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High-entropy alloys (HEAs), with the promising properties of high strength/hardness, excellent corrosion,
and oxidation resistance, have a broad application prospect in the welding field. Owing to the cocktail effect
of HEAs, the mechanical properties of welded joints could be improved by the composition change and
alloying of multi-principal filler materials. In the present study, the joining of commercial 304/Q235
stainless steel clad sheets was taken as the research object. Three types of Cr-Ni-Cu-Al multi-principal filler
wires with different Al content were designed, to study the influence of Al content on the microstructure and
properties of welded joints. It was found that the grain morphologies in the weld zones were significantly
changed from columnar/dendritic grains to spinodal decomposition structures, with the increase in Al
content in the filler wires. The phase structures were converted from a face-centered cubic (FCC) phase into
the body-centered cubic (BCC) + FCC phases. A finding was that the ultimate tensile strength of the joints
was improved from � 379 to � 528 MPa, as the Al content in the filler wires was increased from 10 to 26
at.%. The hardness in the weld zones was increased by � 2 times. The research results could provide
experimental references to modify the joint performance by using filler materials with multi-principal
elements.
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1. Introduction

As new developing advanced materials, high-entropy alloys
(HEAs) have the high-entropy effect, severe-lattice-distortion
effect, and sluggish diffusion effect, by incorporating five or
more principal elements (Ref 1-3). Promising properties of high
strength, excellent corrosion, and oxidation resistance could be
potentially performed in HEAs (Ref 4, 5). With the growth in
the interest and research on HEAs, the application of HEAs in
the welding field has attracted scholarly attention (Ref 6-8).
Many scholars have studied the weldability of HEAs or
dissimilar welding between HEAs and other metals (Ref 9-15).
In addition, using HEAs as filler materials to modify the
microstructure in weld zones (WZs) and improve the mechan-

ical properties of welded joints has been reported in previous
studies (Ref 16-18). For example, the dissimilar joining of TC4
alloy to 304 stainless steel was successfully achieved by using
(CoCrFeNi)100�xCux HEAs as interlayer materials (Ref 19).
Moreover, the joining of stainless steel to carbon steel, or to Al
alloy has been achieved by using multi-principal mixed
powders as filler materials (Ref 20-22). Therefore, it is
meaningful to adopt high-entropy materials as filler materials
to improve joint performances.

Due to the cocktail effect, it has a close relationship between
the properties and the constituent elements of HEAs (Ref 23-
25). It is expected to control the properties of HEAs by the
composition change and alloying. As is known, due to the
differences in slip system, slip direction, and stacking fault
energy between face-centered cubic (FCC) and body-centered
cubic (BCC) structures, the plasticity of the BCC structure is
weaker than that of FCC structure in general. And compared
with FCC solid-solution phase, BCC solid-solution phase can
improve hardness and reduce the plasticity of HEAs (Ref 19,
26). Moreover, by increasing the content of BCC-forming
elements, the formation of BCC structures can be promoted,
and then the hardness of HEA can be improved. Therefore, it is
generally accepted that BCC-forming elements lead to hardness
improvement and plasticity reduction in HEAs, while FCC-
forming elements cause the hardness reduced and the plasticity/
elasticity improved (Ref 26). The mechanical properties of
HEAs are severely affected by the ratio of FCC- and BCC-
forming elements (Ref 27, 28). For example, attributed to the
high content of FCC-forming element of Ni, increasing plastic
strain and decreasing yield strength were observed in
CoFeNixVMoy alloys (Ref 29). Recently, Liu et al. (Ref 20)
reported that the hardness, tensile, and bending properties of the
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welded joints are severely affected by an elemental composition
factor of k, for the (CrMnFe)x(CoNi)y powders, (k = x/y). It
was found that BCC-forming elements promote the generation
of BCC structure and increase the hardness in the WZs. It is of
great significance to modify the mechanical properties of
welded joints by the composition change and alloying of multi-
principal filler materials.

