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Abstract: The transient liquid phase (TLP) bonding of CoCuFeMnNi high entropy alloy (HEA) was studied. The TLP 
bonding was performed using AWS BNi-2 interlayer at 1050 °C with the TLP bonding time of 20, 60, 180 and 240 min. 
The effect of bonding time on the joint microstructure was characterized by SEM and EDS. Microstructural results 
confirmed that complete isothermal solidification occurred approximately at 240 min of bonding time. For samples 
bonded at 20, 60 and 180 min, athermal solidification zone was formed in the bonding area which included Cr-rich 
boride and Mn3Si intermetallic compound. For all samples, the γ solid solution was formed in the isothermal 
solidification zone of the bonding zone. To evaluate the effect of TLP bonding time on mechanical properties of joints, 
the shear strength and micro-hardness of joints were measured. The results indicated a decrement of micro-hardness in 
the bonding zone and an increment of micro-hardness in the adjacent zone of joints. The minimum and maximum 
values of shear strength were 100 and 180 MPa for joints with the bonding time of 20 and 240 min, respectively. 
Key words: high entropy alloy; CoCuFeMnNi alloy; transient liquid phase bonding; bonding time; solid solution; 
isothermal solidification; microstructure; mechanical properties 
                                                                                                             

 

 

1 Introduction 
 

High entropy alloys (HEAs) are often defined 
as alloys which include five or more vital alloying 
elements with the concentration in the range of 
5−35 at.% [1−4]. HEAs have received great 
attention due to their excellent properties such as 
high-temperature resistance, acceptable thermal 
durability, high-temperature strength, remarkable 
corrosion behavior, cryogenic ductility, suitable 
wear resistance, and good fatigue properties [5,6]. 

Successful welding of HEAs with no defect 
can broaden their application range [7,8]. There are 
a large number of studies on the fabrication and the 
properties of HEAs [9]. However, there are a few 
reports on the welding processes of HEAs in the 
literature. Consequently, it is critical to investigate 
the welding behavior of HEAs [10]. The welding of 

HEAs has been carried out by different methods 
such as electron beam welding (EBW), gas  
tungsten arc welding (GTAW), friction stir welding 
(FSW), laser beam welding (LBW) and spot 
welding [7,8,10−19]. For instance, JO et al [14] 
successfully applied FSW and LBW welding 
techniques for the joining of CoCrFeMnNi HEA. 
Chemical inhomogeneity between dendritic and 
interdendritic areas and a large fluctuation in 
chemical composition of fusion zone were observed 
in samples welded by LBW process. However, they 
reported that mechanical properties of joints were 
comparable to annealed base metal. The weldability 
of CoCrFeMnNi HEA was also investigated by WU 
et al [7]. It was reported that there were no welding 
defects in the heat affected and fusion zones. 
Furthermore, the weldments had appropriate 
mechanical properties due to significant amounts of 
twinning activity in the fusion zone [7]. GTAW of  
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a rolled CoCuFeMnNi HEA was recently carried 
out by OLIVEIRA et al [20]. CoCrFeMnNi HEA 
exhibited good weldability and no welding defects 
were witnessed in the joint area. However, large 
grain size and low hardness of the fusion zone 
resulted in a decrease in the fracture strain of the 
joints [20]. 

CoCuFeMnNi HEA, with a similar amount of 
cobalt, copper, iron, manganese, and nickel, has 
been investigated [9,21,22]. It has been reported 
that CoCuFeMnNi HEA has single-phase face 
center cubic (FCC) structure [9,21−23]. In addition, 
this alloy exhibits appropriate tensile strength, 
ductility, and hardness [9,21]. The promising 
excellent mechanical properties make the 
CoCuFeMnNi HEA a potential candidate for 
engineering applications. In addition, it is crystal 
clear that welding process is one of the most 
important stages of developing new materials for 
engineering applications. In fact, welding allows 
the fabrication of intricately shaped structures from 
simple components [20]. Therefore, the influence of 
bonding process on new CoCuFeMnNi HEA needs 
to be studied before it can be developed for an 
engineering application. Hence, in this study an 
attempt was made to investigate the effect of 
bonding process on the microstructure and 
mechanical properties of CoCuFeMnNi HEA. 

