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A B S T R A C T   

Laser cladding of high-entropy alloy (HEA) coatings has aroused increasing attention in recent years. However, 
laser-cladded HEA coatings often suffer phase separation and/or elemental segregation, which may limit their 
full potential for corrosion resistance. In this study, CoCrFeNi HEA coatings were deposited on AISI 1045 steel 
substrate via laser cladding and then were subjected to post-annealing treatment. Microstructural character
ization shows that a single-phase FCC structure forms in the laser-cladded CoCrFeNi HEA coating, without any 
phase separation. Columnar grains with cell substructures are dominating, with enrichment of Cr on cell walls 
and enrichment of Fe, Co, and Ni in cell interiors. Post-annealing promotes the recrystallization and the for
mation of equiaxed grained microstructures, and simultaneously erases the elemental segregation. Such ho
mogenous elemental distributions lead to a higher corrosion potential and a lower corrosion current density, 
indicating an enhanced corrosion resistance. Such findings provide a guideline for fabricating highly corrosion- 
resistant HEA coatings for critical applications.   

1. Introduction 

High-entropy alloys (HEAs) are newcomers to the world of metallic 
materials. Deviating from conventional alloys with a single principal 
element, HEAs consist of multiple principal elements, with each at 5 to 
35 at.% [1]. Multiple superior properties have been reported for HEAs, 
including excellent strength-ductility synergy [2] and excellent corro
sion resistance [3], etc. Especially, excellent corrosive properties make 
HEAs promising coating materials [4–8]. Several coating techniques are 
available such as magnetron sputtering and plasma spraying. In 
contrast, laser cladding is a reliable coating technique which enables the 
fabrication of large-scale coatings [9]. The partial remelting of the 
substrate also facilitates the good substrate/coating metallurgical 
bonding. Recently, HEA coatings have been fabricated via laser clad
ding, which improves the corrosion resistance of the substrate materials 
[10,11]. However, phase separation in laser-cladded HEA coatings is 
frequently observed [12,13], despite the high configuration entropy of 
HEAs. For example, the laser-cladded Al0.5FeCu0.7NiCoCr HEA coating 
has a dual-phase (FCC plus BCC) microstructure [10]. Jiang et al. [13] 
also reported that TiZrAlNbCo HEA coating has a matrix phase of FCC 
plus BCC, as well as minor intermetallic phases. It is worth mentioning 
that BCC phases are preferentially corroded in such a multi-phase 

microstructure. In addition to the phase separation, elemental segrega
tion often occurs in the laser-cladded HEA coatings [14], despite high 
cooling rates of laser cladding and sluggish diffusion effects of HEAs. 
Such phase separation and elemental segregation phenomenon may 
limit the full potential for improved corrosion resistance of laser-cladded 
HEA coatings. 

In this paper, CoCrFeNi HEA coatings were deposited on the AISI 
1045 steel substrate via laser cladding and then were subjected to post- 
annealing treatment. The AISI 1045 steel has good comprehensive me
chanical properties and low cost, but its corrosion resistance is normally 
insufficient. The CoCrFeNi HEA has been reported to have a single-phase 
FCC structure [15], possibly ensuring the good substrate/coating 
metallurgical bonding. Furthermore, the CoCrFeNi HEA has shown good 
laser processing ability, without any cracks [16]. Such characteristics 
make the CoCrFeNi HEA a promising coating material for the AISI 1045 
steel substrate. Our findings show that the single-phase characteristics 
and homogenous elemental distributions of the laser-cladded and 
annealed CoCrFeNi HEA coatings result in the dramatically enhanced 
corrosion resistance. 
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2. Experimental 

The detailed information on the coating preparation, post-annealing 
treatment, microstructural characterization, electrochemical testing, 
and thermodynamic calculations was presented in Supplementary File. 

3. Results and discussion 

Fig. 1(a) shows the XRD patterns of the laser-cladded and the 
annealed CoCrFeNi HEA coatings. It can be seen that only disordered 
FCC peaks were indexed from the XRD patterns, and such a single-phase 
FCC microstructure is consistent with its counterparts by casting [17] or 
additive manufacturing [16,18]. Such a single-phase microstructure also 

diverts from most existing HEA coatings that have phase separations 
[10,12,13]. There are no cracks and pores at the substrate/coating 
interface, indicating a good interfacial cohesion. Good interfacial 
cohesion can be attributed to the partial remelting and dilution of the 
AISI 1045 steel substrate (Fig. S1). EBSD mapping demonstrates that the 
laser-cladded CoCrFeNi coating is dominated by columnar grains rather 
than equiaxed grains (Fig. 1(b)). According to classic solidification 
theory, the grain morphology is concurrently determined by tempera
ture gradient (G) and solidification velocity (R), and often the G values 
can reach 102 ~ 104 ◦C/mm during laser-induced melt pool solidifica
tion [19]. Such a high G value normally facilitates the formation and 
subsequent epitaxial growth of columnar grains that can span over 
several deposition layers. Within the columnar grains, fine cell 

Fig. 1. (a) XRD patterns of the as-cladded and the annealed CoCrFeNi HEA coatings. (b) EBSD inverse pole figure (IPF) map of the as-cladded CoCrFeNi HEA coating. 
The building direction (BD) is the reference direction for the IPF map. (c) A typical SEM micrograph of cells, along with EDS line scan result, of the as-cladded 
CoCrFeNi HEA coating. 