Recently, it is widely reported that the Al content can affect
the mechanical properties of HEAs. Xu et al. (Ref 30) found
that increasing Al content in AlxCrMnFeCoNi alloys can
increase the volume fraction of the BCC phase and result in
remarkably improved tensile strength. Wang et al. (Ref 31)
reported that owing to the dramatic refinement of microstruc-
tures, the yield strength of Ni1.5CoFeCu1�xAlxV0.5 alloys is
significantly enhanced as an increase in Al content. However,
the effects of Al content in multi-principal filler materials on the
microstructure and properties of the welded joints have not yet
been studied. As is known, Fe, Co, Cr, Ni, Cu, and Al are
common principal elements for HEAs (Ref 32). However, as
the main element of steel, Fe element can be introduced into the
weld pool during the welding process due to the melting of
steel base metal (BM), which may result in excessive Fe
element in WZ. The chemical composition in WZ may deviate
from the range of HEA (5-35 at.%). Therefore, the Fe element
is excluded from the design of filler materials in this study.
Moreover, cobalt is a precious metal. The raw material of pure
Co has a high price. To reduce the cost of filler materials and
consider the engineering application, the Co element is also
excluded from the designed filler materials. Finally, three types
of Cr-Ni-Cu-Al multi-principal alloy wires with different Al
content were designed as filler materials.

Stainless steel clad sheets are widely used in the fields of
chemical industry, navigation, and petroleum vessel (Ref 33-
35). The welded joints of stainless steel clad sheets usually
need to have promising mechanical properties and corrosion
resistance. Due to the significant differences in chemical
compositions between the flyer layer and the base layer,
element migration of C, Cr, and Ni elements is commonly
observed in the WZ of stainless steel clad sheets (Ref 33, 36).
The welded joints by using steel-based filler materials show
insufficient corrosion resistance due to the high content of the C
element in the WZ. Moreover, martensite structures are easily
formed in the WZ, which may lead to joint embrittlement (Ref
34). The welded joints by using Ni-based filler materials can
present a favorable corrosion resistance. However, the joint
mechanical properties can be further improved (Ref 34, 36).
High-entropy filler materials may achieve the welded joints
showing promising corrosion resistance and mechanical prop-
erties. Therefore, the commercial 304/Q235 stainless steel clad
sheets are taken as the BM. The effects of Al content in multi-
principal alloy wires on the microstructure, hardness, and
tensile properties of the stainless steel clad joints are explored.
To a certain degree, the research results provide experimental
references to modify the joint performance by using filler
materials with multi-principal elements.

2. Experimental

The 304/Q235 stainless steel clad sheets were taken as the
research object. The thicknesses of the 304 flyer layer, and
Q235 base layer were about 1 mm and 2 mm, respectively. To

reduce the weld dilution, a 90� V-shape groove with the root of
the groove on the Q235 base layer was processed. A 1-mm
wide gap was reserved at the root of the groove before welding.
Cu, Al pure wires with a purity of more than 99.95 wt.% and
Ni80Cr20 alloy wires, with a diameter of 0.5 mm, were utilized
to manufacture the Cr-Ni-Cu-Al multi-principal alloy wires by
mechanical winding. To comparatively analyze the effects of Al
content in the multi-principal alloy wires on the microstructure
and joint properties, three types of multi-principal alloy wires
were designed through the various amounts of Al wires. The
amount of Al pure wires was included from one, two, and three
for the multi-principal alloy wires while keeping the constant
amount of other pure or alloy wires. The theoretical chemical
compositions of those multi-principal alloy wires are shown in
Table 1.

The welded joints by using the multi-principal alloy wires
with single, double, and triple Al wires were named Sample 1,
Sample 2, and Sample 3, respectively. Tungsten inert gas
shielded welding (TIG-Welding, JASIC WSE315P) was
applied to finish the joining of 304/Q235 stainless steel clad
sheets by using the Cr-Ni-Cu-Al multi-principal alloy wires.
After process optimization, the welding parameters with a
current of 67 A, a 2-mm diameter tungsten needle, and the
purity of 99.99% Ar gas with a flow of 15L/min were
determined. After welding, metallographic samples were cut on
the cross section of WZ. The metallographic samples were
polished and then corroded by using two steps. Firstly, a 4
vol.% nitric acid alcohol solution was used to etch the Q235
base layer. Secondly, aqua-regia was used to etch the 304 flyer
layer and WZs. Stereomicroscope (Zeiss Stemi-508), optical
microscopy (Zeiss Axio Vert.A1), and scanning electron
microscope (SEM, Hitachi SU8010) were employed to examine
the macro-morphologies and microstructures of the welded
joints. The elemental composition of the welded joints was
determined by using a Bruker Xflash 6160 energy dispersive
spectrometer (EDS) equipped with the SEM. The phases of the
WZs were examined by X-ray diffractometer (XRD, Shimadzu
XRD-6100) using a Cu Ka target. A Vickers microhardness
tester (HV1000IS) was used to analyze the hardness, with a
load of 200 g and a dwell time of 10 s. The tensile tests were
carried out at the temperature of 25 �C by using dumbbell-
shaped tensile specimens (16 mm 9 5 mm 9 3 mm). The
tensile rate is 1 9 10–3 s�1. To assure representative results,
three tensile specimens for each welded joint were tested.