Transient liquid phase (TLP) bonding is an 
alternative welding method for joining of advanced 
materials [24]. The TLP bonding process was 
carried out using an interlayer which contains 
melting point depressant (MPD) [25,26] or eutectic 
phase forming with constituent elements of base 
metals [27,28]. In interlayers with MPD elements, 
the diffusion of elements from interlayer to base 
metals and vice versa takes place. The diffusion of 
MPD elements leads to the increment of the 
interlayer’s melting point and the solidification   
of melted interlayer occurs at constant  
temperature [29]. The TLP bonding includes    
the advantages of diffusion bonding and    
brazing [30,31]. The presence of the interlayer in 
the TLP bonding process leads to formation of a 
thin liquid film between parent metals which 
removes the limitations of the diffusion bonding 
such as high surface smoothness and high bonding 
pressure [32−34]. Bonding at a temperature lower 
than the melting point of base metal [35] and the 
absence of bonding distortion in the base metal are 

among other advantages of the TLP bonding 
process [28,30]. Therefore, TLP bonding process 
could be an appropriate method for joining of 
CoCuFeMnNi HEA. 

Thus far, there are no studies on the TLP 
bonding process of HEAs. In the present work, we 
intended to characterize the microstructure and 
mechanical properties of CoCuFeMnNi HEA 
welded by TLP bonding using AWS BNi-2 
interlayer with focus on TLP bonding time. 
 
2 Experimental 
 
2.1 Materials 

The base metal samples with the dimensions of 
12 mm × 10 mm × 3 mm were prepared by wire 
cutting of spark plasma sintered CoCuFeMnNi 
HEA. AWS BNi-2 amorphous alloy with 50 μm in 
thickness and dimensions of 12 mm × 10 mm was 
utilized as the interlayer. The chemical 
compositions of the base metal and AWS BNi-2 
interlayer are given in Table 1. 
 
Table 1 Chemical compositions of base metal and AWS 

BNi-2 interlayer (at.%) 

Material Co Cu Fe Mn Ni Cr Si B C

Base 
 metal 21.3 18.1 21.4 18.2 21 − − −  

AWS
 BNi-2 − − 3 − Bal. 7 4.5 3.2 0.06

 
2.2 Preparation of samples 

The preparation of the samples was carried out 
by grinding on 180 to 2400 grit SiC papers. Then, 
samples and interlayer were cleaned by acetone in 
an ultrasonic bath for 20 min and were dried at 
room temperature. The AWS BNi-2 interlayer was 
subsequently laid between HEA samples. The TLP 
bonding was performed using a vacuum furnace 
with the vacuum of 665×10−5 Pa at 1050 °C for  
20, 60, 180 and 240 min. The selected bonding 
temperature was 50 °C higher than the melting 
point of AWS BNi-2 interlayer (1000 °C). 
 
2.3 Microstructure characterization 

The TLP bonded and base metal samples were 
cut and their cross-sections were ground by 800 to 
2400 grit SiC papers and polished with 1 and 
0.05 μm of alumina powder. Field emission 
scanning electron microscope (FESEM, Quanta 
450−FEG-FEI) and scanning electron microscope 
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(SEM, Philips XL30) were used to characterize the 
microstructure of base metal and TLP bonded 
samples. Investigation of the concentration profiles 
of alloying elements and the chemical composition 
of phases formed at the bonding zone of joints were 
carried out using energy dispersive spectroscopy 
(EDS). Phase identification of base metal and 
fracture surfaces was carried out using X-ray 
diffractometry in a Philips X’Pert-MPD system 
with Cu Kα radiation at 2θ=10°−90°. 
 
2.4 Mechanical properties measurement 

Hardness profile across the cross-section of 
samples was determined using the Vickers micro- 
hardness tester (Micromet-S101, Mitutoyo, Japan) 
under the load of 100 g and dwell time of 10 s. In 
order to investigate the shear strength of the TLP 
joints, three samples of each bonding condition 
were tested at the loading rate of 0.5 mm/min based 
on the AWS C3.2M/C3.2 standard. The schematic 
of the fixture used for the shear test is presented in 
Fig. 1. Fracture surfaces of samples after shear tests 
were analyzed using SEM and XRD. 
 

