further study the phases in the joints, the XPS spectra of Ni 2p, Cr 2p
and Ta 4f in the joints were obtained and are shown in Figure 8. The binding energy is
corrected with reference to the C 1s peak at 284.6 eV. Figure 8a shows that there are three
main peaks in the Ni 2p orbital: the peak at 852.8 ev corresponds to Ni3Al (CAS Registry
No. 12063-96-6), and the peaks at 874.1 ev and 879.9 ev correspond to Ni (CAS Registry No.
7440-02-0). The peak at 855.6 ev is Ni-O formed by slight oxidation. As shown in Figure 8b,
the peaks at 574.1 ev, 577.1 ev and 583.1 ev in the Cr 2p orbital correspond to Cr7C3 and
CrBO3 (CAS Registry Nos. 12007168, 12075-40-0), and the peak at 586.9 ev is caused
by Cr-Ni-O. Obviously, Cr easily combines with C and B to form carbides and borides
in addition to Ni to form intermetallic compounds. As seen in Figure 8c, the peaks at
22.9 ev and 24.9 ev in the Ta 4f orbital are due to TaC0.95 and Ta2C, respectively (CAS
Registry No. 12070-06-3), which shows that Ta in the joint readily generates the hard
carbide phase.
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3.3. The Mechanical Properties of Ni3Al TLP-Diffusion-Bonded Joints Using Low-B Interlayer

Figure 9 demonstrates the tensile strength curve of the TLP-diffusion-bonded joint.
The average tensile strength of the joint is 860.84 ± 26.9 MPa, which indicates that a joint
with excellent mechanical properties can be formed by TLP diffusion bonding with the
low-B and high-Ti interlayer strategy. The reasons for the high strength of the joint may be
as follows: (1) The fine grid structure of the γ′ phase and γ phase is formed at the DAZ
zone of the joint area, which is conducive to the improvement in the joint strength. (2) A
large number of dislocation lines formed in the joint, resulting in dislocation strengthening.
(3) The low-B interlayer inhibits the formation of the hard and harmful boride phase in the
joint.
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Figure 10 shows the microhardness (from the Vickers microhardness test) and elastic
modulus (from the nanoindentation test) results of the cross-section of the TLP-diffusion-
bonded joint. The average microhardness of the Ni3Al substrate and joint area is
403.71 ± 4.42 HV and 420.33 ± 3.15 HV, respectively. The average microhardness of
the latter is only 4.3% higher than that of the former, indicating that only a small amount of
the harmful brittle phase is produced in the joint area. In the TLP diffusion bonding process
of Ni3Al superalloy, the interlayer first liquefies to fill the gaps between the base material
and the interlayer, so the melting point of the interlayer is required to be lower than that of
the base material. The melting point of the interlayer is often reduced by adding the boron
element. However, the addition of boron is a double-edged sword. Although the boron
element reduces the melting point of the interlayer, the boron element in the interlayer
tends to form a hard and brittle harmful phase of borides. The hardness test proves that the
formation of the hard phase in the joint is effectively inhibited. The average elastic moduli
of the Ni3Al base metal and the joint area are 210.86 ± 6.54 GPa and 228.66 ± 5.09 GPa,
respectively. The average elastic modulus of the joint area increased by 8.4% compared
with that of the Ni3Al base metal. The elastic modulus showed the same trend as the
microhardness, further verifying the microhardness test results. The increase in the elastic
modulus is higher than that in microhardness, which may be related to the strengthening
effect caused by the large number of dislocation lines in the joint.
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phology is uniform, indicating that the interface of the joint contributes uniform mechan-
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3.4. The Fracture Morphology of Ni3Al TLP-Diffusion-Bonded Joints Using Low-B Interlayer

Figure 11 shows the fracture morphologies of the TLP-diffusion-bonded joint. The
fracture of the tensile specimen is located in the diffusion-bonded joint. The fracture
morphology is uniform, indicating that the interface of the joint contributes uniform
mechanical properties. As shown in Figure 11b, the fracture is a mixed fracture mode, and
there are densely distributed small dimples with diameters of 0.5–2 µm in the fracture area,
which contribute to the joint toughness.
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4. Conclusions