3. Results

3.1 Microstructures of the Weld Interfaces

Figure 1 shows that three types of welded joints are fully
penetrated. Weld defects including cracks and pores have not

Table 1 Chemical composition of three types of filler
materials, at.%

Cr Ni Cu Al

Sample 1 14 47 29 10
Sample 2 12 43 26 19
Sample 3 11 39 24 26
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been seen on the cross-sections of the welded joints. It means
that the 304/Q235 stainless steel clad sheets are successfully
welded by using the Cr-Ni-Cu-Al multi-principal alloy wires.
Moreover, the heat-affected zones (HAZs) are observed close to
the WZs in the macroscopic appearances (see Fig. 1a-c).
Moreover, the width of the HAZ in the transverse direction
(TD) seems to be larger on the edges of the arc starting
segment, compared to the arc stabilization stage and arc ending
segment. As is known, in the TIG-Welding process, to maintain
the shape of the WZ, the wire feeding speed in the arc starting
stage is slow, and the arc dwell time is long (Ref 37). This may
be the main reason for the larger HAZ on the edges of the arc
starting segment. Figure 1(d), (e) and (f) showed the macro-
scopic appearances of the cross section of WZs. Based on the
area of the cross section of WZs, as well as the shape and size
of the groove and the assembly gap, the dilution rate of three
types of WZs is measured. It is found that the highest dilution
rate is observed in Sample 2 (� 45.5%), while the dilution rate
of Sample 1 is � 22.3%, and that of Sample 3 is � 39.4%. It
should be noted that the dilution rate in this study is higher than
that in previous studies using the TIG-Welding process (Ref
38). Moreover, Marangoni currents are observed on the cross
section images of three types of WZs, which have been widely
found in previous studies, especially for the joints by fusion
welding of dissimilar materials or layered heterogeneous clad
sheets (Ref 39, 40). Based on previous studies (Ref 39, 40), the
Marangoni effect can result in a complex flow pattern as well as
the material flow traces on the cross section of WZs.

The microstructures in the regions near the BM/WZ
interfaces are shown in Fig. 2. Clear boundaries are observed
between the BMs and WZs for three types of samples. Typical
columnar grains are observed in the WZs near the BM/WZ
interfaces. Owing to the directional heat dissipation in the
molten pool during the welding process (Ref 41), the columnar
grains tend to grow in the vertical direction of the edge of the
molten pool. Large differences in thermophysical parameters
exist between the 304 flyer layer, Q235 base layer, and the filler
materials, which have an impact on the microstructure evolu-
tion in the WZs as well as the HAZ. For example, it is
measured that the primary arm spacing of columnar grains in
the WZ on the 304 flyer layer for Sample 1 (see Fig. 2a) is
36.1 ± 4.5 lm, while that on the Q235 base layer (see Fig. 2d)
is 18.5 ± 6.3 lm. The columnar grains in the former are much

coarser than that of the latter. The reason is mainly attributed to
the lower thermal conductivity of 304 stainless steel than Q235
steel (Ref 20). Moreover, coarse austenite grains are observed
in the HAZ of the 304 flyer layer (see Fig. 2a-c), while the
black pearlite is seen in the HAZ of Q235 base layer. In
addition, the morphologies of the WZ in Sample 3 are much
darker than those of Samples 1 and 2 based on the optical
microscope (OM) images. As is known, the region with good
corrosion resistance may show a white morphology, while the
region with poor corrosion resistance may show a black
morphology in OM images. As stated above, aqua-regia is used
for etching three types of WZs. Therefore, it means that the WZ
in Sample 3 seems to have poorer corrosion resistance in aqua-
regia compared to that of the other two samples. The results
may have a close relationship with the different chemical
compositions and phase structures in those WZs.