 
Fig. 1 Schematic of shear strength fixture 

 
3 Results and discussion 
 
3.1 Assessment of base metal microstructure 

CoCuFeMnNi HEA base metal was fabricated 
through spark plasma sintering technique. The 
FESEM images of base metal are shown in Fig. 2. 
The microstructure of base metal consists of a 
single-phase solid solution. The dark areas on the 
image are residual pores. As can be seen in Fig. 2, 
the porosity level in balk sample is very low. The 
porosity level, measured by Archimedes method, 
was about 3%. 

 

 
Fig. 2 Microstructure of CoCuFeMnNi HEA base metal 

fabricated by spark plasma sintering at low (a) and  

high (b) magnifications 

 
3.2 Microstructure of joints 

SEM micrographs of TLP joints generated at 
1050 °C for 20, 60, 180, and 240 min are shown in 
Fig. 3. There are different distinguished areas in the 
bonding zone (BZ) of all the samples: base metal 
(BM), isothermal solidification zone (ISZ), and 
athermal solidification zone (ASZ). 

In comparison to the microstructure of initial 
base metal (Fig. 2), the porosity level of base metal 
has not changed after the TLP bonding process. 
Fine dark spots observed in base metal 
microstructure are pores which were formed during 
the TLP bonding process due to thermal cycles of 
joining procedure. As can be seen, the irregularly 
shaped pores of base metal have changed into 
spherical and larger pores after bonding process. 

In order to investigate the phase 
transformation of CoCuFeMnNi HEA, XRD 
patterns of base metal before and after the bonding 
process at 1050 °C with different holding time are 
presented in Fig. 4. It is observed that no new 
phases were formed in base metal during the TLP 
bonding process. 

The formation of the intermetallic compounds 
in the joint area of Figs. 3(a−c) revealed that 
bonding time was not sufficient. Therefore, the 
isothermal solidification was not complete and as a 
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Fig. 3 SEM images of TLP bonded samples fabricated at 1050 °C for 20 min (a), 60 min (b), 180 min (c), and      

240 min (d)  

 

 

Fig. 4 XRD patterns of base metal before and after TLP 
bonding process at 1050 °C with bonding time of 20 min, 
60 min, 180 min, and 240 min 
 
result, ASZ was formed at joints with TLP bonding 
time of 20, 60 and 180 min. In fact, insufficient 
bonding time leads to the formation of ASZ and 
intermetallic compounds [36−38]. Thus, the 
microstructures of samples with the bonding time of 
20, 60 and 180 min are identical. In order to 
achieve a uniform free intermetallic compounds 
microstructure, the bonding time was increased up 
to 240 min. The microstructure of TLP bonded 
sample produced at 1050 °C for 240 min (Fig. 3(d)) 
indicated that increasing TLP bonding time up to 
240 min resulted in an almost perfect isothermal 
solidification due to the elimination of the most of 
intermetallic compounds. As seen in Fig. 3(d), only 

a few traces of the intermetallic compounds are 
observed which were shown by yellow arrows. 

The thickness of the bonding zone was 
calculated using ImageJ image analysis software 
(Table 2). It can be seen that the width of the joint 
areas decreased compared to the thickness of the 
AWS BNi-2 initial interlayer (50 μm). The 
decrement in the joints’ width can be ascribed to the 
diffusion of elements from interlayer. Consequently, 
it can be suggested that diffusion affected zone 
(DAZ) was formed next to the bonding zone, but 
DAZ cannot be clearly observed on the 
microstructure due to pores of base metals. 
Nevertheless, the microstructure of base metals 
around the bonding zone (red arrows) is slightly 
different from far ones. In these regions, the density 
of pores is lower than that in other regions. 
 
Table 2 Width of joint regions at different bonding time 

Bonding time/min Joints width/μm 

20 42 

60 34 

180 30 

240 42 

 
Bonding time of 20 min was insufficient for 

the diffusion of B, Cr, Si and Ni atoms to adjacent 
HEA. Thus, the thickness of the joint area was 
similar to the initial interlayer thickness (about 
42 μm). Increasing the bonding time up to 180 min 
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reduced the width of the bonding areas to 30 μm. 
As it can be perceived from Fig. 3(d), the 

bonded region of the joint with 240 min bonding 
time is greater than other samples. In fact, 
increasing the bonding time to 240 min leads to 
almost complete isothermal solidification, 
dissolution of base metals and diffusion of elements 
from base metals to the bonded area. According to 
the Fick’s laws, the concentration gradient of 
constituent elements resulted in the migration of 
these components from base to the centerline of 
joint [39]. 

