J Adv Ceram

Research Article

Excellent high-temperature strength of (HfZrTiTaNb)C high-
entropy carbide diffusion-bonded joint via in-situ alloying of
Ni/Nb/Ni composite interlayer

Ruijie Mu', Ying Wang"*"*, Shiyu Niu', Kongbo Sun', Zhenwen Yang"*""

Cite this article: MuR, Wang Y, Niu S, et al. J Adv Ceram 2025, 14(1): 9221010. https://doi.org/10.26599/JAC.2024.9221010

ABSTRACT:To obtain high-entropy carbide (HEC) joints with
excellent high-temperature performance, a (HfZrTiTaNb)C HEC joint
featuring a direct diffusion-bonded interface with a Nb-based
interlayer was successfully fabricated at relatively low temperatures
of 1150-1250 °C for 60 min under 10 MPa. Starting from a modified
Ni/Nb/Ni composite interlayer with a Nb content of > 64 at%, an
alloyed Nb,Ni layer was constructed in situ by accelerating the g
directional diffusion of Ni atoms from the high-entropy interface
into the remaining pure Nb through the Ni-Nb eutectic liquid.
Moreover, the excess liquid phase was squeezed out of the bonding
region, ensuring the absence of Ni-based compounds. Leveraging
the intrinsic interfacial stability and sluggish diffusion effect, the HEC with its original lattice structure, was capable of developing
diffusion bonding with the Nb,Ni layer instead of interacting with the liquid phase. The high reliability of the HEC/Nb,Ni bonded
interface was confirmed by the coherence of (113) g/ (141)xb,ni and a calculated lattice misfit of 0.044. The HEC joint had a high
room-temperature strength of 174 MPa because of the homogenous Nb,Ni layer, which exhibited nanohardness (15.2+1.5 GPa) and
an elastic modulus of 219.9+£17.5 GPa. Furthermore, the strength of the HEC joint did not decrease at 1000 °C, increasing by ~49%
over that of HEC/Ni/HEC diffusion-bonded joints, which have stringent surface flatness requirements. This suggested that the
HEC/Nb,Ni interface had excellent resistance to high-temperature softening, even though it was invariably the initial failure
location. This work is informative for designing bonding structures and preparing HEC components.
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1 Introduction

High-entropy carbides (HECs) are generally solid solution phases
with a mixing entropy higher than 1.5R (R is the gas constant)
obtained by introducing at least four or five transition metal
elements [1,2]. High conformational entropy induces unique
characteristics in HECs, i.e., a structural lattice distortion effect,
sluggish kinetic diffusion, and a cocktail effect on performance
[3,4]. HECs with exceptional mechanical properties and ultrahigh
thermal stability are promising for extreme environments in
aerospace crafts, hypersonic vehicles, nuclear reactors, and high-
speed cutting tools [5-8]. As structural ceramics, sintered HEC
bulk materials have difficulty directly obtaining large sizes and
complex shapes, such as hollow or stepped components, owing to
their limited furnace capacity and essential axial pressurization
[9,10]. Fabricating reliable HEC joints that match the excellent
performance of HEC substrates [5,9] is crucial for promoting their

engineering application. In this process, the endurance
temperature of HEC joints requires continuous improvement to
allow for applications in more extreme thermal environment
components [7]. Along with studies on the bonding interface
between the HEC and itself, integrated structures and the
interfacial response of the HEC with metallic materials have also
attracted attention.

Considering the inherent brittleness of HECs, their joints for
high-temperature service could be attained by sinter bonding
[11,12], diffusion bonding [13-15], brazing [16-19], transient
liquid phase [20], etc. Among them, diffusion bonding is suitable
for fabricating high-performance joints [21], where the direct
metallurgical bonding of the interfaces relies on effective elemental
diffusion at high temperatures. According to reports on
conventional carbides, favorable interfacial interdiffusion could be
accomplished with elevated bonding temperatures and improved
contact through the introduction of soft metals. For example,
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ZrC, joints with diffusion bonding with Ti/Zr/Ti and Ti/Ta/Ti
multilayers at 1400 °C under 20 MPa presented strengths of 157
and 122.5 MPa, respectively [13,14]. ZrC-SiC joints could be
achieved by accelerated atomic diffusion through a heat source
provided by a pulsed current when a 30 um thick Ti foil was used
at 1300 °C [22]. Departing from conventional carbides, the larger
potential energy fluctuation in the distortion lattices of HECs
increases the difficulty of atomic migration [3,23]. Previous studies
demonstrated that direct diffusion bonding of HEC required
bonding temperatures of up to 1500 °C and a pressure of 30 MPa
[15]. Therefore, for high-entropy interfaces under the sluggish
diffusion effect, excessive-high process conditions would be
required to accelerate interfacial diffusion if homogeneous carbide-
based bonding structures of HECs that withstand high-
temperature service environments are considered to be realized by
existing solid-phase diffusion bonding approaches.

