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ABSTRACT

A porous high entropy alloy (HEA) coating was prepared on a steel surface by vacuum
sintering. The coating was then used as a transition layer during dissimilar laser joining of
Al to steel. Compared with the uncoated laser joints, the liquid alloy spread and infiltrated
into the porous structure, the contact angle of the weld reduced from 65.8° to 56.7°, and the
brazed width increased from 5.1 mm to 5.9 mm, which improved the wettability and
spreadability of the molten filler wire on the substrate. In the case of the uncoated steel,
the fusion zone/steel interfacial microstructure consisted of laminated Al,.,Fe;.gSi and
Fe(Al,Si);, while it changed to a composite-like structure containing a soft HEA skeleton
and hard IMCs which included Al;.,Fe;.gSi, Al3Ni, and (Al,Si),Cr. In addition, due to the
sluggish diffusion effect of HEAs, a layer of gradient nanocrystalline composed of Al;.,.
Fe;.gSi was generated, which significantly strengthened the dissimilar laser joints with
improvements in both the fracture load (~26.5%) and the displacement (~101.8%). The
fracture mode changed from brittle to ductile failure when the porous HEA coating was
applied, with fracture propagating through the HEA skeleton. This work provides a novel
solution for the strengthening of hard-to-join dissimilar combinations.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As a new class of advanced engineering alloys, high entropy
alloys (HEAs) have been extensively studied due to their po-
tential advantages over conventional metallic alloys in terms
of strength, hardness, fracture toughness, wear, and corrosion
resistance [1], which makes them potential and promising
candidates to be used as structural components for diverse
engineering applications. Although balancing the trade-off
between strength and ductility, and revealing the strength-
ening and deformation mechanisms are, at the moment, the
most studied topics for HEAs [2], their weldability is a key
concern before industrial applications using these materials
can be considered. Brazing [3], friction stir welding [4], diffu-
sion bonding [5], arc-based welding [6,7], laser welding [8], and
electron beam welding [9] have been used for joining similar
and dissimilar joints involving HEAs.

Aside from their excellent mechanical performance under
wide temperature ranges and environments, HEAs also

exhibit four unique characteristics: (i) high entropy effect, (ii)
sluggish diffusion, (iii) severe lattice distortion; (iv) and the
cocktail effect [10]. By taking advantage of these characteris-
tics, HEAs can also be used as filler materials during the
joining of dissimilar materials to suppress the extensive for-
mation of brittle intermetallic compounds (IMCs), thus
enabling the increase in both strength, ductility, and tough-
ness of the welded joints [11]. Wang et al. [12] brazed ZrB2—SiC
ceramic to Nb using a CoFeNiCrCu HEA filler and the brazed
joint was enhanced due to the formation of tooth-shaped Cr,B
and a composite microstructure containing a soft FCC phase
and a hard Laves phase. Azhari-Saray et al. [13] comparatively
investigated the resistance spot welding of aluminum alloy
and low carbon steel with and without an Aly.sFeCoCrNi HEA
interlayer. Complex IMCs formed at the Al/HEAs interface due
to the strong chemical tendency of the HEA constituent ele-
ments towards the aluminum alloy, and the pre-existing
cracks and hot tearing at the Al-side of the joint were
reduced, which were beneficial for the improving the joint
tensile shear load.

Table 1 — Chemical compositions of base materials and filler wire (wt.%).

Materials Cu Zn Mg Si S ¢ Al Mn Fe Co Cr Ni
Steel - - - 0.22 0.02 0.18 0.45 0.60 Bal. - - -
5052 Al 0.1 0.1 2.2 0.25 - - Bal. 0.1 0.4 - 0.15 -
ER 4047 0.25 0.90 0.08 12 = = Bal. 0.045 0.78 = = -
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Fig. 1 — (a) Schematic diagram of the laser welding-brazing process of Al to steel via a porous high entropy alloy coating, (b)

schematic diagram of tensile sample size.
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(a) Top view appearance of the porous HEA-coated steel, (b) cross-sectional SEM images of the porous HEA-coated

steel, (c)SEM image of the red box in (b), (d) EDS mapping in (c), (e) three-dimensional schematic of porous coated steel.

