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Abstract
ZrB2-SiC ceramics and Nb alloy were brazed at 1160°C for 60 min with CoFeNiCrCuTix

high-entropy alloy filler. The influence of Ti content on the interface structure and mechanical

properties of ZrB2-SiC/Nb joint was systematically studied. It is found that the rich-Ti Laves

phase was formed due to the addition of large atomic size Ti fill into the filler alloy or brazing

joint, and its content increases with Ti content. The joint brazed by high-entropy alloys filler

without Ti can be divided into a tooth-shaped Cr2B reaction layer and a central area composed of a

eutectic mixed structure of FCC phase and rich-Nb lamellar Laves phase. Ti and Nb are mutual

solid solution elements. The increase of Ti content in the joint makes the FCC phase and the rich-

Nb lamellar Laves phase to transform into a big bulk Ti-rich Laves phase and the quadrilateral (Ti,

Nb)B phase. The tooth-shaped Cr2B was disappeared. The residual stress generated in the joint

during the brazing process tends to cause defects such as holes and microcracks in the bulk Ti-rich

brittle Laves phase. Therefore, with the addition of Ti, the normal temperature performance of the

joint decreases from 216 MPa to 52 MPa. However, with the increase of Ti, the high-temperature

mechanical properties of the joint first decrease, and then increase. It was mainly due to the

formation of rich-Ti Laves phase and quadrilateral (Ti, Nb)B with excellent high-temperature

mechanical properties. When brazing with CoFeNiCrCuTi1.5 filler, the high temperature

performance of the joint reached 92% of its room temperature performance.
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1. Introduction
     Ceramics have excellent physical, chemical and high temperature properties and have been

widely used as thermal structure materials in aerospace [1]. Ceramics are required to joining to

metals, such as Ni-based alloy [2], Nb [3, 4] and Ti-based alloy [5], in order to achieve a

component endowed with merits of metal and ceramic properties. Among the technologies of

joining ceramics and metals, brazing is considered to be an efficient, high-quality and simple

effective method [6].

Due to the inherent physical and chemical properties of ceramics and metals, there are some

basic problems need to be considered. Metal is difficult to wet ceramic because of the different

bond-type matching problems between ceramics and metals. The difference in coefficients of

thermal expansion (CTE) between metals and ceramics is large, and residual stress or even crack

is easily generated at the interface [7]. Researchers have conducted a lot of research on brazing

process optimization, interface physics and metallurgical coordination, and composite brazing

filler [8-15]. In terms of filler design and prepare, Huang et al. brazed Cf/SiC ceramics with TC4

alloy by using Ti-based alloy filler.  An obvious reaction layer was formed due to the reaction

between active Ti, Zr element and C, Cu, Ni [8]. Feng et al. study the microstructure evolution of

TiAl alloy and Cf/SiC ceramic with Ag-Cu-xTi alloys as filler through brazing process

optimization [10]. By adding particle phase, soft metal foil interlayer, foam metal and active

elements in the filler, the residual stress in the joint can be reduced and a high-quality joint can be

obtained. In order to relieve the residual stress of the joint and obtained a high-quality joint,

particulate phase, soft metal foil interlayer, foam metals and active elements were introduced. Ban

et al. [14] used a mixed powder of Cu, Ti and graphite to join SiC ceramic to Ti-based alloy. Chen

et al. prepared a Cf/SiC composite ceramic with porosity and performed densification after joining.

The wettability between the brazing filler metal and the ceramic is improved, and the filler melts

penetrates into the matrix of composite, which increases the wetting contact area and enhances the

strength of the joint [15]. In view of the above studies, adding active elements into the brazing

filler can reduce the wetting angle and achieve a good wettability of the joint interface, and

therefore obtain high-performance ceramic and metal brazed joints.

       In the traditional active filler system, Ni-Ti active filler is regarded as one of the choices of

high temperature filler due to its excellent high temperature performance. However, when brazing

with Ni-Ti high-temperature brazing filler metal, it is easy to generate a large amount of brittle

intermetallic compounds at the interface, resulting in greater residual stress and reducing joint

     Ceramics have excellent physical, chemical and high temperature properties and have been     Ceramics have excellent physical, chemical and high temperature properties and have been

widely used as thermal structure materials in aerospace [1]. Ceramics are required to joining towidely used as thermal structure materials in aerospace [1]. Ceramics are required to joining to

metals, such as Ni-based alloy [2], Nb [3, 4] and Ti-based alloy [5], in order to achieve ametals, such as Ni-based alloy [2], Nb [3, 4] and Ti-based alloy [5], in order to achieve a

component endowed with merits of metal and ceramic properties. Among the technologies ofcomponent endowed with merits of metal and ceramic properties. Among the technologies of

joining ceramics and metals, brazing is considered to be an efficient, high-quality and simplejoining ceramics and metals, brazing is considered to be an efficient, high-quality and simple

effective method [6].effective method [6].