Fig. 2. Scheil simulation performed on the platform of Thermo-Calc software with the aid of HEA thermodynamic database. (a) Solidification path. (b) Composi
tional evolution of the molten alloy with temperature. 
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structures were observed (Fig. 1(c)). Based on the EDS mapping, it was 
confirmed that the cell walls are enriched with Cr, whereas the cell in
teriors are enriched with Co, Fe, and Ni. 

The phase constitution and elemental segregation of the laser- 
cladded CoCrFeNi HEA coating are discussed with the aid of Scheil 
simulation. As can be seen from Fig. 2(a), a single FCC phase was pre
dicted to solidify from the molten alloy, which supports our XRD results. 
Fig. 2(b) demonstrates that the remaining liquid is progressively 
enriched with Cr and depleted with Co, Fe, and Ni. This indicates that 
latter solidified regions, i.e., cell walls, are enriched with Cr, and 
depleted with Co, Fe, and Ni. Such predictions are consistent with the 
EDS result (Fig. 1(c)). It’s worth noting, however, that the CoCrFeNi 
HEAs prepared by selective laser melting were reported to have a very 
homogeneous elemental distribution, without any elemental segrega
tion [16,18]. This can be attributed to the extremely large cooling rate 
intrinsic to selective laser melting, which can reach up to 104 ~ 107 ◦C/s 
[20]. In contrast, the cooling rate during laser cladding is not as pro
nounced as during selective laser melting, and hence the segregation 
kinetics can’t be suppressed completely in our case. 

To remove the elemental segregation, we performed post-annealing, 
i.e. holding at 700, 800, 900, 1000 ◦C for 2 hr followed by water 
quenching. Samples annealed at 700, 800, 900 ◦C are similar to what 
observed in the as-cladded CoCrFeNi coating, e.g., columnar grains, and 
cell structures (Fig. S2). This indicates that solidification segregation has 
not been removed, possibly due to sluggish diffusion effects of HEAs 
[21]. With the annealing temperature further increasing to 1000 ◦C, the 
laser-cladded features were totally removed, as shown in Fig. 3. Firstly, 
the columnar grained microstructures in the laser-cladded coating were 

totally replaced by the equiaxed grained microstructures (Fig. 3(a)). As 
we all know, the laser-cladded microstructures are often featured with 
large residual strains, and upon high-temperature annealing, a recrys
tallization process can occur by the nucleation and growth of equiaxed 
grains. Furthermore, the cell structures and elemental segregation were 

Fig. 3. (a) EBSD IPF map of the 1000 ◦C annealed CoCrFeNi coating. (b) A typical SEM micrograph and (c-f) corresponding EDS mapping results of the 1000 ◦C 
annealed CoCrFeNi coating. 

Fig. 4. Potentiodynamic polarization curves of AISI 1045 steel substrate and 
CoCrFeNi HEA coatings in both laser-cladded and annealed states. 

Q. Zhu et al.                                                                                                                                                                                                                                     



Materials Letters 318 (2022) 132133

4

also totally removed, as can be seen from Fig. 3(b-f). 
Fig. 4 shows the potentiodynamic polarization curves of the AISI 

1045 steel substrate as well as the CoCrFeNi HEA coatings in both laser- 
cladded and annealed states. It can be seen that as compared with the 
AISI 1045 steel substrate, the corrosion potential of the laser-cladded 
CoCrFeNi coating is much higher. After 1000 ◦C annealing, the corro
sion potential further increases to − 0.168 V. The 1000 ◦C-annealed 
CoCrFeNi coating also shows a pronounced passive platform, i.e. the 
current does not change with the potential increase. The improved 
corrosion resistance of the laser-cladded CoCrFeNi HEA coating can be 
attributed to the following reason. The AISI 1045 steel often suffers from 
the pitting corrosion in the solution containing Cl− 1 ions. When we form 
a CoCrFeNi HEA coating by laser cladding, the high-entropy effect and 
the rapid solidification effect resulting from HEAs and laser cladding, 
respectively, enable us to achieve a simple single-phase FCC micro
structure. Furthermore, the high Cr content in the CoCrFeNi HEA 
coating definitely facilitates the formation of the protective layer. When 
subjected to 1000 ◦C annealing, the elemental segregation in the 
CoCrFeNi HEA coating was totally removed. The homogenous distri
bution of elements (especially Cr) can make the protective layer more 
uniform and more protective. The findings of this paper provide the 
guidelines for fabricating corrosion-resistant HEA coatings. 

4. Conclusions 

The CoCrFeNi HEA coating was successfully deposited on the AISI 
1045 steel substrate via laser cladding. The CoCrFeNi HEA coating has a 
single-phase FCC structure, without any phase separation. Columnar 
grained microstructures, cell structures as well as elemental segregation 
were observed. Specifically, the cell walls are enriched with Cr, whereas 
the cell interiors are enriched with Fe, Co, and Ni. Post-annealing at 
1000 ◦C promotes the formation of equiaxed grained microstructures (i. 
e., recrystallization), and simultaneously erases the elemental segrega
tion. Such a simple phase structure and uniform elemental distribution 
leads to a higher corrosion potential and a lower corrosion current 
density, indicating an enhanced corrosion resistance. 
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