EDS analysis results of different regions of 
TLP joints marked in Fig. 3 are presented in   
Table 3. Different phases formed in the TLP 
bonding zone (Spots 1−9) are elaborated as follows. 
EDS analysis results of Spots 1, 4, 7, and 10, which 
are located in ISZ, suggest that γ solid solution  
was formed. Formation of the γ solid solution   
was also reported in previous works on TLP 
bonding using nickel-based interlayers [36−40]. 
The absence of Ni-silicide was due to relatively 
good solubility of Si in γ solid solution [36]. It 
could be seen that the amount of Co, Cu, Fe, and 
Mn increased with respect to the chemical 
composition of the initial interlayer (Table 1) due to 
the dissolution of base metal and diffusion of 
elements from base metals to bonding region. 
Furthermore, comparison of EDS analysis results 
for isothermal solidification zone of different 
samples (Spots 1, 4, 7, and 10) shows that increase 
in bonding time increases the concentration of main 

components of base metal (Co, Cu, Fe, and Mn 
elements) while the concentration of main 
component of AWS BNi-2 interlayer (Ni element) 
in the bonding zone reduces. This could be related 
to higher diffusion of elements as the bonding time 
increases from 20 to 240 min. 

Gray phases (Spots 2, 5, 8, and 11) in the 
bonding zone are probably Cr-rich borides. 
Formation of γ solid solution during the TLP 
bonding process and cooling from bonding 
temperature leads to rejection of B and Cr elements 
into the residual melt. Therefore Cr-rich and Ni-rich 
borides might be formed [36]. Cr-rich borides were 
also observed in several works which utilized AWS 
BNi-2 as an interlayer [41−44]. The fraction of 
intermetallic compounds was noticeable for 
samples bonded for 20, 60 and 180 min. According 
to the microstructure of joints, it can be seen that 
most of the Cr-rich borides are eliminated when the 
bonding time increased to 240 min due to the 
diffusion of constituent elements of MPD from 
interlayer to adjacent base metals. For sample  
with the bonding time of 240 min, there have  
been sufficient time for diffusion of B and Si 
elements from interlayer into the adjacent base 
metal. 

The time needed to complete isothermal 
solidification depends on the solid-state diffusion of 
MPD atoms from interlayer to base metal [45,46]. 
GHASEMI et al [45] used the Fick’s law and 
provided the following equation for the flux (J) of 
MPD atoms from the interlayer to the base metal: 

 
Table 3 EDS results of different areas marked in Fig. 3 (at.%) 

Spot Co Cu Fe Mn Ni Cr Si Deduced phase 

1 6.9 8.6 9.7 10.3 50.5 3.1 10.9 γ solid solution 

2 0.9 0.7 1.6 3 1.4 89.9 2.5 Cr-rich boride 

3 0.4 0.5 0.3 52.2 0.6 0.7 45.3 Mn-silicide 

4 7.5 8.7 11.5 13.9 44.6 3 10.8 γ solid solution 

5 5.1 0.7 12.3 5.2 4.8 67.6 4.3 Cr-rich boride 

6 0.5 0.7 0.3 42.4 0.7 0.7 54.7 Mn-silicide 

7 10.5 12.2 13.9 16.7 37.4 2.2 7.1 γ solid solution 

8 6.2 0.5 13 8.9 4.7 63.7 3 Cr-rich boride 

9 0.9 0.7 1.5 51.9 1.5 0.8 42.7 Mn-silicide 

10 10.7 13.4 14.6 17.5 36.4 0.5 6.9 γ solid solution 

11 7.1 0.4 16.5 13.6 3.1 56.7 2.6 Cr-rich boride 

12 0.9 0.4 2.9 50.4 2 0.1 43.3 Mn-silicide 
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where Cbm is the initial composition of MPD in the 
base metal, Cs is the equilibrium concentration of 
MPD in solid phase (base metal) at the solid/liquid 
interface, and Ds is the diffusion coefficient for 
MPD atoms. According to this equation, two key 
factors control the flux of atoms during the TLP 
process which include the follows [45]. 