Due to the inherent physical and chemical properties of ceramics and metals, there are some

basic problems need to be considered. Metal is difficult to wet ceramic because of the differentbasic problems need to be considered. Metal is difficult to wet ceramic because of the different

bond-type matching problems between ceramics and metals. The difference in coefficients ofbond-type matching problems between ceramics and metals. The difference in coefficients of

thermal expansion (CTE) between metals and ceramics is large, and residual stress or even crackthermal expansion (CTE) between metals and ceramics is large, and residual stress or even crack

is easily generated at the interface [7]. Researchers have conducted a lot of research on brazingis easily generated at the interface [7]. Researchers have conducted a lot of research on brazing

process optimization, interface physics and metallurgical coordination, and composite brazingprocess optimization, interface physics and metallurgical coordination, and composite brazing

filler [8-15]. In terms of filler design and prepare, Huang et al. brazed Cfiller [8-15]. In terms of filler design and prepare, Huang et al. brazed C

alloy by using Ti-based alloy filler.  An obvious reaction layer was formed due to the reaction

between active Ti, Zr element and C, Cu, Ni [8]. Fengbetween active Ti, Zr element and C, Cu, Ni [8]. Feng

TiAl alloy and CTiAl alloy and C

optimization [10]. By adding particle phase, soft metal foil interlayer, foam metal and activeoptimization [10]. By adding particle phase, soft metal foil interlayer, foam metal and active

elements in the filler, the residual stress in the joint can be reduced and a high-quality joint can beelements in the filler, the residual stress in the joint can be reduced and a high-quality joint can be

obtained. In order to relieve the residual stress of the joint and obtained a high-quality joint,obtained. In order to relieve the residual stress of the joint and obtained a high-quality joint,

particulate phase, soft metal foil interlayer, foam metals and active elements were introduced. Banparticulate phase, soft metal foil interlayer, foam metals and active elements were introduced. Ban

et al.et al. [14] used a mixed powder of Cu, Ti and graphite to join SiC ceramic to Ti-based alloy. Chen

et al.et al. prepared a Cprepared a C

The wettability between the brazing filler metal and the ceramic is improved, and the filler meltsThe wettability between the brazing filler metal and the ceramic is improved, and the filler melts

penetrates into the matrix of composite, which increases the wetting contact area and enhances thepenetrates into the matrix of composite, which increases the wetting contact area and enhances the

strength of the joint [15]. In view of the above studies, adding active elements into the brazingstrength of the joint [15]. In view of the above studies, adding active elements into the brazing

filler can reduce the wetting angle andfiller can reduce the wetting angle and

therefore obtain high-performance ceramic and metal brazed joints.therefore obtain high-performance ceramic and metal brazed joints.

       In the traditional active filler system, Ni-Ti active filler is regarded as one of the choices of       In the traditional active filler system, Ni-Ti active filler is regarded as one of the choices of

high temperature filler due to its excellent high temperature performance. However, when brazinghigh temperature filler due to its excellent high temperature performance. However, when brazing

with Ni-Ti high-temperature brazing filler metal, it is easy to generate a large amount of brittlewith Ni-Ti high-temperature brazing filler metal, it is easy to generate a large amount of brittle

intermetallic compounds at the interface, resulting in greater residual stress and reducing jointintermetallic compounds at the interface, resulting in greater residual stress and reducing joint



This article is protected by copyright. All rights reserved

performance. Qi et al. [16] successfully realized the SiC ceramics using Ni-Ti filler metal. The

study found that the Ti2Ni phase generated at the interface has a very high coefficient of thermal

expansion (CTE), and the residual stress caused by the CTE mismatch between Ti2Ni and SiC is

not conducive to the shear strength of the joint. At 600°C, the shear strength of the joint is only 36 

MPa, which is 52% of the room temperature shear strength. Zhang et al. [17] successfully brazed

Si3N4 ceramics with Ni-Au -V filler and evaluated the high-temperature mechanical properties of

the joint. The study found that a large number of brittle Ni-rich phases appeared in the joint, which

reduced the performance of the joint. At 800°C, due to the softening of the metal in the joint, the 

shear strength of the joint is only 35% of the room temperature shear strength. As a new type of

alloy system, high-entropy alloys have thermodynamically high-entropy effects that will promote

the mixing of elements, easily form body-centered or face-centered cubic solid solution structures,

thereby inhibiting the formation of brittle metal compounds; kinetic high-entropy alloys. During

the solidification process, the separation and diffusion process between the elements is very slow,

leading to delays in nucleation and growth, making the interface microstructure tend to be nano-

sized, and its resistance to high temperature tempering is excellent [18]. If used as a brazing filler

metal, its unique thermodynamic and kinetic properties are positive for inhibiting the excessive

dissolution of the base metal and filler elements during the brazing process, reducing the

generation of harmful substances at the interface, and improving the solid solution strengthening

ability of the joint. Based on our previous research, a high-quality joint of SiC ceramics was

achieved with the CoFeNiCrCu high-entropy alloy as filler [19]. Thanks to the high entropy effect

of CoFeNiCrCu filler, the joints was mainly composed of random solid solutions and have

excellent shear properties. During the formation of joint, the loss of elements from HEA alloy may

indeed lead to the damage of solid solution. In order to solve this problem, a new filler based on

