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Abstract: To explore the potential engineering applications of eutectic high entropy alloys (EHEA), the interfacial 
microstructure and mechanical properties of the diffusion bonded joint between AlCoCrFeNi2.1 EHEA and 304 stainless 
steel were investigated. The diffusion zone was composed of solid solution zone and Fe2Al5 intermetallic compound 
zone. Due to the difference in the element diffusion rates between the dissimilar base metals and that between the two 
phases of EHEA, a solid solution region composed of FCC phase and γ-Fe phase is constructed on the EHEA side near 
the interface, which enhances the shear strength of joint. Besides, the shear strength of joint first increases and then 
decreases. The maximum shear strength of 355 MPa is obtained at 980 °C, 60 min, and 30 MPa. The interlocking 
structure and local solid solution structure are formed in the diffusion zone, thus synergistically enhancing the shear 
strength of joint. 
Key words: diffusion bonding; AlCoCrFeNi2.1 eutectic high entropy alloy; strengthening mechanism; 304 stainless steel; 
shear strength 
                                                                                                             

 
 
1 Introduction 
 

High entropy alloys (HEAs) are generally 
composed of at least four principal elements, each 
with the content of 5−35 at.%, and have attracted 
extensive attention of scholars in recent years [1,2]. 
Compared with traditional alloys, HEAs have  
many excellent properties due to their unique four 
effects [3−7]. 

In order to further improve the strength and 
plasticity of HEAs and increase the castability, LU 
et al [8,9] designed the AlCoCrFeNi2.1 eutectic high 
entropy alloy (EHEA) with two-phase structure of 
face centered cubic (FCC) and body centered cubic 
(BCC), and then obtained the EHEA with both 
excellent plasticity and high strength. However,  
the research on HEAs is mainly focused on the 
composition design, microstructures, mechanical 
properties, and phase formation, while little on 

material processing [10,11]. In the actual service 
process, most parts of nuclear reactor and 
aeroengine are composed of different materials 
according to different functions, costs and exposure 
conditions. Stainless steel (SS) is widely used in 
manufacture of the core structure, pipeline, heat 
exchanger and other key parts of nuclear reactor, 
but its strength, toughness and radiation resistance 
are weaker than those of HEAs [12]. Therefore, 
when HEAs are used as structural material in 
nuclear power plant and other fields, the welding 
between HEA and stainless steel is required. In fact, 
in addition to the nuclear industry, composite 
components welded by dissimilar metals are widely 
used in modern engineering. Therefore, the 
weldability of HEAs to traditional metals must be 
deeply studied to pave the way for their engineering 
application. 

Among all kinds of material processing 
methods, welding is an ancient yet extensively-used  
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technology in automobile, aerospace and marine 
industry [13,14], but the research on the welding of 
EHEAs is still in the initial stage and focused on the 
homogeneous material [15−18]. In fact, the welding 
of HEAs to traditional materials is a key technology 
during actual service process. For example, in the 
manufacturing of propeller blade, the EHEA/304 
stainless steel dissimilar diffusion bonded joints  
can simultaneously meet the requirements of high 
strength, good plasticity and low cost. At present, a 
few scholars have carried out researches on the 
welding of HEA to stainless steel [19−21]. However, 
the deformation of fusion-welded joint was large, 
and the filler metal was required during brazing, 
which increased the assembly steps and costs. 

As a precision welding method, diffusion 
bonding has the advantages of small deformation 
and high welding quality, which are especially 
suitable for the welding of dissimilar materials 
[22,23]. LI et al [24] found that the shear strength 
of AlCoCrFeNi2.1 EHEA/TiAl alloy dissimilar 
diffusion bonded joint was increased significantly 
due to the formation of an interlocking structure  
in the diffusion zone. DU et al [25] studied the 
diffusion bonding of Al5(TiZrHfNb)95 refractory 
high energy alloy to Ti2AlNb alloy, and found that 
Al3Zr5 could easily cause stress concentration and 
crack initiation at the phase interface, which has 
adverse effect on the shear strength of joint. 
ZHANG et al [26] used Ni interlayer to conduct 
diffusion bonding of Co28.5Cr21.5Fe20Ni26Mo4 to 
Inconel 718. When the bonding temperature 
reached 950 °C, the maximum tensile strength  
was 1628 MPa under the action of solution 
strengthening effect at the interface. LI et al [27] 
investigated the diffusion bonding of AlCoCrFeNi2.1 
EHEA to GH4169 superalloy, and found that a new 
layer of FCC solid solution phase was formed in the 
diffusion zone, which improved the shear strength 
of joint. It can be seen that dissimilar diffusion 
bonding joint has a high potential for engineering 
application. Therefore, diffusion bonding is a 
suitable method to study the welding of EHEA to 
stainless steel and can further promote the 

engineering application of HEAs. 
In this work, AlCoCrFeNi2.1 EHEA was 

vacuum diffusion bonded to 304 stainless steel. The 
microstructure evolution and shear strength of the 
joints were studied, and the diffusion behavior of 
alloying elements at different bonding temperatures 
and bonding time was analyzed in detail. Then, the 
formation mechanism of solution solid and inter- 
locking structure was clarified. 
 