(1) Diffusion kinetics: MPD atoms with higher 
diffusion coefficients result in higher atomic flux 
and therefore shorter isothermal solidification time. 
Diffusion coefficient is a function of the intrinsic 
characteristics of MPD and base metal atoms. It is 
therefore necessary to investigate the diffusion 
coefficient of MPD atoms of the AWS B-Ni2 
interlayer into the base material. In general, 
diffusion rate of interstitial atoms (such as boron 
atoms in AWS BNi-2 interlayer) is higher than that 
of substitutional atoms (such as silicon atoms in 
AWS BNi-2 interlayer) [45]. However, reports also 
indicate that the diffusion rate is lower in high 
entropy alloys which is known as the sluggish 
diffusion effect [47−51]. Therefore, it is predicted 
that MPD atoms will have low diffusivity in the 
base metal. 

(2) Diffusion thermodynamics: The difference 
between the concentration of MPD atoms in the 
interlayer/base metal interface (Cs) and the 
concentration of MPD atoms in the base metal (Cbm) 
is the driving force of the diffusion. Higher 
difference in concentration of MPD atoms between 
interface and base metal results in higher 
thermodynamic driving force for diffusion of MPD 
atoms and reduces the time necessary for isothermal 
solidification [45]. In bonding of CoCuFeMnNi 
HEA using AWS BNi-2 interlayer, Cbm=0. 
Therefore, the solid solubility of MPD in the base 
metal (Cs) will be the determining factor in 
thermodynamic driving force for diffusion. 
Therefore, the higher solubility of MPD atoms in 
the solid phase interface will result in faster 
isothermal solidification. Evaluation of binary 
phase diagrams for base metal components (Co, Cu, 
Fe, Mn and Ni) with MPD atoms present in the 
interlayer (B and Si atoms) indicates that MPD 
atoms have low solubility in the components of the 
base metal which in turn reduces the solubility of 
MPD atoms in this alloy. Therefore, the 

thermodynamic driving force of diffusion is low 
when AWS BNi-2 interlayer is used for the TLP 
bonding of CoCuFeMnNi alloy. 

Based on these facts, it appears that the 
reasons for longer isothermal solidification time are 
the sluggish diffusion effect in high entropy alloys 
and low solubility of MPD atoms in the 
CoCuFeMnNi HEA base metal. 

EDS analysis results of dark phases (Spots 3, 6, 
9, and 12) in the microstructure of TLP bonded 
samples revealed that Mn-silicide compound is 
formed in the joint zone. XRD pattern for fracture 
surface of sample bonded at 20 min shows the 
existence of Mn3Si in the bonded area. 

As can be seen from the microstructure of 
joints, the amount of silicides is smaller than 
borides because the solubility of Si element in base 
metal is higher than the B element. In addition, the 
diffusion coefficient of B element is higher than 
that of the Si element due to the smaller atomic 
radius. At constant temperature, smaller atomic 
radius results in lower diffusion activation energy 
and therefore larger diffusion coefficient. 
Furthermore, the diffusion mechanism of B element 
is interstitial and the diffusion mechanism of Si 
element is substitutional. In the interstitial diffusion, 
the diffusion of atoms is relatively simple since the 
atoms diffuse in the empty interatomic spaces. 
However, in the substitutional diffusion, atoms can 
only diffuse to a neighboring vacancy. This can 
result in different activation energies between 
interstitial and substitutional diffusion mechanisms. 
The activation energy for interstitial diffusion (QID) 
is equal to the changes in migration enthalpy (ΔHm) 
while activation energy of substitutional diffusion 
(QSD) includes migration enthalpy (ΔHm) as well as 
the formation enthalpy for 1 mol of vacancies (ΔHv). 
In other words, 
 
QID=∆Hm                                                 (2) 
QSD=∆Hm+∆Hv                                          (3) 
 