HEA are under design and preparation. The key idea is to add a Ti in the HEA filler. The reasons

are follows. Firstly, Ti is more active than Cr. The mixing enthalpy between Ti and B is -

160kJ/mol [20]. So, Ti element can stabilize Cu element and even Cr element in CoFeCrNiCu

HEA, which can maintain the composition and microstructure of CoFeCrNiCu HEA. Secondly, as

an active element, Ti can improve the wetting of the ZrB2-SiC interface and is beneficial to the

metallurgical reaction of the joint. Finally, it is reported that the CoFeCrNiCuTix alloy with small

addition of Ti is still HEA alloy system [21].Therefore, in the present work, active element of Ti

was added into CoFeNiCrCu alloy to prepare a CoFeNiCrCuTix (x=0, 0.5, 1.5, x values in molar

ratio) filler system and the weldability of high entropy CoFeNiCrCu alloy filler system was
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studied. A systematically research was conducted to investigated the influence of CoFeNiCrCuTix
filler on shear property of brazed joints.

2. Experimental
ZrB2-20vol% SiC ceramic (with density of 4.93g/cm3), i.e. 90 % as compared to the fully

dense material, was provided by Harbin Institute of Technology. Nb plate with a purity of 99.95 %

was used as the metal substrate. The dimensions of ZrB2-SiC ceramic and Nb for brazing were

4mm×4mm×4mm and 10mm×10mm×4mm, respectively. The CoFeNiCrCuTix (x=0, 0.5, 1.5, x

values in molar ratio) high entropy alloy were prepared by arc melting technology. The master

alloys were re-melted 4 times to reach compositional homogeneity in a Ti-gettered argon

atmosphere and then cast into a copper mould to form rod samples with 6 mm in diameter. Then,

the CoFeNiCrCuTix alloy was cut into 0.6 mm and carefully polished to 0.4 mm with SiC

sandpaper. ZrB2-SiC ceramics and Nb alloys were alao cut and polished with the same

specifications of SiC sandpaper after on-line cutting, so that the surface to be welded on the

substrate was tightly combined with the filler during assembly.

 Before brazing, ceramics, metals and fillers were ultrasonically cleaned in acetone for 10

min. Brazing process was performed at 1160°C with a heating rate of 10 °C/min and holding for 

60 min in a vacuum brazing furnace (JVLF211) with a pressure < 6.0×10  Pa. The brazed

samples were cooled down at a rate of 5 °C/min to 300°C, and then naturally to the room 

temperature in the furnace.

The microstructure and phase of brazed joint was characterized by scanning electron

microscope (SEM, SU-8010), equipping with an energy-dispersive X-ray spectrometer (EDS) and

X-ray diffractometer (XRD, D-MAX Rapid II Cu ). Shear strength of joints were measured on

an Instron 5500 machine. The measurements were done three times to obtain an average value.

3. Results and discussion

Figures 1 and Table 1 depicts the microstructure and EDX analysis of as-cast

CoFeNiCrCuTix alloy filler, respectively. The CoFeNiCrCu alloy depicts a dendritic

microstructure, as shown in Fig. 1(a). Because of its higher electronegativity than other elements,

Cu element is less stable in FCC1 dendrites and is easily repelled into the interdendritic region.

The result agrees well with with our previous research [16]. Compared with the CoFeNiCrCu

alloy, the microstructure of the CoFeNiCrCuTi0.5 alloy has undergone obviously changes, the

filler on shearfiller on shear
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dendritic structure disappears and a small light grey cluster phase and an elliptical white phase are

formed, as shown in Fig. 1(b). According to EDX analysis of CoFeNiCrCuTi0.5 and previous

research [21], the light grey phase rich of (Ni, Ti) could be another FCC solid solution, and the

white phase was the Cu(s, s). The light grey FCC phase is named FCC2. When the Ti content was

increases to 16.7 at. % (x=1), compared with the CoFeNiCrCuTi0.5 alloy, the original FCC phase

disappeared and replaced by a large amount of eutectic structure composed of light gray phase,

black phase phase, gray phase, and white phase, as show in Fig. 1(c). According to EDX analysis

of CoFeNiCrCuTi, the light grey phase is a (Ni, Ti)-rich phase, the black phase is a (Ti, Co)-rich

phase, the grey phase is a (Cr, Fe)-rich phase, the white phase is a Cu-rich phase. It can be inferred

as FCC2 phase,  phase, Laves phase and Cu(s, s) phase, respectively. Shun et al. [22]

investigated the microstructure and mechanical properties of CoFeCrNiTix alloys with different Ti

content. It can be observed that the microstructures of the CoFeCrNiTi alloy were compose of the

rich-(Ni, Ti) phase, rich-(Cr, Fe)  phase and (Ti, Co)-rich Laves phase. Therefore, it can be

confirmed that the (Cr, Fe)-rich phase, (Ti, Co)-rich phase, (Ni, Ti)-rich phase and Cu-rich phase

are  phase, Laves phase, FCC2 phase and Cu(s, s) phase, respectively [22]. When the Ti content

was increases to 23 at. % (x=1), the  phase and eutectic structure disappear, a large number of

dendritic Laves phases are formed, and the intergranular region is mainly composed of FCC2

phase and Cu phase. In addition, a small amount of new black phase is formed in the intergranular

region, as show in Fig. 1(d). The new black phase is mainly composed of Cr element. The newly

formed light black phase is inferred as Cr phase. Cr is an unstable element, tending to accumulate

and precipitating between dendrites [23]. The XRD analysis results of CoCrFeNiCuTix alloy are

consistent with the above conclusions, as show in Fig. 2.