To reduce the bonding process conditions of HECs, especially
the bonding temperature, the introduction of liquid phases at the
interfaces was necessary to accelerate interfacial diffusion. The
brazed joints were developed from solidified liquid alloys that fill
the interstices between two HEC substrates under less pressure.
From the microstructures of HEC joints brazed with TiNi-20Nb
(at%) [16], TiNi [17], TiZrNiCu [18], and BN, [19] fillers, these
filler alloys frequently develop low melting point intermetallic
compounds present at the bonding interfaces or suffer from
eutectic transitions (at ~1118 °C for the TiNi-based alloy fillers),
leading to weakened high-temperature durability and a high risk
for joint failure. The shear strengths of HEC joints with a
TiNi-20Nb (at%) filler were 167 and 137 MPa when tested at
room temperature (RT) and 800 °C, respectively [16]. Even when
a transient liquid phase generated from Ni and Nb with a
thickness ratio of only 2/125 was applied, the liquid phase
containing abundant Ni atoms at the interface between traditional
binary carbides (ZrC, HfC, and TaC) and the Ni/Nb/Ni multilayer
could not completely disappear isothermally at 1400 °C [20]. The
residual liquid phase in the ceramic joints inevitably becomes a
constraint to further increase the serviceable temperature of the
joints. Improving the service temperature of HEC joints bonded at
relatively low temperatures through the design of assisted liquid
phases and process adjustments is still challenging.

On the basis of the inherent high-entropy effects in HECs
oriented to high-temperature applications, in situ alloying of
refractory metals and interfacial diffusion accelerated by a eutectic
liquid phase were proposed to prepare HEC joints with refractory
metal-based interlayers at decreased bonding temperatures. In this
process, a designed Ni-Nb eutectic liquid phase accelerated the
directed Ni atomic diffusion induced by the disparity in entropy
on both sides of the interface between the HEC and the Ni/Nb/Ni
composite interlayer in this work, whereas a large bonding
pressure was applied to permit timely extrusion of the excess
liquid phase and maintain tight interfacial contact and the
resulting interdiffusion of multiple elements. The amount of the
liquid phase and its isothermal duration could be optimized by
adjusting the Ni/Nb proportions. According to reports that
refractory metals can serve as high-temperature skeletons [24] and
reaction barrier layers [25], retaining a refractory Nb-based
interlayer with a high melting point in HEC joints is expected to
result in low-temperature bonding of HECs for high-temperature
service.

Herein, a Ni/Nb/Ni composite interlayer was modified to
fabricate a (HfZrTiTaNb)C HEC joint featuring a direct bonding
interface with a diffusion-induced in situ alloyed Nb-based
interlayer at 1150-1250 °C under 10 MPa. The interfacial
microstructures of joints under the influence of different bonding
temperatures and Ni/Nb ratios were analyzed. The formation
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mechanism of the bonding interface between the HEC and the Nb-
based interlayer was revealed. Additionally, the shear strength and
corresponding  high-temperature failure behavior of HEC
diffusion-bonded joints were evaluated. The results are instructive
for designing bonding structures of HEC joints and the
preparation of HEC components.

2 Materials and methods

A high-entropy carbide ceramic with representative components
of (HfZrTiTaNb)C, which was fabricated via ball milling and hot-
press sintering, was selected as the substrate. The detailed process
and parameters can be found in our previous work [15]. Sintered
HECs have good physical and mechanical properties, including
high relative density (> 99%), high Vickers hardness (24 GPa),
and high flexural strength (494 MPa). Before diffusion bonding,
the HEC was cut into substrates with dimensions of 10 mm x
10 mm x 5 mm and 5 mm x 5 mm x 5 mm by electrical
discharge machining. Symmetric Ni/Nb/Ni composite interlayers
with areas of 6 mm x 6 mm were created by stacking commercial
foils of pure Nb with thicknesses of 60 um and pure Ni foils with
thicknesses of Ni of 10, 20, and 30 um. The Ni/Nb/Ni composite
interlayers with different thicknesses of Ni were named Nb-1, Nb-
2, and Nb-3. The surfaces of the HEC and each foil were ground
and ultrasonically cleaned in acetone for 15 min. Then, the
Ni/Nb/Ni composite interlayer was assembled between the HEC
substrates. The assemblies in a sandwich structure were placed
horizontally on the indenter of a furnace and preloaded with a
load of 0.2 MPa. Schematic diagrams of the HEC joint and
diffusion-bonding assembly are shown in Fig. 1. When the
vacuum degree was less than 10™ Pa, the heating process was
triggered, and the curves of the bonding temperature and pressure
are shown in Fig. 1. The furnace was heated at a rate of 20 °C/min
to 400 °C. The temperature was increased at 10 °C/min to
bonding temperatures of 1150-1250 °C while the pressure was
maintained at 10 MPa. After bonding for 60 min, the assemblies
were cooled to 400 °C at 5 °C/min, and the pressure was slowly
reduced until the indenter was withdrawn. The joints were kept in
the furnace until the furnace temperature was no higher than 70 °C.

The microstructures of the joints were observed by a scanning
electron microscope (SEM; JSM-7800F, JEOL, Japan) under an
accelerating voltage of 15 kV. An energy dispersive spectrometer
(EDS; Octane Plus of EDAX, AMETEK, USA) was used for
chemical composition analysis. The bonding interface zone of the
joint was precisely extracted by a focused ion beam instrument
(FIB; Helios NanoLab 600i, FEI, USA), and a transmission
electron microscope (TEM; JEM-2100F, JEOL, Japan) was further
used to obtain the interfacial elemental distribution at the
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Fig.1 Curves of bonding temperature and pressure with time and embedded
HEC joint and its assembly schematic diagrams.
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nanoscale and selected area electron diffraction (SAED) patterns
of the phases.

