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In this work, Al0.1CoCrFeNi high-entropy alloy coatings were prepared by laser cladding on the surface 

of H13 steel, respectively by preset method and synchronous powder feeding method. Both the preset 

coating and synchronous coating show simple structure of FCC (Face-Centered Cubic) solid solution. 

Also, similar microstructures are obtained, which are typically fine equiaxed crystals at upper layer and 

columnar crystals with obvious growth trends near the metallurgical bonding interface of coating and 

matrix. Obvious passivation phenomenon can be observed in the potentiodynamic polarization curves. 

The coatings show larger corrosion potentials and lower corrosion current density that H13 steel, 

indicating that the coatings exhibit better corrosion performance than H13 steel. Furthermore, with the 

various loads, the coatings always show smaller the friction and wear coefficient and the volume wear 

rate than H13 steel. It indicates that H13 steel can be optimized by laser cladding Al0.1CoCrFeNi high-

entropy alloy coatings.  
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1. INTRODUCTION 

 

H13 (4Cr5MoSiV1) steel is a commonly used material with high impact toughness, wear 

resistance, and ductility for die casting molds, hot forging and extrusion dies, The steel undergoes intense 

compression  and abrasion, and for the corrosive atmosphere around the molds, corrosion destroy is 

another possible failure mode [1]. However, with the developing requirements in the field of die 

production, high precision quality and excellent performance are demanded. Currently, how to achieve 

the required performance of die production becomes one of the important researching subjects. Surface 

modification technique can be the answer. Laser surface forming technique is proved to be an effective 
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way, coatings with excellent properties can be fabricated by means of laser cladding due to its high 

heating/cooling rates and temperature gradient [2-5]. More recently, a damaged H13 steel die head was 

laser-coated with an AlCoCrFeNiTi high-entropy alloy and put into service, it shows that this repair 

method provides significant improvement in die head life [6].  

HEAs (High-entropy alloys), composing of multi-principal elements, have attracted extensive 

attentions due to the promising performance [7-14]. Many previous researches show that high entropy 

coating can successfully improve the surface performance of various substrates, it means high entropy 

coating can be a novel application trend for HEAs [15-27]. Laser cladding was applied to form 

AlxCoCrCuFeNi (x = 1.0 - 2.0) HEA coatings, which exhibit higher hardness and excellent wear 

resistance at elevated temperature, as well as, a better corrosion resistance than 314L stainless steel [15]. 

It is investigated that Cu free AlxCoCrFeNi HEA coatings with various Al contents (x is 0.3, 0.6, and 

0.85) undergo a structure transformation from FCC to FCC+BCC (Body-Centered Cubic) to BCC, which 

results in an increase of hardness [20-22]. The hardness of AlCoCrFeNi HEA coating is 3 times of that 

of 304 stainless steel, and the corrosion resistance performance was improved at the same time [23]. It 

is noteworthy that AlCoCrFexNi (x = 1.5, 2.5) HEA coatings were improved by regulating the A2/B2 

morphology, where A2 is Fe–Cr rich disordered BCC phase and B2 is Al–Ni rich ordered BCC phase 

[24]. Ni free AlCoCrCuFe HEA coating exhibits outstanding corrosion resistance in 1mol/L NaCl 

solution [25]. Al2CrFeCoCuTiNix HEA coatings with FCC + BCC structures show a maximum hardness 

up to 1102HV, which is about 4 times of the Q235 matrix, additionally, optical wear and corrosion 

resistances were achieved when x = 1 [26].  

The above-mentioned HEA coatings always contained a high content of Al, however, the higher 

Al content can result in higher hardness and a tendency of crack. Until now, the effect of Al micro-

alloying on HEA coatings did not concern. As is known, the dilution period can improve metallurgical 

bonding between the substrate and coating, and dilution rate can affect the microstructures and the 

properties of the coating. On the other, the microstructures and properties of coating can be influenced 

by different feeding ways and many process parameters, such as the laser power, the laser beam size, 

and the scanning velocity of the laser beam [5, 28-30].  

Combining this information, the aim of this work is to provide a method to optimize the 

properties of H13 steel or provide an effective option for repairing of damaged dies. Herein, 

Al0.1CoCrFeNi (in atomic ratio) HEA coatings were fabricated by both preset method and synchronous 

powder feeding method respectively, optimal process parameters were obtained for both methods, and 

the microstructure and phase of the coatings were characterized, finally, wear and corrosion properties 

were assessed and compared with the H13 steel.  

