
crystals

Article

Microstructure and Mechanical Properties of Diffusion-Bonded
CoCrNi-Based Medium-Entropy Alloy to DD5 Single-Crystal
Superalloy Joint

Shiwei Li 1,2, Xianjun Sun 1,2, Yajie Du 1,2, Yu Peng 1,2, Yipeng Chen 1,2, Zhaoxi Li 1,2, Jiangtao Xiong 1,2,*
and Jinglong Li 1,2,*

����������
�������

Citation: Li, S.; Sun, X.; Du, Y.;

Peng, Y.; Chen, Y.; Li, Z.; Xiong, J.;

Li, J. Microstructure and Mechanical

Properties of Diffusion-Bonded

CoCrNi-Based Medium-Entropy

Alloy to DD5 Single-Crystal

Superalloy Joint. Crystals 2021, 11,

1127. https://doi.org/10.3390/

cryst11091127

Academic Editor: Cyril Cayron

Received: 27 August 2021

Accepted: 11 September 2021

Published: 16 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072, China;
lisw@mail.nwpu.edu.cn (S.L.); 2019260981@mail.nwpu.edu.cn (X.S.); duyajie@mail.nwpu.edu.cn (Y.D.);
pengyuyu@mail.nwpu.edu.cn (Y.P.); 2019200858@mail.nwpu.edu.cn (Y.C.); zxli@mail.nwpu.edu.cn (Z.L.)

2 Shaanxi Key Laboratory of Friction Welding Technologies, Northwestern Polytechnical University,
Xi’an 710072, China

* Correspondence: xiongjiangtao@nwpu.edu.cn (J.X.); lijinglg@nwpu.edu.cn (J.L.)

Abstract: This study focuses on the diffusion bonding of a CoCrNi-based medium-entropy alloy
(MEA) to a DD5 single-crystal superalloy. The microstructure and mechanical properties of the joint
diffusion-bonded at variable bonding temperatures were investigated. The formation of diffusion
zone, mainly composed of the Ni3(Al, Ti)-type γ′ precipitates and Ni-rich MEA matrix, effectively
guaranteed the reliable joining of MEA and DD5 substrates. As the bonding temperature increased,
so did the width of the diffusion zone, and the interfacial microvoids significantly closed, representing
the enhancement of interface bonding. Both tensile strength and elongation of the joint diffusion-
bonded at 1110 ◦C were superior to those of the joints diffusion-bonded at low temperatures (1020,
1050, and 1080 ◦C), and the maximum tensile strength and elongation of 1045 MPa and 22.7%
were obtained. However, elevated temperature produced an adverse effect that appeared as grain
coarsening of the MEA substrate. The ductile fracture of the joint occurred in the MEA substrate
(1110 ◦C), whereas the tensile strength was lower than that of the MEA before diffusion bonding
(approximately 1.3 GPa).

Keywords: microstructure; mechanical properties; medium-entropy alloy; single-crystal superalloy;
diffusion bonding

1. Introduction

High-entropy alloys (HEAs), consisting of four or more elements with each concen-
tration between 5 and 35 at.%, exhibit various composition designs, interesting phase
transformations, and noble properties. HEAs have been receiving extensive research focus
since the conception of HEA was proposed [1–3]. Among these, HEAs with a face-centered
cubic (FCC) structure, represented by the CoCrFeMnNi family, have been attracting the
most attention during the past decade [4,5]. CoCrNi medium-entropy alloys (MEAs) with
low stacking fault energy (SFE) were optimized from CoCrFeMnNi HEAs. The MEAs
present a superior combination of strength and ductility because of nanoscale twins pro-
moting plasticity and continuous hardening [6–8]. Furthermore, CoCrNi-based MEAs
containing coherent nanoscale γ′ phase with an L12 superlattice structure, namely ordered
FCC structure, are potentially advantageous materials to compete with commercial su-
peralloys [9,10]. According to An et al. [10], a CoCrNi-based MEA composed of Ni3(Al,
Ti, Ta)-type γ′ precipitates and γ matrix processes a strength–ductility combination both
at room temperature and 700 ◦C (more outstanding than the performance of IN718 su-
peralloys) and unifies the complementary advantages of commercial solid-solution- and
precipitation-strengthened superalloys. Consequently, L12-strengthened CrCoNi-based
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MEAs are reasonably expected to be structural materials partly replacing commercial super-
alloys for potential engineering applications. Similarly, Ni-based single-crystal superalloys
produced by directional solidification (DS) are suitable for engineering applications with
extreme requirements due to their satisfactory high-temperature strength and outstanding
creep and oxidation resistance [11–13]. The proximity of CrCoNi-based MEAs and Ni-
based single-crystal superalloys in composition, performance, and applicable environment
makes the joining of MEAs and single-crystal superalloys highly anticipated for engi-
neering applications. In addition, the reliable joining of MEAs/single-crystal superalloys
can achieve complementary superiorities of both materials, significantly extending the
potential applications in areas such as the aviation industry, aerospace engineering, and
nuclear energy engineering [14,15].