The shear strengths of HEC joints were evaluated at RT and
elevated temperatures of 600, 800, and 1000 °C in air via a uniaxial
machine (E45.106, MTS, China) with a loading rate of
0.2 mm/min. The shear tests were performed using single-lap
offset flat-back samples, and a schematic diagram is given in Fig.
S1 in the Electronic Supplementary Material (ESM), similar to
that in Refs. [16, 18]. Before loading, the sample was heated to the
test temperature for no more than 30 min at a heating rate of
10 °C/min, after which it was soaked for 10 min until reaching
thermal equilibrium. The shear fracture was analyzed via an X-ray
diffractometer (XRD; D8 Advanced, Bruker, Germany) to identify
phases in the joint microstructure. The XRD scan was performed
with Cu Ka radiation under a voltage of 40 kV and a current of
40 mA. A nanoindenter tester (Agilent G200, KLA, USA) was
used to quantify the nanohardness and elastic modulus of
different phases in the HEC joints, during which the loads had a
controlled indentation depth of ~0.26 nm and a holding time of
10 s. The estimated Poisson’s ratios of the HEC and the alloyed
Nb interlayer were 0.2 [26] and 0.3 [27], respectively. The values
of the mechanical properties were averaged over at least three
measurements, and the error bars were taken from the standard
deviation.

3 Results and discussion

3.1 Typical microstructures of HEC joints bonded with
Ni/Nb/Ni composite interlayer
The SEM image in Fig. 2(a) shows that the original
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(HfZrTiTaNb)C high-entropy ceramic was a single solid-solution
phase. The TEM analysis in Figs. 2(b) and 2(c), including the
HAADEF-STEM image, the corresponding SAED pattern, and the
high-resolution TEM (HRTEM) image, proved that the HEC
lattice was a face-centered cubic (FCC) structure with an (022)
interplanar distance of 1.57 A. EDS results revealed that the HEC
contained 47.99% C, 12.01% Hf, 8.38% Zr, 9.82% Ti, 11.84% Ta,
and 9.96% Nb (at%). As shown in Figs. 2(d)-2(i), the distribution
maps of each element in the HEC displayed consistent
homogeneity.

Figure 3(a) shows the typical microstructure of the HEC joint
bonded with the Nb-1 interlayer at 1250 °C for 60 min under
10 MPa, and the enlarged interfacial region can be seen in Fig. 3(b).
No cracks or pores were observed in the diffusion-bonded joint.
An Nb-based zone (NZ) was in the middle of the joint, and the
formed interface between the NZ and the HEC matrix was well
bonded. According to the detailed chemical compositions in
Table 1, small amounts of Ni and Nb atoms diffused into the HEC
near the interface, and the HEC maintained an intrinsic
multicomponent solid solution (position A). The NZ layer in the
joint mainly consisted of the Nb,Ni phase (position B) and a small
quantity of transition metal atoms from the HEC. A blocky
(Nb,Ta),Ni phase (position C) with a slightly higher Ta content
(527 at%) than the Nb,Ni phase (2.16 at%) was found. The
Nb(s,s) block phases (labeled D in Fig. 3(b)) were randomly
precipitated in the Nb,Ni layer, which was in agreement with the
refined phase diagram of the Ni-Nb binary system [28,29]. The
result of EDS line scanning in Fig. 3(c) shows a narrow
concentration variation distance of ~1.5 um from the HEC to the
Nb,Ni, which suggested that the metallurgical bonding between
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Fig.2 Microstructures and elemental distribution of HEC: (a) SEM image, (b) HAADF-STEM image and corresponding SAED pattern, (c) HRTEM image,

and (d-i) EDS mappings of (b).
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Fig.3 Typical microstructures of HEC joints bonded with Nb-1 interlayer at 1250 °C (60 min/10 MPa): (a, b) SEM images, (c) EDS line scanning results,

and (d-i) element distribution mappings.

https://doi.org/10.26599/JAC.2024.9221010

7+ 2w | Sci@pen

Tsinghua University Press


https://doi.org/10.26599/JAC.2024.9221010

9221010-4

MuR, Wang Y, Niu §, et al.

the Nb,Ni and HEC originated from their direct interdiffusion,
whereas the sluggish diffusion originating from the HEC resulted
in a limited atomic diffusion distance. As shown in Figs. 3(d)-3(i),
despite the aggregated Nb in the Nb(s,s) phases, the elemental
distribution in the other phases in the joint was uniform.

Therefore, benefiting from the high-entropy effects of HEC, the
introduced Ni was driven into the Nb rather than interacting with
the ceramic substrate under the gradient of configurational
entropy from the HEC to Nb, successfully achieving the HEC
diffusion-bonded joint with an in situ formed Nb-rich interlayer.
Notably, the preparation of the HEC joints in this work started
from the optimized Ni/Nb/Ni composite interlayer, yielding an
interfacial microstructure free of eutectic compounds. This
distinguished it from the reported joints with Ni-Nb alloy brazing
fillers or added Ni/Nb composite layers, where the inevitable
compounds existed after the melting-solidification process of the
Ni-Nb alloys [30,31], leading to the results of the current studies
consistently lacking information about the Nb,Ni phase [20,32].
Similarly, this is the reason why the prefabrication of
homogeneous alloyed Nb foils was not practical with conventional
casting approaches.