Up to now, the research in this field mainly focuses on the
use of HEA as the bulk interlayer or filler metal for the welding
of dissimilar materials, while the study on the porous HEA
transition layer has been scarcely reported. It is known that
porous structures have a unique three-dimensional frame-
work structure with outstanding deformation and absorption
capacity, and thus possesses better plasticity and are able to
absorb most of the fracture energy [14]. Wang et al. [15] used
three-dimensional graphene-reinforced copper foam as an
interlayer for vacuum brazing of C/C composites and Nb. The
results showed that the addition of a porous interlayer was
able to significantly improve the mechanical properties of
brazing joints, which was mainly attributed to the good
plasticity of the porous interlayer. This was because the

porous interlayer absorbed most of the fracture energy and
was beneficial to reduce the thermal residual stress during the
cooling process. Sun et al. [16] used Ni foam as an interlayer
for vacuum brazing of Al,03; ceramics/1Cr18Ni9Ti stainless
steel. The results showed that the shear strength of brazed
joints increased by 292%, and the thermal residual stress of
brazed joints decreased sharply. The above research indicates
that the porous layer can effectively alleviate the interface
residual stress of dissimilar welded joints caused by the dif-
ference in physical and chemical properties as well as
metallurgical compatibility, thus improving joint strength.
Laser welding is highly interesting due to its ability to
produce a limited extension of both the fusion zone and heat-
affected zone (HAZ), with process flexibility and high
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Fig. 3 — (a) Weld appearances of laser Al/uncoated steel joints, (b) weld appearances of laser Al/porous-coated steel joints, (c)
cross-sectional of laser Al/uncoated steel joints, (d) cross-sectional of laser Al/porous-coated steel joints, (e) enlarged view at

the interface of the red box in (c), (f) enlarged view at the interface of the blue box in (d), (g) EDS mapping in (f), (h) EBSD
analysis in (f).

throughput [17,18]. Dissimilar materials laser welding has
been extensively conducted [19—27]. However, using porous
HEAs transition layer to regulate the interfacial microstruc-
ture and improve the laser dissimilar joint as well as the
related mechanisms was very rare. To fill this gap, a FeCoCrNi
HEA in the form of a porous coating was used as a transition

layer in the joining of laser aluminum to steel for the first time.
Through a combination of microstructure characterization
and mechanical property assessment, a comprehensive un-
derstanding of the microstructure evolution and its impact on
the use of the porous HEA as a transition layer on the joint
properties was obtained.
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Fig. 4 — SEM image and EDS elemental mapping at the interface of laser Al/uncoated steel joints.

2. Experimental procedures

Low carbon steel and 5052 aluminum alloy, with dimensions
of 150 mm x 100mm x 1.8 mm, were selected as base mate-
rials. The chemical compositions of the materials are shown
in Table 1. A equal atomic FeCoCrNi porous transition layer
was pre-coated on the steel surface via furnace sintering. The
detailed sintering process was introduced in our previous
work [28]. An aluminum-on-steel lap joint configuration with

an overlap distance of 15 mm was used, and an IPG YLS-6000
fiber laser was employed for the laser welding-brazing. To
mitigate the metallurgical difference between the base ma-
terials and the porous HEAs coating, Al-12Si filler alloy was
used (Table 1). To minimize the oxidation of the joint, pure
argon gas at a flow rate of 15 L/min was used as shielding gas.
The experimental layout is detailed in Fig. 1(a). After the
optimization of the process parameters, the welding param-
eters were used as follows: the power of 2300 W, welding

Table 2 — EDS analysis at the points highlighted in Figs. 4 and 5 (at. %).