2 Experimental 
 

The as-cast AlCoCrFeNi2.1 EHEA with raw 
materials of higher than 99.9% in purity and 304 
stainless steel were used as base metals. The 
chemical compositions of base metals are listed   
in Table 1, and the microstructure of base metals is 
shown in Fig. 1. It can be seen that the micro- 
structure of EHEA displays eutectic structure 
composed of B2 phase and FCC phase, while 304 
stainless steel contained equiaxed austenite grains. 

The base metals were cut into two sizes of 
10 mm × 15 mm × 5 mm and 20 mm × 15 mm × 
5 mm by wire cutting equipment. Prior to diffusion 
bonding, the base metals were ground with up to 
2000 grit sand paper and then cleaned by ultrasonic 
equipment. The base metals were assembled as 
shown in Fig. 1(a) and then put into a diffusion 
bonding furnace (ZTF2−10, Shanxi Zhituo 
Solid-State Additive Manufacturing Technology 
Company, China) under the vacuum degree below 
3×10−3 Pa. The process curve of diffusion bonding 
is shown in Fig. 1(b). Generally, the bonding 
temperature ranges from 0.6Tm to 0.8Tm (Tm is the 
lowest melting point of base metals) [28], while the 
melting points of AlCoCrFeNi2.1 EHEA and 304 
stainless steel are 1361 and 1440 °C, respectively. 
Therefore, the temperatures of 880, 930, 980 and 
1030 °C were selected for the diffusion bonding 
process. In order to study the influence of holding 
time on the quality of joint, the holding time was set 
as 30, 60 and 120 min, respectively. The holding 
time of 120 min was set to weaken the influence of 
sluggish diffusion in EHEA. Besides, the pressure 

 
Table 1 Chemical compositions of AlCoCrFeNi2.1 EHEA and 304 stainless steel (wt.%) 

Base material Al Co Cr Fe Ni Mn Mo Cu Si S P 

AlCoCrFeNi2.1 EHEA 8.51 18.59 16.40 17.62 38.88 − − − − − − 

304 stainless steel − − 17.15 Bal 8.12 0.78 0.26 0.31 0.65 0.02 0.03 
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Fig. 1 Appearance of joint (a), process curve of diffusion bonding (b), metallographic structure of base metals (c) and 
schematic of sample for shear test (d) 
 
of 30 MPa was applied to ensure the close contact 
of base metals. According to the assembly shown in 
Fig. 1(a), there are two 75 mm2 contact areas for the 
base metals to be welded. Therefore, the required 
bonding pressure of 30 MPa can be obtained by 
applying the pressing force on the upper surface of 
the EHEA. 

After diffusion bonding, the joints were cut 
into the structure shown in Fig. 1(d) by wire cutting 
equipment, and a fixture was used to grip the 
sample. The compressive force was applied on the 
other side of 304 stainless steel at a shear speed of 
0.5 mm/min, through which shear force (P) along 
with the bonding interface was developed and 
recorded by a universal testing machine (DNS−100, 
China). During the shear test, the shear stress (τ) 
can be calculated from the following equation: 
 
τ =P/(ae)                                (1) 
 
where e and a are the height and width of the shear 
test interface, respectively. After shear test, the 
fracture surface was observed by scanning electron 
microscope (SEM, ZEISS−SUPRA55, German) 
equipped with energy dispersive spectrometer 
(EDS). The metallographic samples were gradually 
ground to 2000# and polished with 1.5 μm diamond 

polishing paste. Then, the evolution of interfacial 
microstructure and diffusion behavior of samples 
were investigated by electron probe micro-analyzer 
(EPMA, JXA−8530 F Plus, Japan). 
 