Figure 4 presents the TEM analysis of the bonding interface of
the HEC and NZ in the joint. The bright field TEM images in
Figs. 4(a) and 4(b) reveal direct metallurgical bonding at the
HEC/NZ interface without carbides or complex compounds. The
SAED patterns of the interfacial zone in Fig. 4(c) revealed that the
HEC was a single FCC solid solution structure with a lattice

Table1 Detailed chemical composition of each phase labeled A to D in Fig. 3

parameter of a = 4.59 A, similar to the results in Figs. 2(b) and
2(c). In NZ, the (111) interplanar distance of the Nb,Ni phase
was measured as 6.794 A, and its crystal structure was consistent
with the Fd3m (227) cubic structure (PDF#21-0587). The
calculated lattice parameter a was 11.77 A, which was similar to
the results of Zhao et al [31]. Additionally, the coherence of
(141)npni//(113) s was distinct at the interface between the
HEC and the formed Nb,Ni phase along the [101]xs,xi//[332] e
zone axis. The lattice misfit § was calculated as 0.044 on the basis
of the equation reported by Zheng et al. [33], which confirmed the
reliable HEC/NZ bonding structure in the joint. Figure 4(d) shows
the line distribution of each element from the HEC to the Nb,Ni
phase. A significant concentration gradient of metal elements was
observed on both sides of the interface. The diffusion distance of
the Nb atoms into the HEC was greater than that of the Ni atoms.
The intense peaks of Ti, Hf, and Zr appeared in the HEC adjacent
to the bonding interface, whereas the Ta diffused across the
interface and presented an increased intensity in Nb,Ni phase.
The diffusive migration of Ta in the HEC into the Nb,Ni layer
was probably attributed to the similar valence electronic structure
and the unlimited solid solubility between the Ta and Nb atoms,
despite the diffusion rate of Ta in the HEC being lower than that
of Ti, Hf, and Zr. Therefore, the formation of the bonding
interface in the HEC joint depended on the interdiffusion between
the Ta atom in the HEC and the Nb,Ni layer in situ obtained by
the Ni/Nb/Ni composite interlayer.

(Unit: at%)

Position Hf Zr Ti Ta Nb Ni C Possible phase
A 13.26 10.34 10.34 13.05 12.26 1.31 39.44 HEC
B 2.74 1.73 1.28 2.16 59.68 32.41 — Nb,Ni
C 2.28 2.70 2.78 527 54.42 32.55 — (Nb,Ta),Ni
D 3.67 3.14 1.41 1.17 84.93 5.68 — Nb(s,s)
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Fig.4 TEM analysis of bonding interface of HEC and NZ: (a, b) bright-field TEM images and (c) SAED pattern of interfacial zones of (a), (d) element distributions
along line marked in (b).
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3.2 Effect of the diffusion bonding process on the
microstructures of HEC joints bonded with a Ni/Nb/Ni
composite interlayer

Figures 5(a)-5(c) show the microstructures of the HEC joints
bonded with the Nb-1 interlayer at different temperatures (60 min/
10 MPa), and the corresponding interfacial zones marked by gray
frame lines are enlarged in Figs. 5(d)-5(f). The interfacial
microstructures in the joints were all defect-free. With increasing
bonding temperature, the bonding interface evolved from
HEC/Nis(Nb,Ta) to HEC/Nb,Ni because the Ni-based phases
disappeared at 1200 °C, and full alloying of the initial pure Nb
layer into the Nb,Ni layer occurred at 1250 °C. Table 2 lists the
chemical compositions of the phases labeled A to F in Fig. 5. At
the lower bonding temperature of 1150 °C, as shown in Figs. 5(a)
and 5(d), the effective bonding in the joint depended on the
HEC/Ni-based zone (IZ) interface because a symmetrical
microstructure, including the NZ and the IZ formed on both sides
of the pure Nb layer. The IZ layer consisted of the Ni;Nb layer
and the Ni-Nb eutectic compounds, which preferentially
precipitated upon solidification of the trace Ni-Nb eutectic liquid
phase at the Ni/Nb interface. As shown in Table 2, the Ni;Nb
phase contained 1.87 at% Ta and 2.67 at% Hf, and the slightly
higher Ta content (4.27 at%) and Hf content (3.92 at%)
distinguished the Niy(Nb,Ta) phase. The increased transition
metal elements in Niy(Nb,Ta), especially Ta and Hf, confirmed the
slight dissolution of the HEC into the trace liquid phase. On the
basis of the Ni-Nb binary equilibrium phase diagram [28,29,34],
the bonding temperature of 1150 °C was close to the NigysNbygs
eutectic temperature (1175 °C). Although Birks and Seebold
reported that Nb-Ni samples frequently melted at 1100 °C [35]

Nb-1/1150 °C

Nb , NZ,IZ, HEC

+ B: Ni3Nb

+ A: Ni3(Nb,Ta)

+ C: NiNb

2 pm

and that the trace liquid phase was indeed generated at the Ni/Nb
interface for a long bonding time of 60 min, the insufficient
Ni-Nb eutectic liquid phase in the joint could not deplete the
many Ni atoms added.