Region Al Si Fe Cr Co Ni Possible phase
I 67.39 11.80 20.81 = = = Al, ,Fe; gSi

I 65.23 7.59 27.18 = = = Fe(Al,Si)3

11 67.73 12.23 6.87 10.24 1.61 1.32 Al;.,Fe;.gSi

v 77.78 3.34 4.91 0.37 4.51 9.09 Al3Ni

\Y% 91.46 7.29 0.27 0.34 0.25 0.39 o-Al+B-Si eutectic
VI 14.07 48.53 2.67 34.13 0.23 0.37 (Al,Si),Cr
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Fusion zone

Fig. 5 — SEM image and EDS elemental mapping at the interface of laser Al/porous-coated steel joints.

speed of 0.3 m/min, defocus amount of +35 mm, and wire feed
speed of 2 m/min.

After laser welding, samples for metallographic observa-
tions were mounted with epoxy resin, followed by standard
grinding and polishing. The samples were then etched with
Keller's reagent (95 mL H,O+ 2.5 mL HNOz+ 1.5 mL HCIl+
1.0 mL HF) for 6 s. The samples were analyzed using optical
microscopy (OM, OLMPUS), scanning electron microscopy
(SEM, ZEISS Gemini SEM 300), electron backscattered

diffraction (EBSD, EDAX-TSL), and transmission electron
microscopy (TEM, FEI Tecnai G2 F30) to analyze the micro-
structure and phase composition of the joint. The tensile
test and fracture analysis of the laser joint were carried out
by a tensile testing machine (MJDW-200B). The tensile-shear
testing was evaluated at a cross-head speed of 1.0 mm/min
at room temperature. The schematic diagram of the tensile
test specimen is shown in Fig. 1(b). The microhardness
measurements were conducted on a Vickers microhardness
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Fig. 6 — Preparing process for TEM sample of laser Al/steel joint with porous HEA coating: (a) region selected on origin
metallographic sample, (b) ion milling on origin metallographic sample, (c) further ion milling on the sample attached on

copper mesh, (d) finished TEM sample.

tester (HXD-1000TMS/LCD) with a load of 500 g and a
dwelling time of 15 s.

3. Results and discussion
3.1.  Porous HEA coating

Fig. 2(a) shows the top view appearance of the porous HEA
coated steel, A homogenous coating without any macro-
defects was observed. The size of the coating was
150 x 20 mm?. Fig. 2(b—d) shows the SEM and EDS analysis of
the cross-section of the porous HEA coating. As shown, the
HEA particles formed an obvious sintering neck, and the pore
size was randomly distributed, forming a three-dimensional
interconnected open structure composed of HEA skeleton
and open channels. The thickness, porosity, and average pore
diameter were 275 um, 44.63%, and 15.05 um, respectively. In
addition, the EDS analysis showed that Fe, Cr, Co, and Ni were
homogeneously distributed on the coating with almost equal
chemical composition. This equal atomic FeCrCoNi coating

was composed of a single-phase FCC structure, as previously
investigated [28]. The three-dimensional structure diagram of
the coating was shown in Fig. 2(e).

3.2.  Interfacial microstructure

Fig. 3(a and b) shows the weld appearances of laser Al/steel
joints with the uncoated and porous coated steel substrates,
respectively. Sound weld appearances were obtained both in
uncoated and porous coated steel. Fig. 3(c and d) shows OM
cross-sectional views of laser Al/steel joints with and without
porous HEA coating. For the uncoated steel, it was observed
that the fusion zone formed by the spreading of part of
aluminum alloy base metal and Al—12Si alloy filler on the steel
surface, and no obvious defects such as porosity were
observed in the fusion zone. However, in the case of porous
coated steel, the liquid filler metal was infiltrated into the
porous coating skeleton. The contact angle and brazed width
were measured to quantitatively compare the wettability of
laser joints with uncoated steel to porous coated steel. The
results showed that the contact angle decreased from 65.8° to
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Fig. 7 — Element mapping in the TEM sample of laser Al/steel joint with porous HEA coating: (a) Al, (b) Si, (c) Fe, (d) Co, (e) Cr,

(f) Ni.