In summary, aiming to address the difficulty in Ni3Al TLP-diffusion-bonded joints
caused by borides, which increase the hardness and decrease the mechanical properties of
the joints, a low-boron nickel-base powder interlayer is proposed to reduce the hard phase
of TLP-diffusion-bonded joints, and high-strength Ni3Al superalloy joints are formed by
transient liquid phase diffusion welding. The conclusions can be summarized as follows:
A joint with a high strength of 860.84 ± 26.9 MPa was obtained at a diffusion welding
temperature of 1250 ◦C, a holding time of 6 h and a welding pressure of 5 MPa by using
a low-B interlayer. The microhardness results show that the average microhardness of
the joint area is 420.33 ± 3.15 HV, which is only 4.3% higher than that of the Ni3Al base
material. It is proved that the low-boron nickel-base interlayer strategy effectively inhibits
the formation of the harmful brittle phase in the joint region. The average elastic modulus
of the joint region is 228.66 ± 5.09 GPa, which is 8.4% higher than that of the Ni3Al base
material. The elastic modulus and microhardness show the same change trend, further
validating the conclusion of the hardness test. The SEM results show that the microstructure
of the DAZ zone in the joint transition region is uniform with a diameter of less than 1 µm
and has a similar structure to the Ni3Al-based structure. This fine structure is conducive to
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strengthening the joint strength and also indicates that the joint and Ni3Al base material
have a good bonding interface. The results of EBSD show that 7.7% of twin boundaries exist
in the isothermal solidification zone, and only small amounts of secondary precipitates
are observed at the grain boundaries in the joint, which indicates that the twin boundaries
may play a dominant role in crack initiation. In addition, bright-field transmission electron
microscopy images show that a large number of dislocation lines are generated in the joint
region with a density of 1.84 × 1014 m−2, indicating that there is significant dislocation
strengthening in the joint. This study contributes to the application of diffusion welding in
superalloys.

Author Contributions: Conceptualization, H.G., L.L. and W.H.; validation, Y.D. and Y.Z.; formal
analysis, Z.W., H.G. and Q.L.; investigation, L.L., W.H., F.L. and Q.L.; data analysis, Z.W. and H.G.;
writing—original draft preparation, Z.W., Q.L. and H.G.; writing—review and editing, L.L. and H.G.;
visualization, Z.W., Q.L. and L.L.; project administration, Y.Z. and H.G.; funding acquisition, H.G.,
Q.L. and Y.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the GDAS’ Project of Science and Technology Development,
grant numbers 2020GDASYL-2020103123, 2022GDASZH-2022010109, 2021GDASYL-20210302008,
and 2020GDASYL-20200301001, the National Key Research and Development Program of China,
grant number no. 2020YFE0205300, and the Science and Technology Planning Project of Guangdong
Province, grant number 2022B1212050001.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author after obtaining permission from the authorized person.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Panwisawas, C.; Tang, Y.B.T.; Reed, R.C. Metal 3D printing as a disruptive technology for superalloys. Nat. Commun. 2020, 11, 2327.

[CrossRef]
2. Fan, Y.S.; Yang, X.G.; Shi, D.Q.; Tan, L.; Huang, W.Q. Quantitative mapping of service process-microstructural degradation-property

deterioration for a Ni-based superalloy based on chord length distribution imaging process. Mater. Des. 2021, 203, 109561. [CrossRef]
3. Liu, H.; Xu, M.M.; Li, S.; Bao, Z.B.; Zhu, S.L.; Wang, F.H. Improving cyclic oxidation resistance of Ni3Al based single crystal

superalloy with low diffusion platinum modified aluminide coating. J. Mater. Sci. Technol. 2020, 54, 132–143. [CrossRef]
4. Smith, T.M.; Esser, B.D.; Antolin, N.; Carlsson, A.; Williams, R.E.A.; Wessman, A.; Hanlon, T.; Fraser, H.L.; Windl, W.; McComb,