Welding, an irreplaceable metal forming method, plays a pivotal role in the prac-
tical applications of emerging HEAs and MEAs. Recently reported welding methods
include fusion welding [16], friction welding [17,18], brazing [19,20], transient liquid phase
bonding [15], and diffusion bonding [21–23]. Diffusion bonding, a solid-state welding
technology, exhibits exceedingly good adaptability to advanced structural materials and
hardly damages the performance of base metal. In particular, diffusion bonding is a priority
for realizing a sound joint of dissimilar materials, which greatly relieves the problems such
as poor compatibility, residual stresses, and thermal cracks [24,25]. Diffusion bonding
of AlCoCrFeNi2.1 HEA to GH4169 superalloy and TiAl alloy was completed and the mi-
crostructural characteristics and mechanical properties were reported by Li et al. [22,23].
However, diffusion bonding of HEAs (or MEAs) to Ni-based single-crystal superalloys
has not yet been reported. The interfacial void closure, element diffusion characteristics,
effect of bonding parameters on joint performance, and fracture behavior of diffusion-
bonded joints are still undefined. Therefore, detailed investigation on diffusion bonding
of HEAs (or MEAs) to Ni-based single-crystal superalloys is of significant importance for
accelerating the realization of engineering applications.

In this study, the diffusion bonding of CoCrNi-based medium-entropy alloy to DD5
single-crystal superalloy was performed under vacuum. The typical microstructure and
microstructural evolution were investigated. The effect of diffusion bonding temperature
on the joint performance was evaluated. In addition, the mechanical properties and crack
propagation behavior of the joint under tensile test were elucidated.

2. Materials and Methods

The base materials used in this study were (CoCrNi)94Al3Ti3 MEA and DD5 single-
crystal superalloy. The chemical compositions of DD5 single-crystal superalloy and
(CoCrNi)94Al3Ti3 MEA are listed in Table 1. The (CoCrNi)94Al3Ti3 MEA was self-prepared
by arc melting mixed high-purity (greater than 99.95 wt.%) Co, Cr, Ni, Al, and Ti particles
under argon protection. The (CoCrNi)94Al3Ti3 ingot was remelted four times with electro-
magnetic stirring and then injected into a rectangular copper mold. The rectangular MEA
was treated by homogenization (i.e., 4 h duration at 1200 ◦C) and then water-quenched.
Next, the MEA was cold-rolled to the thickness reduction of 60% along the direction of
suction casting. Finally, recrystallization treatment for the rolled sheet was conducted at
1150 ◦C for 1.5 min to produce equiaxed grains, followed by aging at 800 ◦C for 2 h. The
DD5 single-crystal superalloy was manufactured by DS along [001] orientation and was
solution-treated at 1300 ◦C for 2 h followed by air cooling. Thereafter, the DD5 was aged at
1120, 1080, and 900 ◦C for 4 h and air-cooled.

Figure 1 shows the microstructure of the (CoCrNi)94Al3Ti3 and DD5 before diffusion
bonding. The (CoCrNi)94Al3Ti3 is composed of Ni3(Al, Ti)-type γ′ precipitates and γ

matrix (Figure 1a,b), consistent with that reported by Zhao et al. [9]. The DD5 contains
γ′ strengthening phase, γ matrix, and granular carbides mainly distributed in the inter-
dendritic zone, as shown in Figure 1c,d. The (CoCrNi)94Al3Ti3 and DD5 for diffusion
bonding were cut into cylinders by wire electrical discharge machining with heights of
5 and 15 mm respectively and both diameters of 16 mm. All the bonding surfaces were
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polished employing 1500-grit SiC paper to remove oxide films. After that, the samples for
diffusion bonding were ultrasonically cleaned in alcohol for 10 min, followed by drying
with cold air. Subsequently, the samples were fixed in a vacuum furnace by graphite
clamps. The assembly of the sample for diffusion bonding is presented in Figure 2. The
diffusion bonding processes were carried out at variable bonding temperatures of 1020,
1050, 1080, and 1110 ◦C for 1 h. A bonding pressure of 10 MPa was applied to promote
void closure, and the vacuum condition was maintained below 6 × 10−3 Pa throughout
diffusion bonding.