The chemical composition variability near the BM/WZ
interfaces on the Q235 base layer is evaluated. The white
arrows in Fig. 3(a), (b) and (c) indicate the measured paths of
elemental line scanning. The results in Fig. 3(d), (e) and (f)
indicate that the content of Fe element has remarkably
decreased from the BM of Q235 steel to the WZs, while the
contents of other elements, including Cr, Ni, Cu, and Al, are
significantly increased in the WZs. Figure 3(d) indicates that
the mean atomic ratio of Fe: Ni: Cr: Al: Cu is approximately
44.3: 17.7: 19.6: 9.9: 8.4 in the WZ closing to the BM/WZ
interface of Sample 1. It should be noted that Fe element is
excluded from the filler materials in this study. However, the
high content of Fe element is observed in the WZ for Sample 1.
The reason is mainly attributed to the melted BM during the
welding process, resulting in a large amount of Fe introduced
into the molten pool, especially in the regions close to the BM/
WZ interface. In addition, apparent differences in the compo-
sition of elements are observed in another two WZs. For
Sample 2, the mean atomic ratio of each element in the WZ
near the BM/WZ interface is Fe: Ni: Cr: Al: Cu = 49.2: 13.4:
17.1: 13.8: 6.6. The atomic ratio of each element in the WZ of
Sample 3 is Fe: Ni: Cr: Al: Cu = 29: 18.9: 14.4: 27.3: 10.5.
Gradually increased Al contents are found in those WZs from
Sample 1 to Sample 3. In addition, the amount of each element
in the WZ of Sample 3 is located in the range of 10 � 30 at.%,
which is well-consistent with the definition of HEAs (Ref 32,
42).

Fig. 1 Macroscopic appearances of various welded joints: (a, d) Sample 1; (b, e) Sample 2; (c, f) Sample 3
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3.2 Microstructures of the WZs

Figure 4 presents the microstructure evolution of WZ for
Sample 1. The cross section of the WZ at low magnification is
provided at the top of Fig. 4. The various morphologies in
different regions of WZ are sequentially presented in Fig. 4(a),
(b), (c) and (d). Figure 4(a) shows that columnar grains are
observed in the WZ on the left side, which is near the BM/WZ
interface. Based on experimental observation, the width of the
regions consisting of columnar grains is � 300 lm in the TD.
The primary arm spacing of columnar grains in the WZ on the

left side (see Fig. 4a) is � 36.5 ± 3.1 lm. Then, as the region
is close to the center of the WZ, equiaxed dendritic grains and
fine columnar grains are observed in most regions of the WZ
(see Fig. 4b and c). Figure 4(d) presents that fine columnar
grains are found on another side of the WZ. It is measured that
the primary arm spacing of columnar grains in the WZ on the
right side (see Fig. 4d) is � 11.2 ± 5.1 lm. Moreover, a small
number of equiaxed dendritic grains are observed between
columnar and dendritic grains in Fig. 4(d). To observe more
details of the equiaxed dendritic grains, the SEM image of the
equiaxed dendritic grains in the WZ of Sample 1 is presented in

Fig. 2 Microstructures evolution of the WZ/BM interface of various welded joints: (a, d) Sample 1; (b, e) Sample 2; (c, f) Sample 3

Fig. 3 SEM and EDS line analysis of the WZ/BM interface of various welded joints: (a, d) Sample 1; (b, e) Sample 2; (c, f) Sample 3
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Fig. 5(a). The results of EDS point analysis in Table 2 indicate
that the content of Cu element in the grain boundaries (see A-
point) is much higher than that in the equiaxed dendritic grains
(see B-point). It implies that the segregation of Cu element
along the grain boundaries is presented in the WZ of Sample 1.

For the WZ of Sample 2, the evolution of grain morpholo-
gies is shown in Fig. 6(a), (c) and (d). Cellular crystals are
observed in almost all of the WZ, which is different from the
equiaxed dendritic grains and fine columnar grains in Sample 1.
Figure 5(b) presents the SEM image of the cellular crystals in
Sample 2. The EDS results in Table 2 imply that the amount of
Al in the WZ of Sample 2 (see the measured points of C, D, and
E) is higher than that of Sample 1. Moreover, the content of Cu
element in the grain boundaries of Sample 2 (see D-point) is
sharply decreased compared to that of Sample 1 (see A-point).