56.7° and the brazing width increased from 5.1 mm to 5.9 mm
from uncoated steel to porous coated steel. According to Tan
et al. [29], A large brazing width with a small contact angle
indicated a sound wettability of molten filler on the sub-
strates. Therefore, the wettability and spreadability of laser
Al/steel joints were improved by the porous HEA coating.
Fig. 3(e and f) shows the SEM images of the interfacial region of
the laser Al/steel joints with the uncoated and porous coated
steel, respectively. For the uncoated steel, a gray layer of IMCs
was observed at the interface between the fusion zone and
steel. For the porous coated steel, the liquid alloy was infil-
trated into the porous coating through the open structure
under the capillary force forming a composite-like structure.
This structure contained a HEA skeleton and a reaction region.
In the reaction region, dark gray structures were generated
wrapping the HEA skeleton. It apparently resulted from the
metallurgical reaction between the coating and liquid from
the fusion zone. Fig. 3(g) shows EDS elemental mapping in
Fig. 3(f). Fe, Co, Cr, and Ni elements were dissolved into the
liquid Al-12Si alloy forming the reaction region. EBSD anal-
ysis shows that the reaction products had very fine grain
structure in the reaction region as shown in Fig. 3(h), which
will be further characterized by SEM and TEM.

Fig. 4 shows the SEM images of the interfacial micro-
structure of laser Al/uncoated steel joints. As shown in
Fig. 4(a), it was seen that two types (phases I and II) of laminal
reaction layers were observed at the fusion zone/steel

interface with a total thickness of 2 um. Phase I adjacent to the
fusion zone side, based on EDS results (Table 2), the compo-
sition of the continuous layered IMC was 67.39 at. % Al,
20.81 at. % Fe and 11.80 at. % Si, and the possible phase was
identified as Al;.,Fe;.gSi. On the steel substrate side, the
chemical composition of the layer was 65.23 at.% Al, 27.18 at.%
Fe and 7.59 at.% Si (Table 2). It was speculated that the IMC
was Fe(Al,Si)3. In fact, Al;.,Fe;.gSi and Fe(Al,Si)3 phases were
often observed in laser Al/steel joints [30,31]. To further
analyze the distribution of elements at the interface, EDS
element mapping was performed (Fig. 4(b—d)). It was obvious
that Fe, Al, and Si elements enriched in the entire layered
reaction layer, The results confirmed that Fe, Al, and Si ele-
ments were involved in inter-diffusion and interfacial re-
actions at the fusion zone/steel interface, thus promoting the
formation of the IMCs.

Fig. 5 details the SEM and EDS mapping analysis at the
interface of laser Al/porous-coated steel joints. Four regions,
ie., III, IV, V, and VI, were divided according to their mor-
phologies. A compact continuous layer was generated adja-
cent to the HEA skeleton (region III) with the composition
shown in Table 2. The possible phase was a variant of the
Al; .,Fe;.gSi phase, namely a type of Al-Fe—Si-based ternary
IMC, where Cr, Co, and Ni atoms shared some lattice sites with
Fe atoms. In fact, the Al;.,Fe;.gSi phase has a hexagonal
crystal structure, which is often observed in laser Al/steel
joints [30,31]. Attention must also be paid to Cr, which had an
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Fig. 8 — (a) Bright-field micrograph taken at the interface, with the circles indicating electron beam positions for obtaining
diffraction patterns, (b) enlarged image of the interface of region III in (a), (c) schematically show the nanoscale gradient

structure, (d) the statistical distribution of grain size of the gradient structured layer, (¢) HR-TEM image of the red box in (b).
The inset underneath (a—c) illustrated the SAPDs analysis of (a).

atomic ratio higher than that of Co, Ni, and Fe. This was
because the diffusion coefficient of Cr in Al melt is the lowest,
so Cr was enriched in region III [32]. Next to region III, a darker
bulk structure was clearly observed (region IV). The compo-
sition of Al atoms increased to 77.78 at. % and the Ni content
increased from 1.32 to 9.09 at.%. The negative mixing enthalpy
of Al and Ni was reported to be very large, which led to a
strong bond between Al and Ni. In opposition, the mixing
enthalpy of Co, Cr, and Fe were similar and their bonding was