Table 1. Chemical composition of the DD5 single-crystal superalloy and (CrCoNi)94Al3Ti3 MEA (wt.%).

Base Metals Co Cr Al Ti Ta Hf Mo W Re B C Ni

DD5 7.38 6.96 6.10 - 6.42 0.14 1.42 5.02 3.02 0.003 0.052 63.485
(CoCrNi)94Al3Ti3 33.30 29.34 1.46 2.60 - - - - - - - 33.30
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(c) dendritic trunk and (d) interdendritic zone of DD5 single-crystal superalloy.

The microstructure of the diffusion-bonded joint was examined by scanning electron
microscopy (SEM, Helios G4 CX) coupled with energy-dispersive spectroscopy (EDS).
The distribution of chemical composition across the MEA/DD5 interface was detected
using EDS with a 10 kV accelerating voltage and scanning step of 0.05 µm. The peaks
chosen for the Cr, Co, Ni, Al, Ti, Mo, Ta, and W elements were K, L, L, K, K, L, M, and
M families, respectively. The mechanical properties of the diffusion-bonded joint were
evaluated employing a universal testing machine (Instron 3382). The tensile tests were
conducted with a speed of 0.5 mm/min at room temperature.



Crystals 2021, 11, 1127 4 of 10Crystals 2021, 11, x FOR PEER REVIEW 4 of 10 
 

 

 
Figure 2. Sketch of the diffusion bonding assembly for (CoCrNi)94Al3Ti3 MEA and DD5 single-crys-
tal superalloy. 

3. Results and Discussion 
3.1. Typical Microstructure of the Diffusion-Bonded MEA/DD5 Joint 

Figure 3 shows the microstructure of the (CoCrNi)94Al3Ti3 MEA to DD5 single-crystal 
superalloy joint that was diffusion-bonded at 1110 °C for 1 h. The interfacial microstruc-
ture illustrates that overall a sound bonded interface without apparent cracks and voids 
was obtained under this condition, as shown in Figure 3a. Figure 3b demonstrates the 
magnified photograph of the bonded interface in Figure 3a. A 6.9 μm thick diffusion zone 
was formed due to the interdiffusion of interfacial atoms, which was conducive to the 
realization of reliable joining. In addition, the chemical composition variation across the 
diffusion-bonded MEA/DD5 interface was clarified using EDS line scan, as presented in 
Figure 4. According to the EDS results, the matrix of the diffusion zone was mainly com-
posed of Ni, Co, and Cr, and the concentration of Ni was higher than that of Co and Cr, 
allowing the MEA to be considered as Ni-rich. Simultaneously, DD5 was rich in Al, pro-
moting Ni3(Al, Ti)-type γ′ formation, diffused from DD5 to MEA at the bonding temper-
ature (1110 °C), which led to the formation of supersaturated solid solution located in the 
diffusion zone (Figure 4b). After diffusion bonding duration, nanoscale Ni3(Al, Ti)-type γ′ 
phases labeled in Figure 3b were precipitated in the diffusion zone due to a decrease in 
solubility with temperature reduction. The microstructure efficiently corresponds to the 
EDS results, which also conforms to the study of Liu et al. [14]. To be clear, the EDS profile 
does not represent the exact composition profile because of the interaction volume. It is 
also a fact that the thickness of the diffusion zone obtained by SEM (Figure 3b) effectively 
corresponds to that measured by EDS (Figure 4), which illustrates that the EDS result is 
relatively accurate. 

 
Figure 3. Microstructure of the (CoCrNi)94Al3Ti3 MEA/DD5 single-crystal superalloy joint diffusion-bonded at 1110 °C for 
1 h: (a) interfacial microstructure and (b) corresponding magnified photograph. 
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3. Results and Discussion
3.1. Typical Microstructure of the Diffusion-Bonded MEA/DD5 Joint