Fig. 4 Microstructures evolution of the WZ of Sample 1: (a) columnar grains in the WZ on the left side; (b, c) equiaxed dendritic grains and
fine columnar grains in most regions of the WZ; (d) fine columnar grains in the WZ on the right side

Fig. 5 Typical microstructures in three types of WZs: (a) Sample 1; (b) Sample 2; (c, d) Sample 3

Table 2 Element content, at.% in the measured point in
three types of WZs

Samples Measured point Fe Ni Cu Al Cr

Sample 1 A 12.4 12.1 66.8 6.0 2.7
B 48.2 23.6 12.2 3.5 12.6

Sample 2 C 26.9 23.0 32.7 12.5 4.9
D 43.1 22.2 15.2 10.4 9.2
E 53.0 19.7 8.9 7.2 11.2

Sample 3 F 34.3 23.4 12.3 18.0 11.9
G 45.3 21.7 9.3 9.8 14.0
H 30.0 26.7 18.4 14.5 10.4
I 26.5 27.6 17.5 18.6 9.8
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The differences in Cu content between intragranular and
intergranular are significantly reduced. It means that increasing
Al content in the multi-principal alloy wires could alleviate the
segregation of Cu element along the grain boundaries in the
WZ.

The microstructure evolution on the cross section of WZ for
Sample 3 is presented in Fig. 7. Columnar grains are observed
on the left side of WZ near the BM/WZ interface. The width of
the region with the columnar grains is � 200 lm in the TD.
Spinodal decomposition structures are observed in most regions
of the WZ for Sample 3. Spinodal decomposition structures
could be easily found in HEAs with a supersaturated solid
solution, especially for the alloys during the rapid cooling
process (Ref 24, 43). Moreover, some narrow regions with a
width of 60 � 150 lm having columnar microstructures are
also observed in the WZ. The columnar grains and spinodal
decomposition structures have been examined by SEM and
EDS (see Fig. 5c and d, respectively). It is seen that the Fe
content in the columnar microstructures is approximate 45 at.%
(see G-point), which is significantly higher than spinodal
decomposition structures (see I-point). The content of each
element in the spinodal decomposition structures is within the
range of 10 � 35 at.%. It is noted that the content of all
elements in WZ of Sample 3 is well-consistent with the
definition of HEAs.

Figure 8 presents that FCC phase structures are detected in
the WZs for both Samples 1 and 2. Moreover, two sub-peaks
are presented in the highest peak for the XRD pattern of Sample
1. The highest peak of Sample 1 is magnified and illustrated in
the small figure in Fig. 8. The two sub-peaks were identified as
FCC and Cu, respectively. It means that the characteristic peaks

of Cu phase are identified in Sample 1. The reason is mainly
related to a high binary mixing enthalpy of Cu and other
elements (such as Fe, Ni, and Cr), which results in the
segregation of Cu element along the grain boundaries and
causes the formation of the Cu phase in the XRD pattern of
Sample 1. Similar results are widely reported that the charac-
teristic peaks of Cu phase are identified separately in Cu-
containing HEAs (Ref 15, 44). Owing to the low binary mixing
enthalpies of Al and Fe, Cr, Ni elements, the more Al element
in WZs of Samples 2 and 3 could reduce the mixing enthalpy.
Therefore, no characteristic peak of Cu phase is found in the

Fig. 6 Microstructures evolution of the WZ of Sample 2: (a) WZ on the left side; (b, c) the WZ inside; (d) WZ on the right side

Fig. 7 Microstructures evolution of the WZ of Sample 3: (a) columnar grains on the left side of the WZ; (b, c) spinodal decomposition
structures on the WZ inside; (d) columnar grains on the right side of the WZ

Fig. 8 XRD pattern of three types of WZs
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XRD patterns of Samples 2 and 3. Figure 8 indicates that
FCC + BCC dual-phase structures are detected in the WZ for
Sample 3. And the BCC phase is the ordered BCC phase (B2)
structure. Based on the relative height of the diffraction peak, it
is measured that the volume fraction ratio of BCC and FCC
phases is about 2.07: 1 for the WZ of Sample 3. The results
indicate that an increase in the Al content of the multi-principal
alloy wires can promote the generation of the BCC phase. As
the Al content reaches 26 at.% in the filler wires, the phase
structures in the WZs can transform from FCC single phase to
FCC + BCC dual phases. The results are well-consistent with
previous studies (Ref 30, 32).