relatively poor, thus promoting the formation of Al- and Ni-
rich zones [33]. Hence, this region is likely to be composed of
a variant of the Al;Ni phase, which is a kind of Al-Ni-based
binary IMC. From the EDS analysis, region V contained a type
of Al-rich phase with a chemical content of 91.46 at.% Al,
7.29 at.% Si, with a trace amount of the remaining elements
(Table 2). The lower atomic percentages of the elements Ni, Cr,
Co, and Fe may be due to the sluggish diffusion effect of the
HEA [34]. Hence, it is presumed that region V consists of the a-
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Fig. 9 — (a) Microhardness mapping across the laser joint with uncoated steel, (b) microhardness profiles obtained at the
middle of the joint (black dashed line in (a)), (c) microhardness mapping across the laser joint with porous-coated steel, (d)
microhardness profiles obtained at the middle of the joint (black dashed line in (c)).
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Fig. 10 — (a) Load-displacement curve of the uncoated steel and porous coated steel joints, (b) plot of tensile properties of
dissimilar Al/steel joints obtained by various welding methods.

Al+B-Si eutectic phase. At region VI, some bright dispersoids
were observed. From the EDS analysis (Table 2), the Cr: Si
atomic ratio was close to 1:2. The possible phase was the
(Al,Si),Cr phase, where Al, Fe, Co, and Ni atoms shared some
lattice sites with the Si atoms.

To further characterize the phase compositions shown in
Fig. 5, TEM analysis was performed. The TEM sample was
prepared using focus ion beam (FIB) technology, and the

preparation process was shown in Fig. 6. Fig. 6(d) shows the
selected region of the final produced TEM sample. Fig. 7 shows
the element distributions in the FIB sample. It is obvious that
the distribution of elements in the HEA skeleton is uniform,
and the reaction zone has a eutectic structure rich in Al and Si,
the massive phase rich in AINi, and the dispersed particle
structure rich in CrSi. This is consistent with the structure
observed in the previous SEM analysis (Fig. 5).
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Fig. 11 — Fractographic analysis of laser Al/uncoated steel joints: (a) OM image of the fractured sample, (b) SEM images of the

steel side, (c) SEM images of the fusion zone side.

Fig. 8(a) displays the high-angle annular bright field images
of the TEM sample. It also showed four distinct regions:
gradient nanoscale structures (Region III), bulk structure (Re-
gion IV), eutectic structure (Region V), and dispersoid particle
structure (Region VI), which corresponded to the previous
classification in Fig. 5. The selected area electron diffraction
patterns (SADPs) were used to confirm the phase structure in
the reaction region. The III-VI region SADPs represented the
incident beams parallel to the axes of the [21—2] a17.ore1-8si
(SAD1), [110] apsni (SAD2), [0—1-1] ,.a1 (SAD3), [-2—1-1] p.si
(SAD4), [210] (aisi2cr (SADS) region, further confirmed the
phases identified by SEM-EDS analyses. It is worth noting that
alayer of nanoscale gradient structure was formed adjacent to
the HEA sphere (refer to Fig. 8(b)). Fig. 8(c) shows the schematic
diagram of the sectional nanoscale gradient microstructure of
the interface region IIl. This gradient-structured layer was
roughly 1 pm thick with an average grain size of 161 + 37 nm
(Fig. 8(d)). It was reported that nanograins were found to

release the residual strains at the interface by restoring the
misfit and plastic flow [35]. Besides, gradient structures are
usually beneficial for the improvement of the yield strength
because of a unique strain-hardening behavior generated
where geometrically necessary dislocations (GNDs) are accu-
mulated in the whole mechanical gradient layer to accom-
modate the strain gradients [36]. The mechanical testing used
to probe the mechanical performance of the joints confirmed
the statements above, as it will be detailed later. The forma-
tion mechanism of the nanoscale gradient structure was
believed to be related to the sluggish diffusion effect of the
HEA porous [37]. The sluggish diffusion effect is usually used
to reveal the formation of nanoscale phases, as the nuclei are
easier to form but grow slowly. In a previous investigation on
the castability of a CuCoNiCrFe HEA, nano-precipitates with a
size of 7—50 nm in diameter, close to the FCC phase in a spi-
nodal plate, were formed [38]. Lattice fringes of the HEA were
clearly seen in high resolution-TEM (HR-TEM) analysis, and

Table 3 — Chemical compositions of locations marked in Fig. 11 and 12 on the fracture surface (at. %).