3 Results and discussion 
 
3.1 Microstructure evolution 

Figure 2 shows the evolution of interfacial 
microstructure from 880 to 1030 °C. The left side is 
304SS, while the other side is AlCoCrFeNi2.1 EHEA 
composed of FCC phase and B2 phase. The acicular 
precipitates composed of B2 phase enriched in Al 
and Ni elements in FCC phase are coarsened with 
the increase of temperature, but the distribution is 
not uniform. The composition of the present B2 
phase with ~45 at.% Ni further indicates that one of 
the lattice sites in B2 unit cell is preferentially 
occupied by Ni atoms, while other positions are 
shared by Al and other elements (Co, Cr, and Fe). In 
the eutectic regions, alternate regions impoverish in 
Al and rich in Al but impoverish in Fe, Co and Cr 
are observed. The content of Ni in the B2 phase is 
much higher than that in the FCC phase. Due to the 
impoverishment of Ni and Al in FCC phase, the 
phase stability is maintained by near equiatomic 
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distributions of Co, Cr, and Fe, which in turn 
increases the configurational entropy of this phase. 
The change mechanism of FCC phase in EHEA is 
mainly terminal migration, and FCC phase with 
local microstructure coarsening and growth appears 
at higher temperature. In addition, with the increase 
of temperature, the lamellar BCC eutectic phase 
breaks and further refines, and only exists in 
spherical form. At 930 °C, the microstructure of 
EHEA is stable, but with the increase of bonding 
temperature, the thermal stability of microstructure 
in EHEA gradually decreases, resulting in the 
gradual decrease of strength and increase of 
plasticity in EHEA base metal. It is reported that the 
viscoplastic deformation caused by plastic flow 
during the diffusion bonding process at elevated 
temperatures promotes the formation of joint [27]. 
Therefore, at 980 and 1030 °C, although the 

strength of EHEA base metal decreases, the 
strength of joint increases. 

The sharp interface exists at all bonding 
temperatures, and two different regions are formed 
on both sides of the interface, i.e. Zone I and  
Zone II. According to the chemical composition of 
P2 and P5 in Table 2 and the XRD result on joint 
surface in Fig. 3, Zone I is mainly composed of 
intermetallic compounds (IMC) enriched with 
Fe2Al5, which is named IMC zone. On the contrary, 
the chemical composition of P1 in Table 2 shows 
that Zone II is composed of FCC phase and γ-Fe, 
which could be named as solid solution zone. 
Besides, it could be seen from Figs. 2(c, d) that 
there is a tip diffusion region in the front of the 
IMC zone, which is caused by the different 
concentration gradients on both sides of interface. 
With the increase of bonding temperature, the width  

 

 
Fig. 2 Microstructures near bonding interface of joints bonded for 60  min under 30 MPa at different temperatures:    
(a) 880 °C; (b) 930 °C; (c) 980 °C; (d) 1030 °C 
 
Table 2 Chemical composition at locations marked in Fig. 2 (at.%) 

Location Al Co Cr Fe Ni Si Mn Possible phase 

P1 4.89 12.65 18.51 38.29 24.41 0.70 0.55 FCC + γ-Fe 

P2 61.91 3.55 6.14 24.16 3.65 0.34 0.25 Fe2Al5 

P3 9.5 18.6 17.8 18.8 35.3 − − FCC 

P4 27.5 13.5 8.2 8.6 42.2 − − B2 

P5 65.84 2.11 4.03 25.18 2.02 0.28 0.54 Fe2Al5 
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Fig. 3 XRD pattern on fracture surface of joint 
 
of Zone I and Zone II gradually increases. Under 
the action of higher temperature, the thermal 
motion of atoms is intenser, and then, the diffusion 
rate of atoms near the interface increases and the 
IMCs grow, which leads to the increase of the width 
of zone near the interface. 

Figure 4 shows the microstructure evolution 
with different holding time. The width of IMC zone 
and solid solution zone increases with the increase 
of holding time, while the diffusion rate of elements 
near the interface increases and the interfacial 
reaction is intensified, resulting in the growth of 
IMCs and the widening of solid solution zone. 
When the holding time reaches 120 min, the width 
of the diffusion zone increases to 3.23 μm. 
 
3.2 Formation mechanism of IMCs 

According to the change of Gibbs free energy, 
the driving force of phase formation can be 
calculated as  
ΔG=ΔH−TΔS                            (2)  
where ΔH and ΔS are the changes in enthalpy   
and entropy, respectively, T is the thermodynamic 
temperature. During the solid-state reaction process, 
LEE et al [29] found that the enthalpy change was 
much larger than the entropy change, thus ΔG could 
be approximated to ΔH and the formation enthalpy 
could be used to predict the formation of phase. 
PRETORIUS [30] indicated that many factors such 
as the lowest eutectic point, impurities, and atomic 
mobility, could affect the actual concentrations that 
are available for interaction at the growth interface. 
Therefore, the concept of effective concentration  

 

 
Fig. 4 Microstructures of joints bonded at 980 °C  
under pressure of 30 MPa for different time: (a) 30 min; 
(b) 60 min; (c) 120 min 
 
was proposed in the calculation of effective 
enthalpy of formation as follows [31]: 
 
ΔHʹ=ΔH·E/C                            (3) 
 
where E is the effective concentration limiting 
element, and C is the compound concentration 
limiting element. Figure 5 shows the effective 
enthalpy of formation of different Al−Fe phases, 
and it can be seen that ΔHʹFe3Al > ΔHʹFeAl2 >ΔHʹFeAl3 > 
ΔHʹFe2Al5. Because Fe2Al5 has the lowest effective 
enthalpy of formation, Fe2Al5 is the first product 
and then is preferentially formed at the interface, 
which is consistent with this experimental result. 
However, due to the sluggish diffusion effect of 
HEAs, the diffusion rate of Al in EHEA is much 
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lower than that in aluminum alloy, resulting in the 
weak binding ability of Al and Fe, and then no other 
products such as FeAl3 and FeAl2 appear at the 
interface. 
 