3.3 Microhardness

Figure 9 shows that the BM of Q235 steel has a mean
hardness of � 120 HV, while the BM of 304 stainless steel
shows a hardness of � 200 HV. The hardness of Sample 1
is � 185 HV, which is slightly lower than that of Sample 2
(� 195 HV). The hardness values of Samples 1 and 2 are
higher than the BM of Q235 steel. However, a rapid increase in
hardness is presented in Sample 3 compared to Samples 1 and
2, which reach � 395 HV. Li et al. (Ref 36) found that the
hardness of the WZ of L415/316L bimetal pipes is � 225 HV,
which is mainly ascribed to the low content of C element in the
welding wire ER309L. It is also reported that the hardness
value of the WZ can reach � 425 HV by using carbon steel
filler material. The reason is mainly attributed to the formation
of martensite in the WZ by using carbon steel filler material
(Ref 36). In this study, the hardness values of Samples 1 and 2
are similar to that of the WZ by using stainless steel filler
material, while the hardness value of Sample 3 is similar to that
of the WZ by using carbon steel filler material in the previous
study (Ref 36). However, the microstructures and the elemental
composition in WZs in this study are different from the
previous studies (Ref 35, 36). It should be noted that martensite
structure has not been achieved in the WZ of Sample 3, which
still displays an extremely high hardness. The increased
hardness in Sample 3 is mainly ascribed to the formation of
BCC phase structures (see Fig. 8).

3.4 Tensile Properties

The engineering stress–strain curves of various samples are
provided in Fig. 10(a). It is seen that all the welded joints

possess lower tensile strengths than the BM sample
(� 568 MPa). It is also confirmed by the fracture positions of
the welded joints, which are not fractured in the BM but WZs
(see Fig. 10b). Figure 10(a) indicates the lowest ultimate
tensile strength of 379 MPa presented in Sample 1. The
ultimate tensile strength of Sample 3 (� 528 MPa) is higher
than that of Sample 2 (� 488 MPa). Moreover, the elongations
of the three types of welded joints are much lower than that of
the BM sample. And the elongations are increased from Sample
1 to Sample 3. It means that the improvement of joint
mechanical properties is observed from Sample 1 to Sample 3.
It is well-consistent with the trends of hardness values in those
WZs. Several reasons may attribute to this result. Firstly, the
key factor is related to the increasing Al content in the filler
wires. As shown in Fig. 8, increasing Al content can promote
the formation of BCC structure in the WZ, which causes the
phase structures in the WZs changed from FCC structures to
FCC + BCC structures. As a result, the hardness values in WZs
and the tensile strength of the joints are significantly improved.
Similar results have been widely reported in many Al-
containing HEAs (Ref 26, 45). Secondly, increasing the content
of Al element will inevitably lead to a decrease in the content
ratio of the other four elements. Therefore, the changes in the
joint mechanical properties may have some relationship with
the content ratio of the other four elements in the WZs,
especially for Cu element. As indicated in Fig. 8 and Table 2,
owing to the relatively high content of Cu element in the WZ of
Sample 1, the formation of the Cu phase is found in Sample 1.
Moreover, the segregation of Cu element along the grain
boundaries is presented in the WZ of Sample 1, which
significantly reduces the tensile strength and elongation of
Sample 1 compared to that of Samples 2 and 3.

Figure 11 presents that a clean rock-sugar-like fracture is
observed on the plane of TD—welding direction (WD). Typical
brittle fracture morphologies are found for those three types of
welded samples. Microstructures near the fracture positions are
analyzed to investigate the fracture behavior of three types of
welded joints (see Fig. 12). An intergranular fracture along the
equiaxed dendritic grains is observed for Sample 1 (see
Fig. 12d). The reason may have a close relationship with the
segregation of Cu element for Sample 1 (see Table 2). Previous
studies (Ref 19, 31) indicated that the segregation of Cu
element can result in low strength and plasticity in grain
boundaries and finally fracture along the grain boundaries.
Figure 12(b) and (c) present that both Samples 2 and 3 fractured
in the columnar grain regions. And transgranular fractures are
observed in those two samples. The reduced segregation of Cu
element is the main reason for the results.

4. Discussion

Due to the cocktail effect of HEAs, the composition
changing and alloying in multi-principal filler materials is
expected to control the mechanical properties of welded joints.
Three types of Cr-Ni-Cu-Al multi-principal alloy wires were
used in this study to investigate the microstructure evolution
and mechanical properties of the welded joints. It is first critical
to create the high-entropy environment in the WZs by using the
multi-principal alloy wires. Previous studies reported that
physicochemical parameters, such as entropy of mixing (DSmix)
and enthalpy of mixing (DHmix), could be used to evaluate the

Fig. 9 Mean hardness values on the cross section of three types of
WZs as well as the BMs of Q235 steel and 304 stainless steel
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Fig. 10 Tensile properties and fracture positions of three types of welded joints: (a) the stress–strain curves; (b) fracture positions