D.W.; et al. Phase transformation strengthening of high-temperature superalloys. Nat. Commun. 2016, 7, 134134. [CrossRef]
5. Chang, C.; Jiang, L.W.; Wu, M.L.; Li, S.S.; Han, Y.F. Effect of temperature and stress on high temperature creep behavior of

Ni3Al-based single crystal superalloy. Prog. Nat. Sci. Mater. 2022, 32, 267–271. [CrossRef]
6. Yuan, L.; Xiong, J.T.; Peng, Y.; Shi, J.M.; Li, J.L. Microstructure and mechanical properties in the solid-state diffusion bonding

joints of Ni3Al based superalloy. Mater. Sci. Eng. A 2020, 772, 138670. [CrossRef]
7. Sun, W.J.; Wang, S.L.; Xin, J.J.; Chen, Y.H.; Pang, Y.; Jia, Y.L. Optimizing for IC10 single crystal Ni3Al-based alloy joint by electron

beam welding with chemical composition controlling. Mater. Des. 2020, 196, 109172. [CrossRef]
8. Chai, H.Z.; Wang, L.L.; Lin, X.; Zhang, S.Y.; Yang, H.O.; Huang, W.D. Microstructure and cracking behavior of Ni3Al-based IC21

alloy fabricated by selective laser melting. Mater. Charact. 2023, 196, 112592. [CrossRef]
9. Li, C.; Si, X.; Bian, S.; Dong, Z.; Huang, Y.; Qi, J.; Feng, J.; Cao, J. Diffusion bonding of Ti and Zr at ultra-low temperature via

surface nano-crystallization treatment. Mater. Sci. Eng. A 2020, 785, 139413. [CrossRef]
10. Bakhtiari, R.; Ekrami, A. Transient liquid phase bonding of FSX-414 superalloy at the standard heat treatment condition. Mater.

Charact. 2012, 66, 38–45. [CrossRef]
11. Yue, X.; Liu, F.M.; Li, Q.; Qin, H.B.; Gao, H.T.; Li, L.K.; Yi, Y. Effect of post-bond heat treatment on microstructure and mechanical

properties of the wide gap TLP bonded IC10 superalloy with a low boron Ni3Al-based interlayer. J. Manuf. Process. 2020, 54, 109–119.
[CrossRef]

12. Kim, J.K.; Park, H.J.; Shim, D.N.; Kim, D.J. Effect of bonding parameters on microstructural characteristics during TLP bonding of
directionally solidified Ni-based superalloy. J. Manuf. Process. 2017, 30, 208–216. [CrossRef]

http://doi.org/10.1038/s41467-020-16188-7
http://doi.org/10.1016/j.matdes.2021.109561
http://doi.org/10.1016/j.jmst.2020.05.007
http://doi.org/10.1038/ncomms13434
http://doi.org/10.1016/j.pnsc.2022.03.005
http://doi.org/10.1016/j.msea.2019.138670
http://doi.org/10.1016/j.matdes.2020.109172
http://doi.org/10.1016/j.matchar.2022.112592
http://doi.org/10.1016/j.msea.2020.139413
http://doi.org/10.1016/j.matchar.2012.02.002
http://doi.org/10.1016/j.jmapro.2020.03.002
http://doi.org/10.1016/j.jmapro.2017.09.024


Materials 2023, 16, 2554 13 of 14

13. Zhang, L.X.; Chang, Q.; Sun, Z.; Xue, Q.; Feng, J.C. Effects of boron and silicon on microstructural evolution and mechanical
properties of transient liquid phase bonded GH3039/IC10 joints. J. Manuf. Process. 2019, 38, 167–173. [CrossRef]

14. Pouranvari, M.; Ekrami, A.; Kokabi, A.H. Effect of bonding temperature on microstructure development during TLP bonding of
a nickel base superalloy. J. Alloys Compd. 2009, 469, 270–275. [CrossRef]