 
Fig. 5 Effective enthalpy of Fe−Al formation diagram 
 

The sluggish diffusion effect of HEAs refers to 
the sluggish phenomenon of atomic diffusion and 
phase transition kinetics caused by the special 
lattice structure in HEAs. The sluggish diffusion 
effect can be analyzed from an energy point of  
view. Due to the different atomic configurations 
near each lattice in HEAs, the migration of atoms in 
different positions require different activation 
energies. When an atom jumps into a vacancy in a 
lower-energy state, it needs a higher activation 
energy to jump out of this position, which is not 
conducive to its continued migration. Conversely, 
when an atom jumps into a vacancy in a 
high-energy state, it tends to jump back to its 
original node. Clearly, both cases slow down the 
diffusion process of atoms. In traditional alloys, due 
to the low concentration of solute, the atomic 
configurations around the junction before and after 
atomic migration are very similar, which is 
conducive to atomic diffusion. The sluggish 
diffusion effect not only affects the phase 
transformation process of HEAs, but also affects the 
crystal structure and performance. This is because 
the slow diffusion rate can effectively delay the 
nucleation and growth of HEAs, thereby promoting 
the formation of nanocrystals and amorphous 
structure. The formation of amorphous structure 
increases the hardness and soft magnetic properties 
of HEAs. In addition, the sluggish diffusion effect 
can also improve the high-temperature performance 
of HEAs, such as high-temperature strength, high- 

temperature structural stability and creep resistance. 
Figure 6 shows the schematic growth of Fe2Al5. 

At the initial stage, it can be seen that a large 
number of Fe2Al5 nucleates at the interface, and 
there is no obvious orientation of nuclei at the 
interface. At the end of nucleation, Fe2Al5 is formed 
and initially grows at the initial interface, and then 
the grains of Fe2Al5 further grow under the 
diffusion reaction of Fe and Al. During the process 
of solid phase diffusion, the Al atoms mainly 
diffuse towards the stainless steel side through the 
Fe2Al5 zone, and only when Al diffuses to the front 
of Fe2Al5 can it react with Fe to form Fe2Al5, which 
leads to the growth of Fe2Al5 towards the stainless  
 

 
Fig. 6 Schematic growth of Fe2Al5 
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steel side. Besides, the growth rate towards the 
stainless steel side of grains in some directions is 
much faster than that of other nuclei at the interface, 
which shows a dominant growth. The reason for 
this phenomenon is that the orientation angle θ of 
these grains approaches 90°, and the diffusion 
direction of Al atom is consistent with its growth 
direction, resulting in the growth rate much higher 
than that of other grains. This phenomenon 
indicates that there is an obvious competitive 
growth mechanism at the interface, and then the 
growth of the grains with other orientations are 
seriously inhibited in the subsequent process. The 
growth of Fe2Al5 at the interface leads to the 
formation of serrated interlocking structure, which 
is expected to improve the mechanical properties  
of joint. The interlock structure formed by 
metallurgical reaction is more precise and 
controllable than that formed by mechanical force, 
and the diffusion of elements is difficult to produce 
microcracks and other defects, so that the joint  
has better mechanical properties and interface 
controllability. 
 
3.3 Elemental distribution and diffusion 

behavior 
The line scanning analysis results from 

stainless steel side to FCC phase side and to B2 
phase side are shown in Figs. 7(a, b), respectively. 

Due to the precipitation of a small amount of B2 
phase in FCC phase in EHEA, the fluctuation of 
elements appears on EHEA side, which shows that 
the contents of Al and Ni increase, while the 
contents of Fe, Co and Cr decrease. The Al element 
diffuses from EHEA side to the stainless steel side, 
and content of Al increases sharply in IMC zone. 
Because the content of Al is much higher than that 
in stainless steel, a large concentration gradient is 
formed near the interface, which leads to the rapid 
diffusion of Al to the stainless steel side. Then, a 
large amount of Fe elements on the stainless steel 
side react with Al element. According to the 
analysis in Section 3.2, Fe2Al5 has the lowest 
effective enthalpy of formation, which leads to the 
formation of Fe2Al5 prior to other IMCs at the 
interface near stainless steel side. 