Fig. 11 Fracture surfaces of the welded joints of 304/Q235 stainless steel clad sheets by using the multi-principal alloy wires of Cr-Ni-Cu-Al:
(a, b) Sample 1; (c, d) Sample 2; (e, f) Sample 3
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thermophysical characteristics of HEAs (Ref 46, 47). The
parameters are calculated based on the elemental composition
and the binary mixing enthalpies. It is seen as follows:

DSmix ¼ �R
Xn

i¼1
ðci ln ciÞ ðEq 1Þ

DHmix ¼
Xn

i¼1
Xijcicj ðEq 2Þ

Here, ci and cj are the molar percentages of elements i and j
in HEAs, respectively. Xij is calculated as four times the binary
alloy mixing enthalpies, and R is the gas molar constant
(8.314 J/(mol•K)) (Ref 46, 47).

The distribution curves of DSmix and DHmix from the BM to
the WZs for those three types of welded joints are calculated
based on the EDS line scanning results in Fig. 3. Figure 13(a)
shows that the value of DSmix in the BM is 3 � 4 J/(mol•K),
while that of the WZs is 10 � 13 J/(mol•K). Attributed to the
multi-principal alloy wires, a large amount of Cr, Ni, Cu, and
Al elements are presented in the WZs, significantly enhancing

the values of DSmix in the WZs. Moreover, Fig. 13(a) indicates
the value of DSmix for Sample 3 is larger than 1.5R, which is
well-consistent with the definition of HEAs. However, the
values of DSmix for Samples 1 and 2 are less than 1.5R,
especially for the regions close to the BM/WZ interface.
Samples 1 and 2 are more accurately considered as medium-
entropy alloys rather than HEAs. The reason is mainly related
to the high dilution rate, resulting in a large amount of Fe
introduced into the molten pool (see Fig. 3). The chemical
composition of the WZs near the BM/WZ interface deviates
from that of HEAs.

Figure 13b presents that the value of DHmix is gradually
decreased from the BM to the WZ. Moreover, Fig. 13(a) and (b)
indicates that the value of DSmix in the WZ for Sample 3 is
slightly higher than that of Samples 1 and 2, while the value of
DHmix in the WZ for Sample 3 is lower than the other two
samples. The results indicate that with the increasing Al content
in the filler wires, the value of DSmix in the WZ is slightly
increased, while the value of DHmix is significantly decreased.

Fig. 12 Microstructures near the fracture line of the welded joints of 304/Q235 stainless steel clad sheets by using the multi-principal alloy
wires of Cr-Ni-Cu-Al: (a, d) Sample 1; (b, e) Sample 2; (c, f) Sample 3

Fig. 13 Variation of some physical parameters from the BM to the WZ in three types of welded joints: (a) the DSmix; (b) the DHmix; (c) the
VEC
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Based on the formula of the Gibbs free energy (DGmix),
DGmix = DHmix�TDSmix, as well as the results in Fig. 13(a)
and (b), the value of DGmix in the WZs would be significantly
decreased compared to the BM. In addition, the value of DGmix

in the WZs would be gradually decreased by increasing the Al
content in the filler wires. Previous studies suggested that the
low value of DGmix in multi-principal alloys could easily
accelerate the generation of solid-solution structures (Ref 46,
48). FCC solid-solution phase is detected in Samples 1 and 2 in
this study. FCC + BCC dual-phase structures are observed in
the WZ for Sample 3. In addition to the appropriate element
contents in the WZs, especially for Sample 3 (see Fig. 3f), it
could be concluded that using the Cr-Ni-Cu-Al multi-principal
alloy wires can promote the generation of a high (medium)-
entropy environment in the WZs.