Locations Al Si Fe Cr Co Ni Possible phase
P1 64.87 7.57 27.56 - - - Fe(AlSi);

P2 1.43 0.21 98.36 - - - Fe

P3 67.57 11.24 21.19 = = = Al, ,Fe; gSi

P4 71.54 11.61 16.85 - - - Al; ,Fe;q.gSi

P5 1.86 0.84 25.67 21.53 24.99 25.11 HEA

P6 76.12 1.61 5.65 1.77 3.57 11.28 Al;Ni

P7 0.42 0.02 30.36 22.17 25.61 21.42 HEA

P8 84.31 6.20 3.39 2.10 2.05 1.95 o-Al+B-Si eutectic
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Cracking
along grain
boundaries

Nano grain
gradient structure

Tensile stress

Fig. 12 — Fractographic analysis of laser Al/porous-coated steel joints: (a) OM image of the fractured sample, (b) enlarged
cross-sectional view in (a), (c) SEM images of the steel side, (d) SEM images of the fusion zone side, () schematic diagram of

the crack propagation path.

the nanograins were also observed near the interface in
Fig. 8(e).

3.3.  Mechanical properties

To further investigate the relationship between microstruc-
ture and local strength of the laser joints with uncoated and
porous coated steel, microhardness mapping of the joints was
carried out. Fig. 9 shows the two-dimensional microhardness
map of the entire welded joint with uncoated and porous
coated steel, showing the Vickers hardness of the steel,
interface, and the fusion zone. The results showed that the
hardness values of the steel, interface, and fusion zone varied

greatly. The steel and fusion zone microhardness values were
about 140 HV and 80 HV, respectively. For uncoated steel laser
joints, the reaction layer microhardness increased sharply to
210.8 HV, which was far less than the microhardness of
Al; ,Fe;.gSi (956 HV) and Fe(AlSi); (883 HV) [39]. This was
because the interfacial layer was too thin to be fully covered
the micro indentation thus indicating an average microhard-
ness at the interfacial region. However, for porous coated steel
laser joints, it increased first and then decreased from the
steel side to the fusion zone where the coating region showed
the highest hardness~472 HV. It was worth noting that, unlike
the sharp increase followed by a decrease at the uncoated
steel interface, an alternative increasing and decrease of
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hardness was observed at the interface which coincided with
the characters of a composite-like structure. This kind of
composite structure with soft structures composed of HEA
skeleton and hard structures composed of Al;.,Fe;.gSi, Al3Ni,
and (Al,Si),Cr was expected to be beneficial for the improve-
ment of joint tensile properties [12].

Fig. 10(a) comparatively shows the tensile performance of
the laser joints with and without the porous HEA coating. A
maximum tensile load of 3059 N was obtained in the case of the
coated steel, which was an improvement of 26.5% compared to
the joint without coating (2418 N). The elongation was also
increased by 101.8%, i.e., from, 1.12 mm without coating to
2.26 mm with coating. It was noteworthy that an obvious
yielding process was seen in the load-displacement curve in the
case of the joint with the coating, as shown in the inset in
Fig. 10(a). It was mainly attributed to the strain hardening effect
provided by the formation of the nanoscale gradient structure at
the fusion zone/steel interface (refer to Fig. 8(b)). It was reported
that gradient structures displayed an improved yield strength,
and also exhibited optimized strength-ductility synergy and
static toughness. This was due to the development of additional
strengthening and strain hardening by hetero-deformation
induced (HDI) due to the synergistic constraints between the
gradient layers [36]. Conversely, an abrupt brittle fracture
without any yielding was observed in the case of the uncoated
steel. Fig. 10(b) displays the tensile properties of dissimilar Al/
steel joints with various welding methods [40—47] and it is seen
that the laser Al/steel joint in the present study displayed an
outstanding linear force (fracture load per unit) and displace-
ment when compared to other welded joints. It again confirmed
the strengthening effect of the porous HEA coating.