It can be seen from Fig. 7(b) that compared 
with the black B2 phase in EHEA, the contents of 
Al and Ni in Zone II decrease, while the contents  
of Fe, Co and Cr increase significantly, further 
indicating that this zone is a solid solution 
composed of FCC and γ-Fe. The formation of this 
zone is caused by the following two aspects. One is 
that the diffusion rate of Fe in stainless steel is 
much higher than that of Fe, Cr and Co in EHEA. 
Due to the sluggish diffusion effect, the elements  
in EHEA are restrained from diffusing into the 
stainless steel side, and then the Fe element tends  

 

 

Fig. 7 Results of line scanning analysis on joints bonded at 980 °C under 30 MPa for 60 min near FCC phase (a) and B2 
phase (b) 
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to diffuse to the EHEA side in a relatively 
unidirectional way, resulting in the formation of 
γ-Fe on the EHEA side of the interface. 

Besides, compared with the elements of Al and 
Ni in B2 phase, the element of Fe in stainless steel 
has better affinity with Fe, Cr and Co in FCC phase, 
which leads to the formation of FCC phase in this 
zone. LIU et al [28] studied the diffusion bonding 
of CoCrFeMnNi HEA to T2 copper, and found that 
the diffusion rate of Cu on EHEA side was much 
higher than that of EHEA on Cu side. This result 
showed that the solid solution metallurgical 
structure could be formed near the interface, which 
was similar to this study. Another aspect is that the 
diffusion rate of atoms in FCC phase is different 
from that in B2 phase. The diffusion rate of atoms 
near the interface is affected not only by the 
concentration gradient, but also by the sluggish 
diffusion effect of EHEA. When the concentration 
gradient of elements near the interface is large,  
the diffusion rate of atoms is controlled by the 
concentration gradient, such as the atom of Al. But 
with the decrease of concentration gradient, the 
diffusion rate of atoms is dramatically affected by 
sluggish diffusion effect, such as the atoms of Co, 
Fe and Cr. For Al−Co−Cr−Fe−Ni system, the 
sequence of diffusion rate is similar as previously- 
reported HEAs: Ni < Co < Fe < Cr [32]. Because Ni 
has the lowest diffusion rate, the FCC phase rich in 
the elements of Fe, Co and Cr is formed near the 
interface. Besides, the width of Zone II in Fig. 7(b) 
is wider than that in Fig. 7(a), indicating that the 
width of solid solution zone in front of B2 phase is 
wider than that in front of FCC phase. The reason 
for this phenomenon is that the elements of Co, Fe 
and Cr are hindered by the B2 phase dispersed in 
the front of FCC phase during the diffusion bonding 
process, which leads to the accumulation of 
elements in the front of B2 phase matrix and the 
increase of the width in diffusion zone. Among the 
trace elements, the elements of Mn and Si diffuse 
from the stainless steel side to the EHEA side under 
the effect of high concentration gradient. 

Figure 8 shows the results of line scanning 
analysis at different temperatures. With the increase 
of bonding temperature, the distance of diffusion 
zone near interface increases from 1.65 to 2.16 μm. 
Relationship between temperature and diffusion 
coefficient obeys the Arrehenius formula [33]: 

 

 
Fig. 8 Results of line scanning analysis on joints bonded 
at different temperatures: (a) 880 °C; (b) 980 °C 
 
D=D0exp[−Q/(RT)]                       (4)  
where Q is the activation energy of diffusion, D0 is 
the diffusion constant (m2/s), and R is the molar gas 
constant (8.314 J/(mol·K)). It can be seen that the 
diffusion coefficient increases with the increase of 
temperature, which leads to sufficient diffusion of 
the elements and wider diffusion zone. Besides, the 
increase of temperature and holding time promotes 
the viscoplastic deformation of joint, and then the 
number of voids at the interface decreases, further 
leading to the sufficient diffusion of elements and 
severe interface reaction. 

The elemental mapping distribution near the 
interface of joint bonded at 980 °C is shown in 
Fig. 9. The B2 phase in EHEA is enriched in the 
elements of Al and Ni, while the FCC phase is 
enriched in the elements of Fe, Co and Cr. It can be 
also seen that the Al element is enriched in Zone I, 
and the content of Fe is lower than that of stainless 
steel, which further indicates that the composition 
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in Zone I is Fe2Al5 IMC. However, the elements of 
Fe, Co and Cr are enriched in Zone II, which 
indicates that the zone is composed of FCC phase 
and γ-Fe. It is worth noting that the elements of  
Fe, Ni and Co appear in the front of Fe2Al5, thus 
forming a tip diffusion zone. After the formation of 
IMC zone, a diffusion channel is formed between 
the Fe2Al5 and stainless steel, then a few atoms of 
Fe, Ni and Co enter the stainless steel along the 
diffusion channel with a low concentration gradient, 
and finally gather in the front of Fe2Al5. However, 
due to the higher content of Cr in stainless steel, the 
concentration difference between the two sides of 
the interface is small, and no obvious diffusion of 
elements appears. 