When the bonding temperature was increased to 1200 °C, the
NZ contacted and interdiffused with the HEC, forming the
HEC/NZ interface in Figs. 5(b) and 5(e). Compared with the
interfacial microstructure in Fig. 5(d), the IZ disappeared because
a majority of the Ni atoms were expelled from the interface, as
more eutectic liquid phase formed by the intensified eutectic
reaction between Ni;Nb and NiNb extruded under a high
bonding pressure of 10 MPa. From the EDS results in Table 2, the
Nb,Ni phase (Position D in Fig. 5) constituted the NZ, and
(Nb,Ta),Ni (Position F in Fig. 5) was detected in the NZ adjacent
to the HEC, which is consistent with the results in Figs. 4(a) and
4(c). Zhao et al. [36] reported that the Nb,Ni phase in the joint
probably originated from the peritectoid reaction of Nb,Nig with
the Nb layer. Owing to the limited diffusion distance of residual
Ni atoms, part of the initial Nb layer (Position E in Fig. 5) was
retained in the center of the joint. As shown in Figs. 5(c) and 5(f),
the HEC joint with an entire Nb,Ni interlayer formed when
bonded at the elevated bonding temperature of 1250 °C. This was
the consequence of the complete alloying of the Nb layer, which
benefited from the broadening of the liquid-phase compositional
interval and the accelerated interdiffusion between the Ni and Nb
atoms in the joint.

The effects of different Ni thicknesses in the Ni/Nb/Ni
composite interlayer on the microstructures of the joints are
shown in Figs. 6(a)-6(c) when diffusion bonding was performed
at 1200 °C for 60 min under 10 MPa. The increased Ni content
implied that the corresponding Ni/Nb ratio increased in the

Nb-1/1200 °C| (c) Nb-1/1250 °C

Nb2Ni layer

Fig.5 Microstructures of HEC joints bonded at different temperatures (60 min/10 MPa) with Nb-1 interlayer: (a) 1150, (b) 1200, and (c) 1250 °C, and (d-f) enlarged

interfacial zones in (a—c).

Table2 Detailed chemical composition of each phase labeled A to F in Fig. 5

(Unit: at%)

Positions Hf Zr Ti Ta Nb Ni Possible phase
A 3.92 2.57 2.18 4.27 19.68 67.38 Ni;(Nb,Ta)
B 2.67 1.71 1.73 1.87 20.77 71.25 Ni;Nb
C 2.56 1.52 1.32 1.17 45.48 47.95 NiNb
D 2.74 1.73 1.28 2.16 59.68 32.41 Nb,Ni
E 2.93 2.30 1.47 1.88 89.10 2.32 Nb(s,s)
F 3.87 2.63 2.94 6.22 53.97 30.37 (Nb,Ta),Ni

https://doi.org/10.26599/JAC.2024.9221010

7+ 2w | Sci@pen

Tsinghua University Press


https://doi.org/10.26599/JAC.2024.9221010

9221010-6

MuR, Wang Y, Niu §, et al.

Ni/Nb/Ni composite interlayers, which led to the consumption of
the pure Nb layer and a more abundant liquid phase. The
NZ/HEC interface in the well-bonded HEC/Nb-1/HEC joint was
substituted by the IZ/HEC interface, and the IZ layer even
expanded to fill the entire interface in the HEC/Nb-3/HEC joint.
Moreover, the percentages of the retained interlayer thickness in
the joint to the original thickness of the Ni/Nb/Ni composite
interlayers decreased from 51% to 31%. The corresponding
interlayer thicknesses of 41, 31, and 37 pm were attributed to the
collective result of consumption during the generation and
extrusion of the Ni-Nb liquid phase, as well as the compressive
deformation of soft foils at the high bonding temperature of
1200 °C under a bonding pressure of 10 MPa.

The enlarged interfacial zones are displayed in Figs. 6(d)-6(f),
and the average chemical composition of each phase marked by A
to E is listed in Table 3. The diffusion of Nb atoms into the initial
pure Ni layer drove the conversion of Ni to Ni;Nb, corresponding
to positions A and B in Fig. 6, and Ni;Nb served as the matrix
phase of the IZ layer, in contrast to the formation of the NZ,
which consisted entirely of the Nb,Ni phase in Figs. 3 and 6(d). At
the bonding temperatures, the in situ alloyed Nb,Ni layer
(position C in Fig. 6) was continuously supplied with Nb atoms to
sustain the generation and extrusion of the eutectic liquid phase,
and almost complete consumption was even observed in Figs. 6(c)
and 6(f). Owing to the interdiffusion between Ni and Nb, the
concentration of Nb atoms in the IZ theoretically decreased from
the middle of the IZ interlayer toward the HEC. In the high Nb
concentration zone of the IZ, the fine NbNi phase (Position D in
Fig. 6) precipitated from the Ni;Nb phase (Position E in Fig. 6). As
shown in Fig. 7, the XRD result on the fracture surface in Fig. 6(c)
confirmed the presence of Ni;Nb, NiNb, and a small amount of
the Nb,Ni phase in the joint, in agreement with the EDS analysis.