Fig. 3 shows the typical cross-sectional SEM image and EDS elemental mappings of the

ZrB2-SiC/Nb brazed joint obtained at 1160°C for 60 min using CoCrFeNiCu filler. As shown in 

Fig. 3(a), a defect-free joint with a thickness of about  is obtained by brazing with

CoCrFeNiCu filler. It can be found that there are two characteristic areas in the joint, namely the

reaction layer (Zone I) and the central area (Zone II). The Co, Fe, Ni, Cu, Nb and other elements

are evenly distributed in the Zone II, as shown in Fig. 3(c)-(g). Among them, Nb element mainly

exists in the gray lamellar structure, occupying the large area of the Zone II. The Zone I is mainly

composed of Cr and B elements, as shown in Fig. 3(h)-(i).

Fig. 4 shows the SEM image of typical interface microstructure of ZrB2-SiC/Nb joint brazed

at 1160°C for 60 min with CoCrFeNiCu filler. It can be found that the Zone I was tooth-like and 

formed, as shown in Fig. 1(b). According to EDX analysis of CoFeNiCrCuTiformed, as shown in Fig. 1(b). According to EDX analysis of CoFeNiCrCuTi
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Fig. 3(a), a defect-free joint with a thickness of aboutFig. 3(a), a defect-free joint with a thickness of about

CoCrFeNiCu filler. It can be found that there are two characteristic areas in the joint, namely theCoCrFeNiCu filler. It can be found that there are two characteristic areas in the joint, namely the

reaction layer (Zone I) and the central area (Zone II). The Co, Fe, Ni, Cu, Nb and other elementsreaction layer (Zone I) and the central area (Zone II). The Co, Fe, Ni, Cu, Nb and other elements

are evenly distributed in the Zone II, as shown in Fig. 3(c)-(g). Among them, Nb element mainlyare evenly distributed in the Zone II, as shown in Fig. 3(c)-(g). Among them, Nb element mainly

exists in the gray lamellar structure, occupying the large area of the Zone II. The Zone I is mainlyexists in the gray lamellar structure, occupying the large area of the Zone II. The Zone I is mainly

composed of Cr and B elements, as shown in Fig. 3(h)-(i).composed of Cr and B elements, as shown in Fig. 3(h)-(i).

Fig. 4 shows the SEM image of typical interface microstructure of ZrB

at 1160°C for 60 min with CoCrFeNiCu filler. It can be found that the Zone I was tooth-like and at 1160°C for 60 min with CoCrFeNiCu filler. It can be found that the Zone I was tooth-like and 
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closely combined with the Zone II, and the Zone II was mainly composed of gray lamellar

structure, as shown in Fig. 4(a). Fig. 4(b)-(d) were enlarged views of Zone I, Zone II and the

interface structure with Nb alloy, respectively. It can be found that a continuous tooth shape

interface reaction layer with a thickness of about  was formed between the ZrB2-SiC ceramic

and the joint, which was mainly composed of black phase A, as shown in Fig. 4(b). The formation

of the reaction layer effectively shows the chemical metallurgical connection between the ZrB2-

SiC ceramic and the joint. Fig. 4c and Fig. 4d show the morphology of feature area II and its

interface with Nb alloy. Zone II was mainly composed of the eutectic structure of gray phase B

and brown phase C. There are small amount of light gray phase D, dark gray phase E and black

phase F between gray phases B. The light white phase G exists near the interface of the Nb alloy.

To identify the phases A-G in the joint, the chemical compositions of the phases were listed in

Table 2. Based on Fe-Cr-C-B ternary phase diagrams [24], the phase A derived mainly from Cr

and B could be corresponds to Cr2B. Due to the diffusion of boron atoms in two borides that do

not have cubic crystal symmetry, tooth-like Cr2B dentate borides were formed [25]. Phase B was

an Nb-rich phase, phase C was composed of Co, Fe, Cr, Ni, and its composition was highly similar

to the Laves phase and FCC phase which reported by Filip [26]. The main reason for the formation

of Laves phase was due to the large amount of Nb alloy dissolved in the liquid filler during the

brazing process. The radius of Nb was larger than other elements and cause serious lattice

distortion, which made the FCC phase transform to the Laves phase [26]. Phase D mainly contains

Cr and B, Phase E mainly contains Cr, Fe and B, and the element stoichiometric ratios were nearly

5:1:3 and 2:1, respectively. Combined with Fe-Cr-C-B binary phase diagram [24], phase D and E

could be (Cr, Fe) 2B and Cr2B. The light gray phase F was mainly composed of Cu elements and

presumed it to be the Cu(s, s) phase. Due to Cu atoms were unstable element, it was easy to

precipitate between the crystals to form Cu(s, s) [19]. The chemical composition of phase G was

mainly composed of Nb element, indicating that the layer between zone II and Nb alloy was Nb(s,

s) phase [27]. Through the above analysis, it can be obtained that the A-G phases in the brazed

joint are Cr2B, Laves, FCC, (Cr, Fe) 2B, Cr2B, Cu(s, s),and Nb(s, s).