 
3.4 Growth behavior of different layers in 

diffusion zone 
The average interfacial thickness of the joints 

is shown in Fig. 10. The diffusion rate of atoms 
increases under the action of high temperature, and 
at the same time, the width of IMC zone and solid 
solution zone gradually increases under the long- 
time action. It can be seen from Fig. 10(a) that the 

width of solid solution zone in front of FCC   
phase increases significantly at 1030 °C. According     
to previous studies, 1000 °C was the critical 
temperature for the diffusion of HEAs [22]. When 
the temperature is lower than 1000 °C, the diffusion 
of elements is affected by the sluggish diffusion 
effect of EHEA. In HEAs, different atoms occupy 
the lattice randomly, and each atom is surround by 
others, which requires the coordination of different 
kinds of elements during the diffusion process. 
Therefore, the diffusion resistance increases and the 
diffusion rate of element decreases, resulting in the 
narrowing of IMC zone and solid solution zone. 
However, when the temperature is over 1000 °C, 
the atoms are easy to jump into the vacancy, and 
then the diffusion rate of element increases, which 
leads to sufficient diffusion of the element and 
weakens the influence of sluggish diffusion effect. 

To further reveal the effect of bonding 
temperature on the diffusion behavior of IMC zone 
and solid solution zone, the fitted growth curve  
and growth activation energy are investigated.   
For diffusion bonding, the relationship between 
thickness of IMC zone and solid solution zone and 

 

 
Fig. 9 Elemental mapping distributions of joint bonded at 980 °C 
 

 
Fig. 10 Average interfacial thickness of joints bonded with different parameters: (a) 880−1030 °C, 60 min, 30 MPa;   
(b) 980 °C, 30−120 min, 30 MPa; (c) Growth activation energy of different layers 
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reaction time can be described as [34]  
w2=kt                                  (5)  
k=k0exp[−Qʹ/(RT)]                        (6)  
where k is the growth rate, k0 is the pre-exponential 
factor, w is the thickness of diffusion layers, t is the 
reaction time, and Qʹ is the growth activation  
energy. In this work, the reaction time is constant of 
60 min and the bonding temperature is variable. By 
combining Eqs. (5) with (6), a new equation about 
the relationship between thickness of IMC zone and 
solid solution zone and temperature can be deduced 
as follows:  

0ln 1/2ln( /(2 ))tw k Q RT′= −                (7) 
 

Figure 10(c) shows the fitting results about  
the growth activation energy of different layers.  
Region I has the lowest growth activation energy of 
145.3 kJ/mol, indicating that the region first grows 
when the bonding temperature is increased. In 
Region II, the growth activation energy of the front 
region of B2 phase is 153.4 kJ/mol, which is lower 
than that of the front region of FCC phase, 
indicating that the solid solution region is first 

formed in the front region of B2 phase. Based on 
the above results, it can be seen that during the 
diffusion bonding process, Fe2Al5 IMCs are first 
formed near the interface, and then the solid 
solution zone composed of FCC phase and γ-Fe is 
formed in the front region of B2 phase under the 
diffusion action of Fe, Co and Cr. Finally, with the 
increase of temperature, the diffusion rate of 
elements increases and then the solid solution zone 
is formed in the front region of FCC phase. 
 
3.5 Mechanical properties 

The shear strength of joints bonded at different 
temperatures is shown in Fig. 11(a). The shear 
strength of joint is 217 and 264 MPa at 880 and 
930 °C, respectively. With the bonding temperature 
increasing to 980 °C, the shear strength of the joint 
reaches 355 MPa, while the joint strength decreases 
to 347 MPa when the temperature is increased to 
1030 °C. There are two reasons for the highest 
shear strength of the joint bonded at 980 °C. First, 
the interlocking structure composed of Fe2Al5 IMC 
improves the shear strength of joint. When the 
temperature is lower than 980 °C, due to insufficient 

 

 

Fig. 11 Mechanical properties of joints bonded at different temperatures for 60 min (a, b) and bonded at 980 °C for 
different time (c, d): (a, c) Shear strength and shear strain; (b, d) Deformation rate 
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diffusion of Al element, Fe2Al5 cannot grow up, 
resulting in weak interlocking effect and low shear 
strength. 