This means that the requirement for the 
presence of vacancy in substitutional diffusion 
results in higher activation energy and lower 
diffusion coefficient. It has also been reported that 
the fraction of silicides in the bonding zone of TLP 
bonded samples is lower than borides [52]. As it 
was expected, increasing the TLP bonding time led 
to almost complete removal of Mn3Si phase from 
the bonding zone. 
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The variation of element concentration across 
the bonding zone for samples with the bonding time 
of 20 and 240 min are shown in Fig. 5. The 
presence of constituent elements of the base metal 
in the bonding zone indicates that the dissolution of 
base metal occurs during TLP bonding process. As 
can be seen from Fig. 5, at longer TLP bonding 
time, the concentration profile smoothed due to 
sufficient time for diffusion of elements from base 
metal into interlayer and vice versa. Formation of 
Cr-rich and silicide phases in joint with the TLP 
bonding time of 20 min is associated with the 
fluctuation in Ni concentration. 
 

 
Fig. 5 EDS line analysis of TLP bonded samples bonded 

at 1050 °C for 20 min (a) and 240 min (b)  

 
Considerable chemical composition 

fluctuations in the welding zone of HEAs welded 
by fusion welding processes have been reported in 
others researches [14,53]. These fluctuations in 
chemical composition can affect the mechanical 
properties of the welded specimens. Hence, 
chemical composition homogeneity in the bonding 
zone of TLP bonded sample with the bonding time 
of 240 min is a key advantage in comparison with 
other welding techniques. 

3.3 Shear strength evaluation 
To assess the effect of the bonding time at 

1050 °C on the shear strength, samples with 
different TLP bonding time of 20, 60, 180, and 
240 min were evaluated by shear strength test, and 
the results are presented in Fig. 6. As can be seen, 
the shear strength of TLP bonded samples improves 
with increasing the bonding time. Shear strength 
changes can be attributed to the formation of 
intermetallic compounds in the bonding zone. Low 
shear strength for 20 and 60 min is related to the 
high amount of Cr-rich borides and Mn3Si 
intermetallic compound. The difference between the 
shear strength of these samples can be ascribed to 
the morphology of phases formed in the bonding 
zone. As it could be seen from Fig. 3(a), some of 
the Cr-rich borides in isothermal solidification zone 
(ISZ) showed needle-shaped morphology which led 
to the lower shear strength of the sample with the 
bonding time of 20 min. As a matter of fact, 
needle-shaped phases facilitated the crack 
propagation in the bonding zone. Reduction in 
athermal solidification zone (ASZ) phases for the 
sample with the holding time of 180 min led to 
higher shear strength of the joint with the bonding 
time of 180 min. By raising the TLP bonding   
time to 240 min and achieving an approximately 
fully isothermal solidification, the shear strength of 
joint increased due to the elimination of ASZ 
phases. Similar results were also reported 
previously [54,55]. The maximum shear strength of 
joints (180 MPa) was about 50% of shear strength 
of the base metal (320 MPa). 
 

 
Fig. 6 Variations of shear strength of TLP bonded 

samples at various TLP bonding time 

 
3.4 Micro-hardness  

In order to appraise the effect of TLP bonding 



Mohammad Ali KARIMI, et al/Trans. Nonferrous Met. Soc. China 31(2021) 3063−3074 3070

time on micro-hardness of TLP bonded joints, the 
Vickers hardness of different samples was  
measured. The average value of hardness for initial 
base metal was 330 HV0.1N. As it was explained in 
Section 3.2, after TLP bonding process, the porosity 
shape and the porosity size of base metal changed, 
leading to a drop in the hardness value of base 
metal. The maximum hardness value of base metal 
after TLP bonding was 273 HV0.1N which is 
significantly lower than that of initial base metal. 
As can be seen in Fig. 7, the hardness value of the 
base metal for all samples showed noticeable 
fluctuations. These results are attributed to the 
porous microstructure of base metals. 

Typically, by increasing the TLP bonding time, 
the heat input induced by bonding process increases. 
Therefore, as can be seen from Fig. 7, the average 
hardness of base metal decreased. The decrement in 
the micro-hardness value of the bonded area in 
different samples is related to γ solid solution 
formation and isothermal solidification. 
Furthermore, it can be seen that with increasing the 

bonding time from 20 to 240 min, the micro- 
hardness value of the bonded area increases. This 
could be related to the concentration increment of 
base metal constituent elements (Co, Cu, Fe, and 
Mn elements) in the bonding zone which is reported 
in Table 3 and discussed in Section 3.2. 