Fig. 5 shows the microstructure and main elements distribution of the ZrB2-SiC/Nb joint

brazed using CoCrFeNiCuTi filler at 1160°C for  As shown in Fig. 5(a), the microstructure

of the joint is composed of two characteristic zones: Zone I (interfacial reactive layer) and Zone II

(the brazed seam), respectively. A microcrack is detected in the Zone II. Zr element is mainly

distributed in ZrB2-SiC ceramic base material, as show in Fig. 5(c). The Co, Fe, Ni, Cu, Nb and Ti

structure, as shown in Fig. 4(a).structure, as shown in Fig. 4(a).
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precipitate between the crystals to form Cu(s, s) [19]. The chemical composition of phase G wasprecipitate between the crystals to form Cu(s, s) [19]. The chemical composition of phase G was

mainly composed of Nb element, indicating that the layer between zone II and Nb alloy was Nb(s,mainly composed of Nb element, indicating that the layer between zone II and Nb alloy was Nb(s,
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of the joint is composed of two characteristic zones: Zone I (interfacial reactive layer) and Zone IIof the joint is composed of two characteristic zones: Zone I (interfacial reactive layer) and Zone II
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are extensively distributed in the middle of the joint, as show in Fig. 5(c)-(h). The Cr element is

mainly segregated in the Zone I, as show in Fig. 5(i).

The BSE images of the ZrB2-SiC/CoCrFeNiCuTi/Nb joint brazed at 1160°C for 60 min are 

shown in Fig. 6. It can be seen from Fig. 6(a) that the total thickness of the joint was about 80

To identify the phases A-G in the joint, the chemical compositions of the phases were listed in

Table 3. It could be clearly observed in Fig. 6(b) that phases A and B were located in the Zone I.

Phases A mainly containing elements Cr and B, and the ratio was nearly 2:1. Phase C mainly

contains Cr, Co, Fe and Ni, and the element stoichiometric ratios were nearly 1:1:1:1. Chang et al.

[28] used the laser cladding method to prepare FeCrCoNiB high-entropy alloy coatings with

different Cr contents on the surface of AISI 1045 alloy, and reported the microstructure of the

coatings with different Cr contents. The results show that the coating is mainly composed of FCC

phase and Cr-B compound. When x>0.5, the borides generated in the coating are mainly Cr2B

phase. Therefore, the phase A and the phase C were identified as Cr2B phase and FCC phase. The

phase B and F was mainly formed by the Ti, Nb and B, and ascribed to (Ti, Nb)B. It was similar to

the research of Ding et al. [29].

It could be clearly observed that phases C, D, E and F were located in the Zone II, as show in

Fig. 6(c). The elements Cr, Co, Fe, Ni and Nb were detected in phase D, and the stoichiometry of

Cr: Co: Fe: Ni: Ti ratio in atomic percent was close to 1:1:1:1:1. It could be rich-Ti Laves. The

phase E was mainly composed of Cu elements. Combining the ratios, the phase D and phase E

could be the rich-Ti Laves phase and Cu(s, s) phase [16]. It can be found that a transition layer

mainly composed of phase G was formed near the Nb alloy interface, as show in Fig. 6(d).

According to the EDS analysis of phase G and previous research [27], the phase G was identified

as the Nb(s, s) phase which mainly composed of Nb elements. The typical interfacial

microstructure of the ZrB2-SiC/Nb joint brazed with CoCrFeNiCuTi at 1160°C for 60 min was 

ZrB2-SiC/Cr2B+(Ti, Nb)B/FCC+rich-Ti Laves+(Ti, Nb)B+Cu(s,s)/Nb(s, s)/Nb.

Fig. 7 shows the effects of Ti content on the average shear strength of ZrB2-SiC/Nb brazed

joints at room temperature and temperature of 650°C. After adding Ti, the joint shows poor 

performance. At room temperature, the shear strength of the joint without Ti was ~216MPa, and

gradually decreased with the increase of Ti content, down to ~58MPa (x=1), a decrease of 73%.

At 650°C, the shear strength of the joint without Ti is ~94MPa, and it first decreases and then 

increases as the Ti content increases. When the Ti content was increases to 23 at. % (x=1), the

shear strength of the joint is ~50MPa, which is only reduced by 14% relative to the shear strength
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at room temperature. It was higher than the high temperature shear strength of conventional Ni-Ti

high temperature filler brazed joints [16].