At the IZ/HEC interfaces, significant dissolution of the HEC
was observed, as shown in Figs. 6(e) and 6(f), whereas a small
quantity of the Ni-Nb liquid phase permeated into the HEC along
the grain boundaries. This behavior facilitated the release of
transition metal elements in the HEC into Ni;Nb, forming the
Niy(Nb,Ta) phase. The Niy(Nb,Ta) contained significantly
increased Hf and Zr contents (Table 3), which was explained by
the fact that Hf and Zr have a much higher affinity for Ni than
Nb. This result reflected that the liquid phase developed with the
addition of Ni improved the interfacial diffusion compared with
the direct bonding of the HEC and pure Nb layers. Nevertheless,
when excessive Ni was introduced, IZ with complex Ni-based
compounds unavoidably formed in the joints, where the
HEC/Ni;(Nb,Ta) interface replaced the HEC/Nb,NIi interface.

Figure 8 shows a schematic diagram of in situ alloyed Nb and
the formation mechanism of the diffusion bonding interface with
the HEC. The formation process of the diffusion-bonded joint
with the Nb-based interlayer can be summarized in three stages:
the diffusion-induced reaction stage in Figs. 8(a) and 8(b), the
liquid accelerated alloyization stage in Figs. 8(c) and 8(d), and the
improved contact stage in Figs. 8(e) and 8(f). The interfacial
interdiffusion between Ni and the HEC was difficult, and the
diffusion of Ni into Nb occurred easily, resulting in the formation
of NiNb and Ni;Nb reaction layers on both sides of the Ni/Nb
interface. Among them, the Ni;Nb layer was considered to be
preferentially generated on the basis of the growth behavior of
Ni;Nb at 820 °C [37]. When the bonding temperature
subsequently approached the eutectic temperature of 1175 °C, the
NiNb and Ni;Nb compounds underwent a eutectic reaction at
their interface and produced a localized liquid phase. At elevated
temperatures, the compounds completely developed a eutectic
liquid phase, and then the majority of the liquid phase was

Nb-2/1200 °C [(e)

Nb-3/1200 °C

Nb2N1:C +

+ A: N13(Nb,Ta)

+ B: N13Nb

Fig.6 Microstructures of HEC joints bonded at 1200 °C (60 min/10 MPa) with different thicknesses of Ni: (a) 10 um, (b) 20 um, (c) 30 um, and (d-f) enlarged interfacial

zones in (a—c).

Table3 Average chemical composition analysis of each phase marked by A to E in Fig. 6

(Unit: at%)

Position Hf Zr Ti Ta Nb Ni Possible phase
A 6.74 4.63 3.17 4.45 12.47 68.54 Ni;(Nb,Ta)
B 3.82 2.12 2.65 1.27 20.08 70.06 Ni;Nb
C 1.76 2.30 0.53 0.59 61.46 33.36 Nb,Ni
D 2.36 2.57 1.57 1.02 49.86 42.62 NbNi
E 2.42 1.48 1.46 0.92 23.63 70.09 Ni;Nb
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Fig.7 XRD analysis of fracture surface of HEC/Nb-3/HEC joint at 1200 °C
(60 min/10 MPa).

extruded from the interface under diffusion bonding pressure,
leaving only a liquid film present, as shown in Figs. 8(c) and 8(d).
The liquid film accelerated the atomic exchange between Ni and
Nb to yield NiNb and Ni;Nb compounds, whereas the cyclic
process of the eutectic reaction and extrusion of the liquid phase
contributed to the persistence of the liquid film.

Simultaneously, the high-entropy effects of HEC contributed to
the almost negligible interaction at the interface between the HEC
and Ni;Nb layers, and the HEC near the interface stabilized. For
suitable Ni/Nb ratios in the Ni/Nb/Ni composite interlayer, this
process resulted in rapid in situ alloying of the high-melting-point
Nb layer by a certain amount of Ni atoms owing to accelerated
interdiffusion at the solid/liquid interface, while the formed Ni-
based compound layers were continuously consumed until the
transient liquid film contacted the HEC, as shown in Fig. 8(e).

The presence of the liquid film facilitated atomic interdiffusion
between the HEC and Nb,Ni layers. During this process,
transition metal atoms in the HEC were released into the high
melting point Nb,Ni layer, particularly Ta atoms, and the Ni and
Nb atoms in the Nb,Ni layer diffused into the HEC. The
remaining Ni atoms in the joint could be further homogenized.
After a sufficient bonding time of 60 min, the metallurgically
bonded HEC/Nb,Ni interface shown in Fig. 8(f) formed in the
joints.