15. Amiri, D.; Sajjadi, S.A.; Bakhtiari, R.; Kamyabi-Gol, A. The role of TLP process variables in improvement of microstructure and
mechanical properties in TLP joints of GTD-111/Ni-Cr-Fe-B-Si/GTD-111 system. J. Manuf. Process. 2018, 32, 644–655. [CrossRef]

16. Jiao, Y.J.; Sheng, G.M.; Zhang, Y.T.; Xu, C.; Yuan, X.J. Transient liquid phase bonding of Inconel 625 with Mar-M247 superalloy
using Ni-Cr-B interlayer: Microstructure and mechanical properties. Mater. Sci. Eng. A 2022, 831, 142204. [CrossRef]

17. Cheng, Z.; Li, X.Q.; Wang, B.; Qu, S.G.; Li, H.Y. M3B2-type borides effect on the wide gap brazing of K417G alloy with mixed
powder. J. Alloys Compd. 2020, 821, 153431. [CrossRef]

18. Yang, Z.; Sun, K.; Lian, J.; Cai, X.; Wang, Y.; Wang, D.; Liu, Y. Interfacial microstructure evolution and mechanical properties of
Ni3Al-based alloy TLP joints with BNi-2 interlayer. Intermetallics 2020, 125, 106885. [CrossRef]

19. Peng, Y.Y.; Li, C.; Li, H.J.; Liu, Y.C. Effect of interlayer on microstructure and mechanical properties of diffusional-bonded
Ni3Al-based superalloy/S31042 steel joint. J. Manuf. Process. 2021, 72, 252–261. [CrossRef]

20. Zhang, L.X.; Sun, Z.; Xue, Q.; Lei, M.; Tian, X.Y. Transient liquid phase bonding of IC10 single crystal with GH3039 superalloy
using BNi2 interlayer: Microstructure and mechanical properties. Mater. Des. 2016, 90, 949–957. [CrossRef]

21. Yang, Y.H.; Xie, Y.J.; Wang, M.S.; Ye, W. Microstructure and tensile properties of nickel-based superalloy K417G bonded using
transient liquid-phase infiltration. Mater. Des. 2013, 51, 141–147. [CrossRef]

22. Pouranvari, M.; Ekrami, A.; Kokabi, A.H. TLP bonding of cast IN718 nickel based superalloy: Process-microstructure-strength
characteristics. Mater. Sci. Eng. A 2013, 568, 76–82. [CrossRef]

23. Chai, L.; Huang, J.H.; Hou, J.B.; Lang, B.; Wang, L. Effect of Holding Time on Microstructure and Properties of Transient
Liquid-Phase-Bonded Joints of a Single Crystal Alloy. J. Mater. Eng. Perform. 2015, 24, 2287–2293. [CrossRef]

24. Yang, Z.W.; Lian, J.; Wang, J.; Cai, X.Q.; Wang, Y.; Wang, D.P.; Wang, Z.M.; Liu, Y.C. Diffusion bonding of Ni3Al-based alloy using
a Ni interlayer. J. Alloys Compd. 2020, 819, 153324. [CrossRef]

25. Peng, Y.; Li, J.L.; Peng, X.; Li, S.W.; Xiong, J.T.; Shi, J.M. Interfacial microstructure evolution and formation process of the joints
prepared by diffusion bonding on DD6 nickel-based single crystal superalloy. J. Mater. Res. Technol. 2020, 9, 16317–16328.
[CrossRef]

26. Yuan, L.; Ren, J.; Xiong, J.T.; Zhao, W.; Shi, J.M.; Li, J.L. Transient liquid phase bonding of Ni3Al based superalloy using Mn-Ni-Cr
filler. J. Mater. Res. Technol. 2021, 11, 1583–1593. [CrossRef]

27. Philips, N.R.; Levi, C.G.; Evans, A.G. Mechanisms of microstructure evolution in an austenitic stainless steel bond generated
using a quaternary braze alloy. Metall. Mater. Trans. A 2008, 39, 142–149. [CrossRef]