Figure 3 shows the microstructure of the (CoCrNi)94Al3Ti3 MEA to DD5 single-crystal
superalloy joint that was diffusion-bonded at 1110 ◦C for 1 h. The interfacial microstructure
illustrates that overall a sound bonded interface without apparent cracks and voids was
obtained under this condition, as shown in Figure 3a. Figure 3b demonstrates the magnified
photograph of the bonded interface in Figure 3a. A 6.9 µm thick diffusion zone was formed
due to the interdiffusion of interfacial atoms, which was conducive to the realization
of reliable joining. In addition, the chemical composition variation across the diffusion-
bonded MEA/DD5 interface was clarified using EDS line scan, as presented in Figure 4.
According to the EDS results, the matrix of the diffusion zone was mainly composed of Ni,
Co, and Cr, and the concentration of Ni was higher than that of Co and Cr, allowing the
MEA to be considered as Ni-rich. Simultaneously, DD5 was rich in Al, promoting Ni3(Al,
Ti)-type γ′ formation, diffused from DD5 to MEA at the bonding temperature (1110 ◦C),
which led to the formation of supersaturated solid solution located in the diffusion zone
(Figure 4b). After diffusion bonding duration, nanoscale Ni3(Al, Ti)-type γ′ phases labeled
in Figure 3b were precipitated in the diffusion zone due to a decrease in solubility with
temperature reduction. The microstructure efficiently corresponds to the EDS results, which
also conforms to the study of Liu et al. [14]. To be clear, the EDS profile does not represent
the exact composition profile because of the interaction volume. It is also a fact that the
thickness of the diffusion zone obtained by SEM (Figure 3b) effectively corresponds to that
measured by EDS (Figure 4), which illustrates that the EDS result is relatively accurate.
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Notably, nanoscale microvoids remained in the diffusion zone of the joint diffusion-
bonded at 1110 ◦C for 1 h, as displayed in Figure 3b. The microvoids were probably due to
interfacial porosities (i.e., grinding and polishing imprints) not being completely closed
during the bonding duration. In general, interfacial porosities are gradually compacted
as a result of interfacial plastic deformation and creep under the combined action of
bonding temperature and pressure. The closure of residual microvoids that cannot be
compacted by plastic deformation and creep will be dominated by diffusion in the next
duration at bonding temperature. If closure of microvoids is not entirely accomplished
when diffusion bonding duration is completed, microvoids will remain in the interface of
bonded joints [26–28]. Evidently, nanoscale microvoids resided in the bonded joint under
this insufficient diffusion bonding condition for complete closure, as observed in Figure 3b.

3.2. Effect of Bonding Temperature on the Microstructure

Figure 5 shows the microstructure of the (CoCrNi)94Al3Ti3 MEA/DD5 single-crystal
superalloy joints that were diffusion-bonded at different bonding temperatures (1020, 1050,
and 1080 ◦C) for 1 h. Compared with the joint achieved at 1110 ◦C (Figure 3), interfacial
microvoids were evidently visible in the joints obtained at low bonding temperatures
(1020, 1050, and 1080 ◦C). Reasonably, the dimension and density of microvoids decreased
with the increase in bonding temperature due to high temperature reducing the resistance
of plastic deformation and creep and promoting the interdiffusion of interfacial atoms.
In addition, high temperature assisted the formation of the diffusion zone, principally
referring to the diffusion of Ni and Al from the DD5 to the MEA and the diffusion of Co
and Cr in the opposite direction. At high bonding temperature (1110 ◦C), a large amount of
Al diffused to the MEA, which resulted in the formation of supersaturated solid solution in
the interface region, namely the diffusion zone consisting of γ′ participates and Ni-rich
MEA (Figure 3b). On the contrary, the diffusion zone was blurred in the joints that were
diffusion-bonded at low temperatures (1020, 1050, and 1080 ◦C), as illustrated in Figure 5.
Thus, EDS line scan was performed to distinguish the interdiffusion of interfacial atoms.
Figure 6 exhibits the elemental distribution across the interface of the joints diffusion-
bonded at 1020, 1050, and 1080 ◦C. Diffusion zones with thicknesses of 3.0, 3.3, and 3.9 µm
were formed at 1020, 1050, and 1080 ◦C respectively, which were significantly thinner than
that of 1110 ◦C (6.9 µm). Notably, some errors are inevitable for EDS results because the
volume of emission of the X-rays emitted under the electron beam was ignored.

On the other hand, it is worth noting the effect of bonding temperature on the mi-
crostructural evolution of the base metals. It is reasonable to consider that the microstruc-
ture of DD5 hardly changed after the bonding processes, in which the bonding temperatures
(1020, 1050, 1080, and 1110 ◦C) were lower than that of aging treatment (1120 ◦C) and the
duration (1 h) was shorter than the aging time (4 h). However, the duration at bonding
temperatures led to grain coarsening of the (CoCrNi)94Al3Ti3 MEA in different degrees.
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The grain size of the MEA in different states is statistically summarized in Table 2. The
grain was significantly coarsened to 232 µm through the bonding process (1 h duration
at 1110 ◦C), which was approximately 3.6 times the grain size before diffusion bonding
(64 µm).
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Table 2. Grain size of the (CoCrNi)94Al3Ti3 MEA in different states (µm).