In general, premised on the excellent high-temperature stability
and sluggish diffusion effect of the HEC, the large interaction
difference existed between the HEC/Ni interface and Nb/Ni
interface, a formed Ni-Nb eutectic liquid film sequentially
accelerated the in situ alloying of Nb and the interfacial diffusion

Diffusion-induced reaction stage
Liquid accelerated alloyization stage

between the HEC and the alloyed Nb,Ni, resulting in the
fabrication of a HEC joint with a high melting point Nb,Ni layer
at the diffusion bonding temperature that dramatically decreased
to 1200-1250 °C. Notably, the bonding mechanism could not be
applied to the joints in nonplanar components if it was difficult to
apply uniform pressure at the bonding interface. Additionally,
when conventional binary or composite ceramic substrates are
applied, Ni-based phases remain at the interface due to the
enhanced interaction between the conventional ceramics and the
initial Ni layer during the diffusion-induced reaction stage, as
shown in Figs. 8(a) and 8(b).

3.3 Mechanical properties of HEC joints bonded with a
Ni/Nb/Ni composite interlayer

Figure 9 shows the effects of bonding temperature and interlayer
type on the RT shear strength of the HEC joints. The joints with
different interlayers of pure Nb, Nb-1, Nb-2, Nb-3, and pure Ni
were diffusion bonded at 1200 °C under 10 MPa for 60 min,
respectively. The strength improved from 126 to 174 MPa as the
bonding temperature increased from 1150 to 1250 °C and
increased from 133 to 204 MPa with increasing Ni thickness.
Compared with the HEC/Nb/HEC diffusion-bonded joint, the
HEC joints with a composite interlayer exhibited a substantial
increase (4-6 times greater) in strength because the in situ alloying
of Nb and the presence of the liquid film accelerated the
interdiffusion at the bonding interface. The strength of the
HEC/Nb-3/HEC diffusion-bonded joint was 35% greater than
that of the HEC/NI/HEC diffusion-bonded joint, which was
probably attributed to the pinning effect of the eutectic liquid
phase penetrating the ceramics at the interface [38] and the
dispersion reinforcement effect of the fine NiNb phase in the IZ
layer.

Figure 10 displays fracture macrographs and corresponding
localized SEM images of the joints bonded at different
temperatures. The HEC and the Nb-based interlayer could be
viewed on the fracture surfaces, and the expanded area of HEC on
the fracture with increasing bonding temperatures illustrated
enhanced interfacial bonding. The EDS results of the exposed
interfacial zones on the fractures from 1150 to 1250 °C are
provided in Table S1 in the ESM. The Nb,Ni phases with high Nb
contents ranging from 53.33 to 57.46 at% were recognized by the
fracture characteristics of the coarse grains and obvious grain
boundaries in all the cases. The results indicated that joint failure
occurred at the interface between the Nb,Ni phase and the HEC.

<9

edNi

Improved contact stage

Fig.8 Schematic description of formation mechanism of in situ alloyed Nb and its diffusion-bonding interface with HEC: (a, b) diffusion-induced reaction stage,

(¢, d) liquid accelerated alloyization stage, and (e, f) improved contact stage.
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W B Y

Fig. 10 Macroscopic view of fractures and SEM images of failed interfacial zones for joints bonded at different temperatures: (a, b) 1150 °C, (c, d) 1200 °C,

and (e, f) 1250 °C.

At 1150 °C, a decreased Nb content of 46.00 at% and an increased
Ni content of 34.25 at% were detected in the region with the
appearance of fine pits in Fig. 10(b), which were assigned to the
NbNi phase. This implied that the crack that occurred primarily
in the Nb,Ni layer propagated into the IZ layer in the joint. With
increasing temperature, a large proportion of Nb,Ni phases were
observed, as shown in Figs. 10(d) and 10(f), indicating an identical
weak zone in the joints.

From the nanohardness results of the phases in the HEC joints
in Fig. 11, the nanohardness of Nb,Ni (15.2+1.5 GPa) was
between that of the pure Nb (5.7£0.2 GPa) and the HEC (36—
39 GPa [2,39]). The elastic modulus of the phases also exhibited a
similar trend. The formed Nb,Ni layer provided a transition
between the properties of soft Nb and the HEC, whereas its large
brittleness and inconsistency deformation with the HEC still
caused the failure of the HEC/ND,Ni interface when loaded. The
alteration of the interfacial microstructure from a
Nb,Ni/Nb/Nb,Ni layer to a homogeneous Nb,Ni layer at an
elevated bonding temperature of 1250 °C was beneficial for
improving the joint strength because the mismatched elastic
modulus between Nb and Nb,Ni caused increased differences in
the mechanical properties of the joint.

Figure 12 shows the macroscopic image and microstructure of
shear fracture for the HEC/Nb-3/HEC joints bonded at 1200 °C.
The exposed interfacial zone contained the Ni;Nb phase and the
HEC substrate, according to the EDS results in Table S2 in the
ESM. The interface between the Ni;Nb phase and the HEC was
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regarded as the failure position of the HEC/Nb-3/HEC joint.
Compared with the HEC/ND,Ni interfacial structure shown in
Fig. 6(a), the high strength of the HEC/Nb-3/HEC joint at RT
benefited from the modified fracture pattern. The microstructure
of the Ni;Nb phase in Figs. 12(b) and 12(c) was characterized by a
typical cleavage fracture, which was different from the
intergranular fracture and coarse grains of the Nb,Ni layer in
Figs. 10(e) and 10(f). The larger number of Ni-Nb liquid phases
generated in the HEC/Nb-3/HEC joint and penetration into the
HEC substrate also favored enhanced interfacial bonding. Despite
the slightly improved joint strength at RT, the increased Ni
thickness resulted in the formation of a Ni;Nb interlayer, which
did not alleviate the deformation mismatch in the joint during
loading. According to the results in Fig. 11, the nanohardness and
elastic modulus of the Ni;Nb phase were 13.9+1.6 GPa and
226.3£20.2 GPa, respectively, which approached those of the
Nb,Ni phase.