3.4.  Fractography analysis

Fig. 11 shows the fracture morphologies of the laser Al/un-
coated steel joints. The laser joint failed at the fusion zone/
steel interface (Fig. 11 a). Tearing edges and smoothly flat
fracture planes were observed on the fracture interface,
showing an obvious brittle fracture characteristic. Based on
the EDS analysis, and the corresponding compositions of the
marked points were shown in Table 3. At the steel side, the
IMC at the fracture surface was identified as Fe(AlSi); (P1 in
Fig. 11(b) and Table 3). The fracture surface at the fusion zone
side exhibited very smooth characteristics, and Al;.,Fe;.gSi
was identified (P3 and P4 in Fig. 11(c) and Table 3). Therefore, it
was inferred that the failure of the joint occurred within the
IMCs layer.

Fig. 12 shows the fracture morphologies of the laser joint
with the porous HEA-coated steel. It can be observed from
Fig. 12 (a) that the laser joint fracture occurred near the
coating. From the cross-sectional view of the fracture sample
in Fig. 12(b), it was displayed that the fracture located at the
lower part of the porous HEA coating adjacent to the steel
substrate. A large number of dimples with various sizes and
some cleavage steps were observed indicating that a mixture
of plastic deformation and cleavage fracture was generated
during the tensile process (Fig. 12 c-d). Based on the EDS
analysis, Fe, Co, Cr, Ni elements at the dimples of the fracture
were close to 1:1 (P5 and P7 in Fig. 12 c¢-d), so it was inferred
that the dimple was an HEA skeleton (Table 3). Al3Ni and o-

Al+B-Si eutectic was observed at the cleavage steps fracture
surface (P6 and P8 in Fig. 12 c-d). Thus, the porous coated steel
laser joints fractured within the HEA skeleton and IMCs in the
reaction zone. The schematic diagram for the crack propaga-
tion path further displayed the fracture location within the
HEA skeleton (Fig. 12(e)). This suggested a robust bonding at
the interface between the HEA sphere and nanoscale grain
structure in the reaction region.

4, Conclusions

A FeCoCrNi porous HEA coating was prepared on the steel
surface by vacuum sintering and then it was used as a tran-
sition layer for enhancing the laser Al/steel joints. The inter-
face microstructure and mechanical performance of coated
and uncoated laser Al/steel joints were comparatively inves-
tigated and the strengthening mechanism was discussed. The
main conclusions were drawn as follows.

(1) The porous HEA coating improved the wettability and
spreadability of the molten filler wire on the substrate.
By using the porous HEA coating, the liquid alloy spread
and infiltrated into the porous structure, the contact
angle of the weld reduced from 65.8° to 56.7°, and the
brazed width increased from 5.1 mm to 5.9 mm.
(2) For the uncoated steel, the interfacial microstructure
consisted of laminated brittle Al;.,Fe;.gSi and Fe(Al,Si)s,
while the reaction region in the case of porous coated
steel changed to a composite-like structure containing a
soft HEA skeleton and hard IMCs which was composed
of Al;.,Fe;.gSi, Al3Ni, and (Al,Si),Cr phases.
Because of the sluggish diffusion effect of HEAs, a layer
of nanoscale gradient structure composed of Al;.,.
Fe;.gSi was formed adjacent to the HEA skeleton, with
the average grain size of 161 + 37 nm. This kind of
nanoscale gradient structure greatly enhanced bonding
between the HEA sphere and reaction region by hetero-
deformation induced extra strengthening and strain
hardening, thus improving the joint tensile properties.
By applying the porous HEA coating, the joint fracture
load increased from 2418 N to 3059 N and the
displacement increased from 1.12 mm to 2.26 mm.
The fracture propagated through the HEA skeleton due
to the strengthened HEA/reaction region interface,
exhibiting a ductile fracture with the existence of
various dimples.
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