28. Pouranvari, M.; Ekrami, A.; Kokabi, A.H. Solidification and solid state phenomena during TLP bonding of IN718 superalloy
using Ni-Si-B ternary filler alloy. J. Alloys Compd. 2013, 563, 143–149. [CrossRef]

29. Tazikeh, H.; Mirsalehi, S.E.; Shamsipur, A. Relationship of isothermal solidification completion and precipitate formation with
mechanical properties of Inconel 939 joints vacuum TLP bonded by an amorphous Ni-Cr-Fe-Si-B filler alloy. J. Mater. Res. Technol.
2022, 18, 4762–4774. [CrossRef]

30. Malekan, A.; Farvizi, M.; Mirsalehi, S.E.; Saito, N.; Nakashima, K. Effect of bonding temperature on the microstructure and
mechanical properties of Hastelloy X superalloy joints bonded with a Ni-Cr-B-Si-Fe interlayer. J. Manuf. Process. 2019, 47, 129–140.
[CrossRef]

31. Otsuka, K.; Ren, X. Physical metallurgy of Ti-Ni-based shape memory alloys. Prog. Mater. Sci. 2005, 50, 511–678. [CrossRef]
32. Bakhtiari, R.; Ekrami, A.; Khan, T.I. The effect of TLP bonding temperature on microstructural and mechanical property of joints

made using FSX-414 superalloy. Mater. Sci. Eng. A 2012, 546, 291–300. [CrossRef]
33. He, Y.; Zheng, W.; Yang, J.; Zhu, D.; Yang, X.; Gao, Z. An analysis of high-temperature microstructural stability and mechanical

performance of the Hastelloy N-Hastelloy N Superalloy joint bonded with pure Ti. Mater. Des. 2018, 144, 72–85. [CrossRef]
34. Kakitani, R.; Reyes, R.V.; Garcia, A.; Spinelli, J.E.; Cheung, N. Relationship between spacing of eutectic colonies and tensile

properties of transient directionally solidified Al-Ni eutectic alloy. J. Alloys Compd. 2018, 733, 59–68. [CrossRef]
35. Zhu, C.X.; Yu, T.; Wang, C.Y.; Wang, D.W. First-principles study of Ni/Ni3Al interface doped with Re, Ta and W. Comput. Mater.

Sci. 2020, 175, 109586. [CrossRef]
36. Moniruzzaman, M.; Fukaya, H.; Murata, Y.; Tanaka, K.; Inui, H. Diffusion of Al and Al-Substituting Elements in Ni3Al at Elevated

Temperatures. Mater. Trans. 2012, 53, 2111–2118. [CrossRef]
37. Gao, Q.; Jiang, Y.; Liu, Z.; Zhang, H.; Jiang, C.; Zhang, X.; Li, H. Effects of alloying elements on microstructure and mechanical

properties of Co-Ni-Al-Ti superalloy. Mater. Sci. Eng. A 2020, 779, 139139. [CrossRef]
38. Stacy, J.P.; Zhang, Y.; Pint, B.A.; Haynes, J.A.; Hazel, B.T.; Nagaraj, B.A. Synthesis and oxidation performance of Al-enriched

gamma + gamma ‘ coatings on Ni-based superalloys via secondary aluminizing. Surf. Coat. Technol. 2007, 202, 632–636. [CrossRef]
39. Coakley, J.; Ma, D.; Frost, M.; Dye, D.; Seidman, D.N.; Dunand, D.C.; Stone, H.J. Lattice strain evolution and load partitioning

during creep of a Ni-based superalloy single crystal with rafted gamma’ microstructure. Acta Mater. 2017, 135, 77–87. [CrossRef]
40. Lu, N.; Lei, Z.; Hu, K.; Yu, X.; Li, P.; Bi, J.; Wu, S.; Chen, Y. Hot cracking behavior and mechanism of a third-generation Ni-based