In Fig. 13(a), the high-temperature shear resistance of the joints
with Nb-based interlayers was further investigated at temperatures
up to 1000 °C. To directly visualize the high-temperature
advantage of HEC joints with a Nb-based interlayer over a Ni-
based interlayer under equivalent interfacial bonding states, the
HEC/Nb-1/HEC joint with a diffusion-bonded interfacial
structure between the Nb,Ni layer and the HEC was adopted for
comparison with HEC/Ni/HEC joints diffusion bonded at 1200 °C
(shear strengths at RT of HEC/Ni/HEC joints under different
bonding processes can be found in our previous work [15]). The

J Adv Ceram 2025, 14(1): 9221010
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Fig. 12 Macroscopic and microstructure of shear fracture for HEC/Nb-3/HEC joints bonded at 1200 °C: (a) macroscopic view and (b, ¢) SEM images.
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Fig. 13 High-temperature strengths and failure behavior of HEC joints: (a) shear strengths, (b-d) fracture surfaces of HEC/Nb-1/HEC joints at 1000 and 800 °C,
respectively, (e) fracture path of HEC/Nb-1/HEC joint and (f) fracture surface of HEC/Ni/HEC joint at 800 °C.

results revealed that the HEC/Nb-1/HEC joints had undiminished
strengths of 167 and 156 MPa when tested at 800 and 1000 °C,
respectively. Compared with the RT strength of 133 MPa, the
slightly increased strength values of the HEC/Nb-1/HEC joints
were probably related to the release of internal stresses in the
joints [24,40] and the enhanced plasticity of the Nb,Ni layer at
increased test temperatures. From the fracture surfaces in
Figs. 13(b)-13(d), the oxidized Nb,Ni phase with a 61.33 at% O
content suggested that the failure of the HEC/Nb-1/HEC joint still
occurred at the interface of Nb,Ni and HEC, and the fracture path
in Fig. 13(e) displayed a consistent result. The excellent high-
temperature resistance to softening and oxidation of Nb,Ni
supported the high-temperature reliability of the HEC/Nb-1/HEC
joints. It is foreseeable that the HEC joints are capable of serving at
1200 °C because the Nb-based interlayer, which has a high

https://doi.org/10.26599/JAC.2024.9221010

melting point above 1400 °C and good oxidation resistance, did
not tend to soften.

In comparison, the strengths of the HEC/Ni/HEC joints
significantly decreased from 151 MPa at RT to 105 MPa at 800 °C,
as shown in Fig. 13(a). On the fracture of the HEC/Ni/HEC joints
at 800 °C in Fig. 13(f), the large number of NiO zones with a large
plastic rheological appearance reflected that a relatively poor
resistance to high-temperature softening of the pure Ni interlayer
was the reason for joint failure. These results further confirmed
the unparalleled advantages of the refractory Nb-based interlayer
formed in situ in the HEC joints for their high-temperature
performance. The HEC joint with a Nb-based interlayer was
favorable for higher operating temperatures (800-1200 °C) in
oxidizing atmospheres than were the Ni-based interlayers for
primary structural components and moderate thermal loads (<
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800 °C), which represented a breakthrough in the current bonding
techniques for HECs to some extent.

4 Conclusions

In this study, on the basis of the excellent high-temperature
stability and sluggish diffusion effect of the HEC at the bonding
interface, the fabrication of HEC joints with improved high-
temperature performance at decreased bonding temperatures of
1200-1250 °C was achieved by constructing an in situ alloyed
refractory Nb-based interlayer and its eutectic liquid phase-
assisted bonding interface with the HEC. The main conclusions
included the following:

1) HEC joints with Nb-based interlayers relied on the in situ
alloying of 60 um Nb by 10 um Ni at 1200-1250 °C under 10 MPa.
The bonding structure of HEC/Nb,Ni in the joint transformed
into HEC/Ni;Nb when the Ni/Nb proportion exceeded 36% or
when the bonding temperature decreased excessively to 1150 °C.
This phenomenon was the result of the inability to consume Ni
even after the formation and extrusion of the eutectic liquid phase.

2) The HEC adjacent to the bonding interface maintained the
original FCC high-entropy structure. The diffusion of Ta atoms
from the HEC into the Nb,Ni layer favored the interfacial
bonding between the HEC and Nb,Ni. The reliability of the
HEC/Nb,Ni interface was confirmed by a coherence of
(141) i //(113) e and a calculated lattice misfit of 0.044.

3) The HEC joint with a Nb,Ni interlayer had a high RT
strength of 171 MPa. Although failure at 1000 °C invariably
occurred at the Nb,Ni/HEC interface, the joint exhibited excellent
high-temperature softening resistance from the nonweakened
joint strength, and its strength was at least 49% greater than that of
the HEC/Ni/HEC diffusion-bonded joint, which requires strict
surface conditions.
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