State of the MEA Before Bonding Bonded at 1020 ◦C Bonded at 1050 ◦C Bonded at 1080 ◦C Bonded at 1110 ◦C

Grain size 64 95 104 123 232
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3.3. Mechanical Properties of the Diffusion-Bonded MEA/DD5 Joint

The mechanical properties of the diffusion-bonded joints were evaluated by tensile
tests at 25 ◦C. Figure 7 shows the tensile strength and elongation of the joints diffusion-
bonded at different temperatures. Overall, the joints diffusion-bonded at low bonding
temperatures (1020, 1050, and 1080 ◦C) exhibit similar mechanical properties, including
tensile strength and elongation. The tensile strength and elongation are 955 MPa and
14.3% (1020 ◦C), 968 MPa and 15.2% (1050 ◦C), 970 MPa and 14.9% (1080 ◦C), respectively.
Comparatively, the joint diffusion-bonded at 1110 ◦C has superior tensile strength and
elongation of 1045 MPa and 22.7%, as illustrated in Figure 7. The apparent microvoids
and frail diffusion zones in the joints obtained at low temperatures limited the joint
performance [25,29,30]. Both tensile strength and elongation of the joint were improved
with bonding temperature elevated to 1110 ◦C due to high temperature promoting the
elimination of microvoids and formation of a sturdy diffusion zone, which sufficiently
corresponds to the above microstructural examination.

The fracture behavior and fracture mode of the diffusion-bonded joints were elu-
cidated by macro fracture and magnified surface morphologies. The macro fracture
morphologies (flat fracture) demonstrate that the propagation of crack occurred along
the MEA/DD5 interface in tensile tests of the joints achieved at 1020, 1050, and 1080 ◦C
(Figure 8a–c). The magnified morphologies of the fracture surface on the MEA side appear
as small shallow dimples accompanied by embedded γ′ particles (reasonably derived from
DD5), indicating a fracture feature occurring in the interface region. Otherwise, the joint
was broken in the MEA substrate under tensile load when the joint was diffusion-bonded at
1110 ◦C (Figure 8d). The MEA part was considered to undergo severe plastic deformation
before failure suggested by necking and fibrous zone, and typical ductile dimples were
detected on the fracture surface. Consequently, the MEA substrate became the weakest part
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of the joint when the sound MEA/DD5 interface was well achieved. Notably, the tensile
strength of the MEA after diffusion bonding at 1110 ◦C for 1 h decreased compared with
that of the MEA for bonding (approximately 1.3 GPa) [9], which was attributed to grain
growth from 64 to 232 µm. In addition, the tensile elongation of the joint varied greatly from
that of a single material sample or a conventional butt joint because the diffusion-bonded
sample was assembled into a special sandwich structure.
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4. Conclusions

In this study, the diffusion bonding of CoCrNi-based medium-entropy alloy to DD5
single-crystal superalloy was performed in a vacuum. The microstructure of the diffusion-
bonded joint was characterized, and the effect of bonding temperature on the microstruc-
ture was elucidated. The mechanical properties and fracture behavior of the joint were
evaluated. The following conclusions can be drawn:
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(1) The typical diffusion zone with a width of 6.9 µm was formed by diffusion bonding
at 1110 ◦C for 1 h, achieving the reliable joining of MEA and DD5 substrates. The diffusion
zone was composed of the Ni3(Al, Ti)-type γ′ precipitates and Ni-rich MEA matrix. In
addition, nanoscale microvoids remained in the diffusion zone due to the incomplete
closure of interfacial porosity.

(2) The width of the diffusion zone increased with the increase in bonding temperature;
on the contrary, the size and density of interfacial microvoids decreased. Furthermore, the
grain size of MEA substrate significantly grew to 232 µm (diffusion-bonded at 1110 ◦C),
which was approximately 3.6 times that of the MEA before diffusion bonding (64 µm).

(3) Both tensile strength and elongation of the joint diffusion-bonded at 1110 ◦C were
superior to those of the joints diffusion-bonded at low temperatures (1020, 1050, and
1080 ◦C). The maximum tensile strength of 1045 MPa and concurrent elongation of 22.7%
were achieved when the joint was diffusion-bonded at 1110 ◦C for 1 h. The typical ductile
failure of the joint occurred in the MEA substrate (1110 ◦C), clearly differing from the crack
propagating along the MEA/DD5 interface (low temperatures).
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