Fig. 8 depicts the effects of Ti content in the filler metal on the the microstructure of the

ZrB2-SiC/Nb brazed joints. It could be clearly found that although two characteristic zones can be

observed in all joints obtained by different Ti content filler, but the interface microstructure of two

zones in the joints has a significantly different. For the CoCrFeNiCu filler without Ti addition, a

homogeneous brazed joint with defect-free was observed, as shown in Fig. 8(a). At this time, the

reaction layer of the joint is in a continuous tooth shape, mainly composed of Cr2B phase, and the

width of the reaction layer was ~ 50 µm. Compared with the FCC phase and Cu(s, s) phase initial 

structure of CoCrFeNiCu filler, the central area of the joint was mainly composed of lamellar rich-

Nb Laves phase, and a small amount of mixed eutectic microstructure such as FCC phase, Laves

phase and Cu(s, s) phase also distributed in it. Liu et al. [30] systematically investigated the

influence of the addition of Nb on the CoCrCuFeNiNb HEA structure evolution and mechanical

properties. The results show that the addition of Nb, which has a large difference in atomic size

from other elements, will cause severe lattice distortion, thereby promoting the phase transition

from FCC to Nb-rich Laves phase. The continuous tooth-shaped reaction layer can promote the

close bonding between the weld and the substrate, and lamellar rich-Nb Laves phase has excellent

mechanical properties no matter at room temperature or high temperature. He et al. reported the

effect of different content of Nb in CoCrFeNiNb eutectic alloy. The research found that the

addition of Nb will make the lamellar rich-Nb Laves phase formed. The structure of the layered

Nb-rich Laves phase is still stable at 900°C and shows excellent mechanical properties [31]. 

Therefore, the room temperature shear strength of the joint was 216MPa. When tested at 650°C, 

the high temperature shear strength of the joint reached to 94MPa. With the Ti addition in the filler

material, the microstructure and mechanical properties of the joint changes greatly. When the Ti

content was increases to 9.9 at. % (x = 0.5), the tooth-shaped Cr2B layer was disappears, the

reaction layer is mainly composed of (Ti, Nb)B and Cr2B phases, and the thickness of the reaction

layer is reduced to , as shown in Fig. 8(b). It was observed that the joints with or without Ti

addition both contain a small amount of FCC phase, but due to the addition of Ti, the central area

of the joint changed from a lamellar rich-Nb Laves phase layer to a big connected Ti/Nb-rich

Laves phase double-layer structure. At the same time, because of the large brittle Laves phase

formation that defects such as cracks and cavity formed in the joint, which makes the shear

strength of the joint significantly reduced. However, due to the high thermal stability of the Laves

high temperature filler brazed joints [16].high temperature filler brazed joints [16].
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phase, its high temperature shear strength is close to 68% of the normal temperature shear strength

[32]. When the Ti content was increases to 16.7 at. % (x=1), compared with the joint with low Ti

content, it can be clearly observed from Fig. 8(c) that defects such as cracks were also obtained in

the joint, the (Ti, Nb)B phase in the reaction layer increases, and the thickness of the reaction layer

increases to  The central area of the joint which was rich-Ti/Nb Laves phase double-layer

becomes a single Ti-rich Laves phase layer, and a large amount of (Ti, Nb) B phase was formed. It

was probable due to the close atomic size of Ti and Nb, which can be dissolved in each other [33].

As Ti content increase, the transformation of the rich-Nb Laves phase to the rich-Ti Laves phase.

Zhang et al. [34] reported the variation of Gibbs free energy of carbides and borides with

temperature and found that compared to Cr2B, TiB has the greatest tendency to form due to its

lower Gibbs free energy at 1160°C, while Ti and Nb can be dissolved in each other, and the 

(Ti,Nb)B phase was thus formed. Therefore, compared with the joint with low Ti content, the

normal temperature performance of the joint with higher Ti content remains unchanged, and the

high temperature performance is improved to a certain extent. It was due to the formation of the

high temperature toughening phase (Ti, Nb)B, which was in line with the reported form Ref [35].

With the further increase of Ti addition, the number of (Ti, Nb) B phase and Ti-rich Laves phases

is further increased. When the Ti content was ~23at.% (x=1.5), the FCC phase in the central area
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8(d). In this moment, the normal temperature shear strength of the joint was further reduced to 52

MPa, and the high temperature shear strength was increased to 48 MPa, which close to the normal

temperature shear strength of the joint. It was benefit to the large-scale formation of the Laves

phase with strong high temperature stability and the high temperature tough phase (Ti, Nb)B. The

above conclusion was supported by the XRD results in Fig. 9.
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test, the fracture surfaces of the joints under different content of Ti were analyzed by SEM, and
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typical curved fracture, as shown in Fig. 10(a) and (e). With the addition of Ti, whether the test

was performed at room temperature or high temperature, the cracks start from the ceramic/filler

metal layer interface and then extend to the ceramic substrate near the joint, causing the ceramic

substrate to peel off, and the fracture surface was relatively flat, as shown in Fig. 10(b)-(d) and

(g)-(h). It was possible due to the increasing amount of bulk Laves phase with the addition of Ti,

resulting in larger residual stress at the ceramic/filler metal layer interface, causing microcracks in

the ceramic near the joint.

4. Conclusions
The effect of Ti content on the microstructure of CoFeNiCrCuTix high-entropy alloy fillers

and the microstructure and mechanical properties of ZrB2-SiC/Nb brazed joints brazed with

CoFeNiCrCuTix high-entropy alloy fillers with different Ti content are investigated in this paper.