In addition, due to the existence of the critical 
thickness of IMCs, the mechanical properties of 
joint will deteriorate when the thickness exceeds  
the critical value [35]. Therefore, at 1030 °C, the 
overgrowth of Fe2Al5 results in the increase of the 
thickness of reaction layer and the decrease of shear 
strength. The second reason is the width of solid 
solution zone. The formation of solid solution zone 
on the side of EHEA indicates local solid solution 
near interface, which can improve the mechanical 
properties of joint from the metallurgical aspect. 
With the increase of temperature, the solid solution 
zone is widened gradually, and then the solution 
strengthening effect is enhanced, which increases 
the shear strength. In conclusion, under the 
synergistic effect of interface interlocking structure 
and local solid solution, the maximum shear 
strength of joint reaches 355 MPa, which is 
equivalent to the strength of base metal. Besides, 
the shear strain is larger than 10% at all 
temperatures. When the bonding temperature 
reaches 980 °C, the shear strain is 13.5%, which 
indicates that the joint has an excellent plasticity at 
this temperature. 

The deformation rate of joints bonded at 
different bonding temperatures is shown in 
Fig. 11(b). With the increase of the bonding 
temperature, the deformation rate increases 
gradually. In the temperature range from 880 to 
980 °C, the deformation rate of joint is less than  
2%. When the bonding temperature is higher than 
1000 °C, the interfacial formation mechanism of 
high entropy alloy diffusion bonded joint is 
changed from diffusion to viscoplastic deformation. 
When the bonding temperature reaches 1030 °C, 
the deformation rate increases sharply to 3.9%, 
which is related to the change of interface 
disappearance mechanism from diffusion to 
viscoplastic deformation. Although the visco- 
plastic deformation mechanism can promote the 
disappearance of interface, the deformation rate of 
joint increases. Therefore, in practical engineering 
application, considering the shear strength and 
deformation rate of joint, the bonding temperature 
of 980 °C is suggested for diffusion bonding 
process. 

Figure 11(c) shows the shear strength with 

different holding time. With the prolongation of 
holding time, the shear strength of joint first 
increases and then decreases. When the holding 
time is 60 min, the shear strength of joint reaches 
355 MPa. With the increase of holding time from 
30 to 60 min, sufficient diffusion occurs near the 
interface, and the Fe2Al5 IMCs grow, which leads  
to the increase of interlocking structure and local 
solid solution structure near the interface and the 
enhancement of joint strength. However, when the 
holding time is continuously prolonged to 120 min, 
Fe2Al5 IMCs near the interface grow violently and 
exceed the critical thickness, resulting in the 
decrease of joint strength. As shown in Fig. 11(d), 
the deformation rate of joint increases with the 
prolongation of holding time, but the deformation 
rate is less than 2.5% at all holding time, indicating 
that no severe deformation appears in the joint. 
According to Fig. 11, the optimum process 
parameters for diffusion bonding of EHEA to 
stainless steel are 980 °C, 60 min and 30 MPa, and 
the shear strength and deformation rate of joint are 
355 MPa and 1.6%, respectively, which indicates 
that the joint has high strength and low deformation 
rate with these process parameters. 

The tensile strength and elongation of EHEA 
are 911.8 MPa and 11.7%, and the tensile strength 
of 304SS is 520 MPa. Although the shear strength 
lacks relevant data, from Refs. [19−21,36], the 
shear strength of metal is about 60% of the tensile 
strength [37], and thus it is speculated that the 
tensile strength in this study is about 592 MPa, 
which is higher than the strength of 304SS base 
metal. Figure 12 shows the comparison of joint 
 

 
Fig. 12 Comparison of tensile strength of joint between 
this study and other studies [19−21, 36] 
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strength between this study and others. It can be 
seen that the tensile strength of the joint obtained in 
this study is equivalent to that obtained by gas 
tungsten arc welding. However, due to the large 
deformation of the joint obtained by fusion welding, 
the diffusion bonding method is more suitable for 
the bonding between EHEA and stainless steel. 
Besides, due to the synergistic effect of local solid 
solution structure and interlocking structure, the 
joint strength of diffusion bonding obtained in this 
study is higher than that of the previously-reported 
counterpart. 
 
3.6 Fracture morphology 

Figure 13(a) shows the fracture path of the 
joint bonded at 980 °C after shear test. The serrated 
structure appears near the interface at stainless steel 
side, which indicates that the fracture occurs in the 
interlocking structure composed of Fe2Al5 IMCs. 
Compared with the solid solution zone, IMC zone 
has larger brittleness and becomes the weak zone of 
joint. However, due to the formation of serrated 
interlocking structure, the shear strength increases 
in IMC zone, resulting in the enhancement of shear 
strength of the whole joint. 