The Al content has an impact on the phase structures in
HEAs. Tong et al. (Ref 49) found that a BCC structure is
gradually formed in AlxCoCrCuFeNi alloys when the value of x
reached 0.8. A single BCC phase structure can be achieved
when the content of Al element is larger than x = 2.8. Stepanov
et al. (Ref 50) found that a single FCC phase structure is formed
in the CoCrFeMnNi-Al alloys with a low Al content. It is
expected to form BCC phase structure at the Al content over 6
at.%. Moreover, the FCC phase structure would eliminate as the
Al content reached 17 at.%. In this study, Fig. 8 indicates that
by increasing the Al content, the phase structures in the WZs
are transformed from the FCC phase into BCC + FCC phases,
especially for the Al content in the filler wires reached 26 at.%.
Moreover, it should be noted that the Cu content has also an
impact on the phase structures in HEAs. In the present study,
the amount of Al pure wires is increased, while keeping the
constant amount of other pure or alloy wires during the
manufacturing of multi-principal alloy wires. Therefore,
increasing the ratio of Al content will inevitably reduce the
content ratio of the other four elements. As is known, the binary
mixing enthalpy between Cu and Fe, Ni, and Cr elements is
13 kJ/mol, 12 kJ/mol, and 4 kJ/mol, respectively (Ref 48). For
Sample 1, the high content of Cu element leads to the phase
separation and the formation of the Cu phase in Sample 1. With
the increase in Al content, the content ratio of Cu decreases,
leading to the decrease in the value of DHmix in the WZs for
Samples 2 and 3 (see Fig. 13b). Then, no characteristic peak of
Cu phase is found in the XRD patterns of Samples 2 and 3 (see
Fig. 8). Moreover, according to previous studies (Ref 32, 42),
valence electron concentration (VEC) is a critical factor to
decide the BCC or FCC structures in HEAs. Guo et al. (Ref 48)
suggested that FCC + BCC phases are formed in HEAs as the
VEC value is between 6.87 and 8. And the lower value of VEC
can promote the formation of BCC structure. The variations of
VEC from the BM to the WZs are shown in Fig. 13(c). A
decrease in the value of VEC is observed in the WZs as the
increase in Al content in the filler wires, which is well-
consistent with the generation of BCC phase in the WZ of
Sample 3.

Previous studies reported that the hardness and tensile
strength have a strong correlation with the Al content in the Al-
containing HEAs (Ref 31, 32). Xu et al. (Ref 30) found that
increasing Al content in AlxCrMnFeCoNi alloys can promote

the formation of BCC phase and cause a decrease in the size of
FCC grains. It results in remarkably improved tensile strength.
Stepanov et al. (Ref 50) found that increasing the content of Al
element from 0 to 10 at.% can improve the compression
properties of Fe40Mn25Cr20Ni15-xAlx alloys. Further increasing
the Al content has not affected strength noticeably. The reason
is mainly related to the constant fraction of BCC phases. In the
present study, as the Al content reaches 26 at.% in the filler
wires, the phase structures in the WZs are transformed from the
FCC phases to the FCC + BCC phases. Therefore, a sharp
increase in the hardness is presented in the WZ of Sample 3
(� 395 HV). And the ultimate tensile strength is significantly
increased from Sample 1 (� 379 MPa) to Sample 3
(� 528 MPa). The phase structure transformed from FCC into
BCC would be the main reason for the results.

Moreover, it should be noted that owing to the high dilution
rate, a large amount of Fe element is introduced into the molten
pool, resulting in the high content of Fe element (44.3 � 49.2
at.%) in the WZs of Samples 1 and 2, especially for the regions
near close to the BM/WZ interface. It deviates from the
chemical composition of HEAs. The issue has an adverse effect
on mechanical properties. Therefore, controlling the dilution
during welding is of great concern to adjust the mechanical
properties of the welded joints by using multi-principal filler
materials. There are several methods to control the weld
dilution. Firstly, selecting the appropriate shape and angle of
the groove is an important effective method to control weld
dilution (Ref 51). Secondly, controlling the welding heat input
is another effective method to reduce the weld dilution.
Advanced fusion welding methods such as Cold Metal Transfer
(CMT) may be an ideal choice to reduce the weld dilution
during the welding of multi-principal filler materials, which
would be an interesting research direction in the future.

5. Conclusions

1. With the increasing Al content of the multi-principal filler
wires, the grain morphologies in the WZs were changed
from columnar/dendritic grains to spinodal decomposition
structures.

2. An increase in the Al content could promote the genera-
tion of the BCC phase in the WZs. The phase structures
in the WZs were changed from the FCC phases into the
FCC + BCC phases as the Al content of the filler wires
reached 26 at.%.

3. As the Al content in the filler wires reached 26 at.%, the
hardness of the WZs was increased by � 2 times. The
ultimate tensile strength of the joints was improved from
379 MPa to � 528 MPa.

4. Three types of welded samples were fractured in the
WZs and showed the rock-sugar-like fracture morpholo-
gies. An intergranular fracture was observed for Sample
1, while transgranular fractures were seen in the other
two samples.
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