Regarding the hardness value in the adjacent 
zone of joints, it could be observed that the 
hardness value increased in adjacent base metal. 
The increment hardness value in the adjacent base 
metal could be due to the formation of hard 
compounds in DAZ. Similar results were also 
reported by AMIRI et al [54] in TLP joints of 
GTD-111/Ni−Cr−Fe−B−Si/GTD111system. 

 
3.5 Fracture surfaces analysis 

Fracture surface images of samples prepared  
at 1050 °C with different TLP bonding time are 
illustrated in Fig. 8. As it was anticipated from the 
microstructure of joints, the brittle fracture took 
place in the joints with the bonding time of 20, 60 
and 180 min due to the presence of the intermetallic  

 

 

Fig. 7 Micro-hardness profiles of TLP joints bonded at 1050 °C for different bonding time: (a) 20 min; (b) 60 min;     

(c) 180 min; (d) 240 min 
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Fig. 8 SEM images of fracture surfaces of TLP joints bonded at 1050 °C for 20 min (a), 60 min (b), 180 min (c), and 

240 min (d)  

 
compounds in the joint area which facilitated crack 
propagation. Cleavage planes on fracture surface 
are indicant of brittle fracture (see Figs. 8(a−c)). 
These observations justify the low shear strength of 
these samples. Figure 8(d) illustrates the fracture 
surface of TLP bonded joint with the holding time 
of 240 min. The domination of dimples on the 
fracture surface showed that ductile fracture 
occurred in this situation. These results are in 
agreement with the microstructure and mechanical 
properties of TLP bonded joints reported     
earlier [36]. 

The XRD patterns of fracture surfaces for 
joints generated with the bonding time of 20 and 
240 min are presented in Fig. 9. As can be seen  
 

 
Fig. 9 XRD patterns of fracture surfaces for samples 
with bonding time of 20 min and 240 min 

from Fig. 9, Cr2B, and Mn3Si phases were formed 
in the sample with the bonding time of 20 min. The 
XRD pattern of the fracture surface of the sample 
with the holding time of 240 min showed only 
peaks pertaining to CoCuFeMnNi HEA base metal 
with no intermetallic compounds observed in 
fracture surface. 
 

4 Conclusions 
 

(1) The microstructural investigations of TLP 
bonded joints showed that by increasing the holding 
time up to 240 min, the complete isothermal 
solidification was almost achieved in the joint 
region. 

(2) The γ solid solution was formed in ISZ of 
the bonding zone for all samples. Intermetallic 
compounds including Cr-rich borides and Mn3Si 
were formed in ASZ of samples with the bonding 
time of 20, 60, and 180 min. 

(3) The results indicated decrement of micro- 
hardness value in the bonding zone and the 
increment micro-hardness value in the adjacent 
zone of joints. 

(4) The maximum shear strength of 180 MPa 
and the ductile fracture mechanism were achieved 
in the sample with the bonding time of 240 min as a 
result of the isothermal solidification. The joint with 
the bonding time of 20 min exhibited the lowest 
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shear strength due to the presence of a considerable 
amount of intermetallic compounds with a needle- 
shaped morphology. 
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摘  要：研究 CoCuFeMnNi 高熵合金(HEA)的瞬时液相(TLP)连接。TLP 连接使用 AWS BNi-2 夹层，温度为 

1050 °C，时间分别为 20、60、180、和 240 min。采用扫描电镜和能谱仪表征连接时间对接头显微组织的影响。

显微组织结果证实，约 240 min 时发生完全等温凝固。而连接时间为 20、60 和 180 min 的样品其连接区形成非热

凝固区，含有富铬硼化物和 Mn3Si 金属间化合物。所有样品接头的等温凝固区中均形成 γ-Ni 固溶体。为了研究

TLP 连接时间对接头力学性能的影响，测量接头的剪切强度和显微硬度。结果表明，接头显微硬度值较小，相邻

区显微硬度值较大。连接时间为 20 min 的样品接头具有最低的剪切强度 100 MPa，而连接时间为 240 min 的样品

具有最大的剪切强度 180 MPa。 

关键词：高熵合金；CoCuFeMnNi 合金；瞬时液相连接；连接时间；固溶体；等温凝固；显微组织；力学性能 
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