1) The addition of Ti will make the filler change from a single FCC phase to a mixture of Ti-rich

Laves phase and FCC2 phase. With the Ti element increases, the number of Ti-rich Laves

phases in the filler alloy gradually increases.

2) The typical interface microstructure of ZrB2-SiC/CoFeNiCrCuTi/Nb joint brazed at 1160°C 

for 60 min is: ZrB2-SiC/Cr2B+(Ti, Nb)B/FCC+rich-Ti Laves+(Ti, Nb)B+Cu (s, s)/Nb( s,

s)/Nb.

3) The addition of Ti result the formation of large rich-Ti Laves intermetallic compounds in the

joint. With the addition of Ti, the central area of the joint changes from the mixed eutectic

structure of the layered FCC phase and rich-Nb Laves phase without Ti to the mixed structure

of the bulk rich-Ti Laves, FCC phase and (Ti, Nb)B phase. The reaction layer of the joint

changes from the tooth-shaped Cr2B reaction layer without Ti to a mixed structure of Cr2B

and (Ti, Nb)B, and the thickness was reduced to

4) When tested at room temperature, as Ti increases, the shear strength of the joint gradually

decreases. When brazing with CoFeNiCrCuTi1.5 filler, the minimum shear strength is 52 MPa.

When tested at 650°C, with the increase of Ti, the shear strength of the joint first decreased 

and then stabilized, and its high temperature stability continued to increase. When brazing

with CoFeNiCrCuTi1.5 filler, the high temperature performance of the joint was close to its

performance at room temperature.
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Table captions

Table 1 Results of EDS of CoFeNiCrCuTix (at. %)

Table 2 Results of EDS at points A~G in Fig. 4 (at. %)

Table 3 Results of EDS at points A~G in Fig. 7 (at. %)

Figure captions

Fig.1 Microstructure of the CoFeNiCrCuTix alloys (x=0, 0.5, 1and 1.5, x values in molar ratio): (a)

Ti0 (b) Ti0.5 (c) Ti (d) Ti1.5

Fig.2 XRD analysis of CoCrFeNiCuTix alloy

Fig. 3 Microstructure and EDS maps of ZrB2-SiC/Nb joint with CoCrFeNiCu filler: a) SEM of

joint; b) to i) the distribution of different elements

Fig. 4 The SEM image of typical interface microstructure of ZrB2-SiC/Nb joint brazed at 1160°

C for 60 min with CoCrFeNiCu filler: (a) the whole interface (b) Zone I (c) Zone II (d) Nb alloy

and zone II interface

Fig. 5 Microstructure and EDS maps of brazed joint with CoCrFeNiCuTi filler: a) SEM of joint; b)

to i) the distribution of different elements

Fig. 6 The SEM image of typical interface microstructure of ZrB2-SiC/Nb joint brazed at 1160°C 

for 60 min with CoCrFeNiCuTi filler: (a) the whole interface (b) Zone I (c) Zone II (d) Nb alloy

and zone II interface

Fig. 7 Shear strength of ZrB2-SiC/CoCrFeNiCuTix/Nb joint

Fig. 8 The SEM image of interface microstructure of ZrB2-SiC/Nb joint brazed at 1160°C for 60 

min with CoCrFeNiCuTix filler: (a) Ti0 (b) Ti0.5 (c) Ti (d) Ti1.5

Fig.9 XRD analysis of ZrB2-SiC/Nb joint brazed with CoCrFeNiCuTix filler with different Ti

content: (a) the reaction layer (b) the center area

Fig.10 Fracture micrographs of the joints brazed at 1160°C for 60 min with CoCrFeNiCuTix filler

after the shear test at room temperature or 650°C: (a) and (e) Ti0, (b) and (f) CoCrFeNiCuTi0.5, (c)

and (g) CoCrFeNiCuTi, (d) and (h) CoCrFeNiCuTi1.5.

Table 1 Results of EDS of CoFeNiCrCuTiTable 1 Results of EDS of CoFeNiCrCuTi

Table 2 Results of EDS at points A~G in Fig. 4 (at. %)Table 2 Results of EDS at points A~G in Fig. 4 (at. %)

Table 3 Results of EDS at points A~G in Fig. 7 (at. %)Table 3 Results of EDS at points A~G in Fig. 7 (at. %)

Figure captionsFigure captions

Fig.1 Microstructure of the CoFeNiCrCuTiFig.1 Microstructure of the CoFeNiCrCuTi

TiTi00 (b)

Fig.2 XRD analysis of CoCrFeNiCuTiFig.2 XRD analysis of CoCrFeNiCuTi

Fig. 3 Microstructure and EDS maps of ZrBFig. 3 Microstructure and EDS maps of ZrB

joint; b) to i) the distribution of different elementsjoint; b) to i) the distribution of different elements

Fig. 4 The SEM image of typical interface microstructure of ZrB2-SiC/Nb joint brazed at 1160Fig. 4 The SEM image of typical interface microstructure of ZrB2-SiC/Nb joint brazed at 1160