As shown in Fig. 13, the fracture surfaces of 

joint bonded at 930 °C are flat with shear bands, 
indicating a brittle fracture feature. When the 
bonding temperature raises to 1030 °C, the river 
pattern formed by cleavage step expansion appears 
on the fracture surface of the EHEA side, while the 
dimples of microporous aggregation appears on the 
stainless steel side, indicating the occurrence of 
quasi-cleavage fracture. A large area of smooth 
zone exists on the fracture surface, which is formed 
by the fracture of FCC phase with good plasticity. 
And a small amount of cleavage steps exists in the 
smooth zone, which are formed by the fracture of 
hard and brittle B2 phase. Because FCC phase has 
more slip systems, continuous plastic deformation 
can occur through dislocation slip and then the 
plastic fracture occurs, while BCC phase has less 
slip systems and brittle fracture can only occur 
along a specific crystal plane. Besides, during the 
plastic deformation process, the FCC phase with 
good plasticity hinders the formation of cracks and 
enhances the plasticity of joint. Table 3 shows that a 
solid solution zone composed of FCC phase and 
γ-Fe appears on the EHEA side, and then increases 
the shear strength of joint. However, the peeling of 
solid solution occurs at P6. Because the solid 
solution zone in the front of FCC phase has the 

 

 
Fig. 13 Fracture path of joints bonded at 980 °C (a) and fracture morphologies on resultant joints bonded at different 
temperatures for 60 min (b) 
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Fig. 14 Fracture morphologies of resultant joints bonded at 980 °C for different time 
 
Table 3 Chemical compositions at locations marked in Figs. 13 and 14 (at.%) 

Location Al Co Cr Fe Ni Si Mn Possible phase 

P6 5.11 23.14 21.48 24.24 26.03 − − FCC 

P7 4.38 12.54 24.88 37.57 19.55 0.65 0.43 FCC + γ-Fe 

P8 58.1 3.19 4.41 25.42 8.06 0.59 0.23 Fe2Al5 

P9 63.43 2.01 4.36 24.18 5.08 0.78 0.16 Fe2Al5 

P10 5.51 20.61 21.53 24.72 27.63 − − FCC 

P11 4.55 11.62 17.24 40.74 25.3 0.34 0.21 FCC + γ-Fe 

P12 2.32 2.78 18.56 69.32 6.32 0.46 0.24 γ-Fe 

P13 3.05 7.73 18.36 52.11 18.28 0.28 0.19 FCC + γ-Fe 

 
highest activation energy, the width is the narrowest 
and the generation speed is the slowest in this zone, 
which leads to the peeling during shear test. 
According to the chemical composition of P8 and 
P9, there are still residual Fe2Al5 IMCs on the 
fracture surface of stainless steel, which further 
proves that the interlocking structure composed of 
Fe2Al5 IMCs can improve the shear strength of 
joint. 

Figure 14 shows the fracture morphology of 
the joints bonded for different holding time. When 
the holding time is 30 min, the fracture surface is 
flat, and the peeling of solid solution occurs at 
many positions. However, with the prolongation  
of holding time, the dimples of microporous 
aggregation appear on the fracture surface of 
stainless steel side, and no obvious peeling 
phenomenon of solid solution zone occurs on the 
EHEA side. With the prolongation of holding time, 
the effect of solid solution strengthening increases 
gradually, and then the joint strength is enhanced. 

 
4 Conclusions 
 

(1) Sound joint of AlCoCrFeNi2.1 EHEA and 
304 stainless steel is obtained by diffusion bonding. 
With the temperature increasing and the holding 
time prolonging, the shear strength of joints 
gradually increases, and the maximum value of 
355 MPa is obtained at 980 °C, 60 min and 30 MPa. 
The fracture of joint occurs in the Fe2Al5 inter- 
metallic compound zone on the stainless steel side. 

(2) The diffusion zone is composed of solid 
solution zone and Fe2Al5 intermetallic compound 
zone. With the increase of bonding temperature  
and holding time, the diffusion zone is gradually 
widened. The interlocking structure and local solid 
solution structure are formed in the diffusion zone, 
which synergistically enhances the shear strength of 
joint. 

(3) A solid solution zone composed of FCC 
phase and γ-Fe phase is formed on the high entropy 
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alloy side due to the difference of physical 
properties between the stainless steel and high 
entropy alloy, as well as different element diffusion 
rates of FCC phase and B2 phase in high entropy 
alloy. The width of solid solution zone in front of 
B2 phase is larger than that in front of FCC phase. 
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摘  要：为探索共晶高熵合金潜在的工程应用，研究 AlCoCrFeNi2.1 共晶高熵合金与 304 不锈钢扩散焊接头的界

面组织和力学性能。扩散区由固溶体区和 Fe2Al5 金属间化合物区组成。不锈钢与高熵合金、高熵合金中两相之    

间均存在元素扩散速率差异，近高熵合金侧形成由 FCC 相和 γ-Fe 相组成的固溶体区，提高接头的剪切强度。另

外，接头剪切强度先增加后减少，在 980 ℃，60 min 和 30 MPa 工艺参数下接头最高剪切强度为 355 MPa。扩散

区形成的互锁结构和局部固溶体结构协同提高接头的剪切强度。 

关键词：扩散连接；AlCoCrFeNi2.1 共晶高熵合金；强化机理；304 不锈钢；剪切强度 
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