single-crystal superalloy during directed energy deposition. Addit. Manuf. 2020, 34, 101228. [CrossRef]

http://doi.org/10.1016/j.jmapro.2019.01.016
http://doi.org/10.1016/j.jallcom.2008.01.101
http://doi.org/10.1016/j.jmapro.2018.03.036
http://doi.org/10.1016/j.msea.2021.142204
http://doi.org/10.1016/j.jallcom.2019.153431
http://doi.org/10.1016/j.intermet.2020.106885
http://doi.org/10.1016/j.jmapro.2021.10.026
http://doi.org/10.1016/j.matdes.2015.11.041
http://doi.org/10.1016/j.matdes.2013.04.024
http://doi.org/10.1016/j.msea.2013.01.029
http://doi.org/10.1007/s11665-015-1504-3
http://doi.org/10.1016/j.jallcom.2019.153324
http://doi.org/10.1016/j.jmrt.2020.11.083
http://doi.org/10.1016/j.jmrt.2021.02.018
http://doi.org/10.1007/s11661-007-9382-4
http://doi.org/10.1016/j.jallcom.2013.02.100
http://doi.org/10.1016/j.jmrt.2022.04.139
http://doi.org/10.1016/j.jmapro.2019.09.030
http://doi.org/10.1016/j.pmatsci.2004.10.001
http://doi.org/10.1016/j.msea.2012.03.073
http://doi.org/10.1016/j.matdes.2018.02.020
http://doi.org/10.1016/j.jallcom.2017.10.288
http://doi.org/10.1016/j.commatsci.2020.109586
http://doi.org/10.2320/matertrans.M2012218
http://doi.org/10.1016/j.msea.2020.139139
http://doi.org/10.1016/j.surfcoat.2007.06.053
http://doi.org/10.1016/j.actamat.2017.06.021
http://doi.org/10.1016/j.addma.2020.101228


Materials 2023, 16, 2554 14 of 14

41. Zhang, Z.B.; Yang, Z.B.; Lu, S.; Harte, A.; Morana, R.; Preuss, M. Strain localisation and failure at twin-boundary complexions in
nickel-based superalloys. Nat. Commun. 2020, 11, 4890. [CrossRef] [PubMed]

42. Bergsmo, A.; Xu, Y.L.; Poole, B.; Dunne, F.P.E. Twin boundary fatigue crack nucleation in a polycrystalline Nickel superalloy
containing non-metallic inclusions. J. Mech. Phys. Solids 2022, 160, 104785. [CrossRef]

43. Yeratapally, S.R.; Glavicic, M.G.; Hardy, M.; Sangid, M.D. Microstructure based fatigue life prediction framework for polycrys-
talline nickel-base superalloys with emphasis on the role played by twin boundaries in crack initiation. Acta Mater. 2016, 107,
152–167. [CrossRef]

44. Stinville, J.C.; Vanderesse, N.; Bridier, F.; Bocher, P.; Pollock, T.M. High resolution mapping of strain localization near twin
boundaries in a nickel-based superalloy. Acta Mater. 2015, 98, 29–42. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/s41467-020-18641-z
http://www.ncbi.nlm.nih.gov/pubmed/32994396
http://doi.org/10.1016/j.jmps.2022.104785
http://doi.org/10.1016/j.actamat.2016.01.038
http://doi.org/10.1016/j.actamat.2015.07.016

	Introduction 
	Materials and Methods 
	Material Preparation 
	Transient Liquid Phase Diffusion Bonding 
	Characterization Methods 

	Results and Discussion 
	The Microstructure of Ni3Al TLP-Diffusion-Bonded Joints Using Low-B Interlayer 
	The Phases of Ni3Al TLP-Diffusion-Bonded Joints Using Low-B Interlayer 
	The Mechanical Properties of Ni3Al TLP-Diffusion-Bonded Joints Using Low-B Interlayer 
	The Fracture Morphology of Ni3Al TLP-Diffusion-Bonded Joints Using Low-B Interlayer 

	Conclusions 
	References