C for 60 min with CoCrFeNiCu filler: (a) the whole interface (b) Zone I (c) Zone II (d) Nb alloyC for 60 min with CoCrFeNiCu filler: (a) the whole interface (b) Zone I (c) Zone II (d) Nb alloy

and zone II interfaceand zone II interface

Fig. 5 Microstructure and EDS maps of brazed joint with CoCrFeNiCuTi filler: a) SEM of joint; b)Fig. 5 Microstructure and EDS maps of brazed joint with CoCrFeNiCuTi filler: a) SEM of joint; b)

to i) the distribution of different elements

Fig. 6 The SEM image of typical interface microstructure of ZrBFig. 6 The SEM image of typical interface microstructure of ZrB

for 60 min with CoCrFeNiCuTi filler: (a) the whole interface (b) Zone I (c) Zone II (d) Nb alloyfor 60 min with CoCrFeNiCuTi filler: (a) the whole interface (b) Zone I (c) Zone II (d) Nb alloy

and zone II interfaceand zone II interface

Fig. 7 Shear strength of ZrBFig. 7 Shear strength of ZrB

Fig. 8 The SEM image of interface microstructure of ZrBFig. 8 The SEM image of interface microstructure of ZrB

min with CoCrFeNiCuTimin with CoCrFeNiCuTi

Fig.9 XRD analysis of ZrBFig.9 XRD analysis of ZrB

content: (a) the reaction layer (b) the center areacontent: (a) the reaction layer (b) the center area

Fig.10 Fracture micrographs of the joints brazedFig.10 Fracture micrographs of the joints brazed

after the shear test at room temperature or 650°C: (a) and (e) Tiafter the shear test at room temperature or 650°C: (a) and (e) Ti

and (g) CoCrFeNiCuTi, (d) and (h) CoCrFeNiCuTiand (g) CoCrFeNiCuTi, (d) and (h) CoCrFeNiCuTi
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 Tables

Table 1 Results of EDS of CoFeNiCrCuTix (at. %)

Alloy Spot Ti Cr Fe Co Ni Cu Possible phase

CoFeNiCrCu
1a - 22.89 21.85 24.24 20.40 10.61 FCC

1b - 2.17 2.26 2.13 6.14 87.31 Cu(s, s)

CoFeNiCrCuTi0.5

2a 5.47 22.84 21.30 20.49 17.39 12.51 FCC

2b 13.56 11.64 13.45 17.06 24.30 20.00 FCC2

2c 0.23 4.51 4.12 9.02 78.39 Cu(s, s)

CoFeNiCrCuTi

3a 13.87 12.21 13.46 14.99 25.29 20.19 FCC2

3b 8.16 37.49 23.44 17.79 9.81 3.32

3c 21.74 14.51 19.06 21.56 17.69 5.44 Rich-Ti Laves

3d 1.56 2.08 2.99 2.41 3.80 87.16 Cu(s, s)

CoFeNiCrCuTi1.5

4a 2.78 70.01 16.99 7.08 2.21 0.94 Cr

4b 19.15 5.60 7.91 11.12 33.60 22.63 FCC2

4c 25.46 18.43 21.97 19.70 11.10 3.34 Rich-Ti Laves

4d 3.67 3.04 3.54 2.94 5.79 81.02 Cu(s, s)

Table 2 Results of EDS at points A~G in Fig. 4 (at. %)

Spot Zr Fe Co Ni Cu B Cr Nb Possible phase

A 0.10 0.44 0.08 0.03 0.59 37.19 61.54 0.04 Cr2B

B 0.43 15.67 16.59 16.96 6.09 7.14 12.67 24.45 rich-Nb Laves

C 0.25 27.22 23.24 20.48 12.86 4.35 11.22 0.38 FCC

D 0.39 11.22 3.33 0.67 0.29 27.14 55.21 0.31 (Cr, Fe)2B

E 0.08 3.08 2.15 0.92 0.10 29.82 63.08 0.09 Cr2B

F 0.08 0.22 8.63 3.46 75.32 7.71 0.93 3.64 Cu(s, s)

G 0.13 3.68 5.23 3.88 0.42 7.11 11.36 64.05 Nb(s, s)

Table 3 Results of EDS at points A~G in Fig. 7 (at. %)

Spot Zr Fe Co Ni Cu B Cr Nb Ti
Possible

phase

A 0.16 5.98 4.45 2.91 1.54 38.21 45.07 0.53 1.15 Cr2B

B 1.19 2.20 1.13 1.23 1.35 41.91 1.15 8.41 39.24 (Ti, Nb)B

C 0.09 22.78 20.67 19.62 3.05 10.44 15.41 0.60 7.34 FCC
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D 1.72 9.45 18.29 16.14 3.66 9.04 12.14 5.77 23.79 rich-Ti Laves

E 0.12 1.54 1.64 2.48 0.10 91.50 0.50 0.44 1.72 Cu(s, s)

F 1.03 1.29 2.50 0.97 1.81 45.90 0.97 8.56 36.97 (Ti, Nb)B

G 0.37 2.23 4.09 3.89 1.63 8.73 1.49 76.46 1.11 Nb(s, s)






