 

 

 

2. MATERIALS AND EXPERIMENT DETAILS 

Prepared by gas atomization, Al0.1CoCrFeNi (in atomic ratio) HEA powders (originate from 

Shangdong province) with diameters in range of 150-200μm are used to fabricate high-entropy alloy 

coatings by means of preset method and synchronous powder feeding method respectively. As-received 

H13 steel in the forms of plate with diameter of 100mm and a thickness of 10mm was used as the 
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substrate material. The nominal chemical composition of H13 steel in wt. % is: C 0.45; Si 2.0; Mn 0.5; 

Cr 5.0; Mo 0.75; V 0.20; S ≤ 0.03; P ≤ 0.03 and Fe balance. The substrate plate was ground with 600 

grade SiC paper to remove surface oxides or contaminants. 

The Al0.1CoCrFeNi HEA coatings were fabricated from spherical gas-atomized Al0.1CoCrFeNi 

HEA powders. For preset cladding processing, the powder was mixed with polyvinyl alcohol and a small 

amount of alcohol to form paste, which can be paved in advance on the surface of H13 steel. Before 

laser cladding, the substrate was preheated for 2 h at 200˚C with Al0.1CoCrFeNi HEA paste on it. For 

synchronous powder feeding processing, the powder was dried for 2 h at 200˚C before cladding and 

argon gas was introduced at a flow rate of 7 L/min coaxially from powder feeder (DPSF-2). Moreover, 

high purity argon gas at a flow rate 15 L/ min was used as shielding gas to prevent oxidation. Laser 

cladding was performed using a 6 kW Ytterbium-doped fiber laser (YLS-6000-S2T, IPG) equipped with 

a coaxial powder delivery nozzle (COAX-8, Fraunhofer IWS). The laser beam was focused into a 5 mm 

× 5 mm spot on the substrate, and the energy distributed uniformly in the laser spot. After a series of 

optimization trial runs, proper parameters were obtained and listed in Table 1.   

 

 

Table 1. Proper parameters used in experiment 

 

 laser power scan rate powder mass feed voltage  

preset cladding processing 1.8 kW  1mm/s  - 

synchronous powder feeding processing 1.2 kW 1mm/s 20V 

 

The corrosion performance of the Al0.1CoCrFeNi HEA coatings were studied with an 

electrochemical workstation (AUTOLAB, Switzerland). Friction-wear test was performed with ball-on-

disk wear tester at room temperature. For comparison, the corrosion and wear resistance of H13 steel 

were also performed. 

 

 

 

3. RESULTS AND DISCUSSION 

The typical macro morphologies of the laser cladding Al0.1CoCrFeNi HEA coatings are presented 

in Fig.1a. Clear metallurgical bonding interfaces can be seen between the substrate and coatings, and it 

is evident that the height of the preset coating is larger than that of the synchronous coating. The 

microstructures of both coatings are similar, as shown in Figs.1b and 1c, refined equiaxed grains were 

observed at the upper region of the cladding layer for the reason of compositional undercooling, while 

directional columnar crystals were found near metallurgical bonding interface as a result of the positive 

temperature gradient of liquid-solid interface. As illustrated in Table 2, the Fe content of the preset 

coating is 30.41%, which is lower than that of the synchronous coating, 34.05%. Correspondingly, the 

dilutions are 21.21% and 28.66% respectively for the preset and synchronous coatings. Both the preset 

and the synchronous coatings show FCC structure according to XRD (X-ray diffraction) results (Fig.2). 
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Figure 1 Images of Al0.1CoCrFeNi high-entropy alloy coating. (a) macro-profiles, (b) equiaxed crystals 

at the middle-upper part, (c) columnar crystals near the interface 

 

Table 2 The compositions of the coatings (at. % ) 

 

samples  Fe  Cr Ni Co Al 

preset coating 30.41 25.48 21.89 19.77 2.45 

synchronous coating 34.05 24.34 20.92 18.37 2.32 

 

 

 
Figure 2 XRD patterns of Al0.1CoCrFeNi high-entropy alloy coatings 

 

Fig.3a shows the potentiodynamic polarization curves of the coatings and H13 steel in the 

3.5%NaCl solution at room temperature, wherein apparent passivation phenomenon can be seen, it 

means that protective oxidation layers were formed on the surface of the coatings and H13 steel in 

3.5%NaCl solution. As is known, corrosion potential means the thermodynamics stability, that is, the 

possibility of occurrence of corrosion; while corrosion current density indicates the dynamics process of 

corrosion, i.e., the corrosion rate once corrosion occurs. In general, the higher corrosion potential (Ecorr) 

and smaller corrosion current density (Icorr) refer to better anticorrosion properties. According to Table 

3, it is evident that the coatings exhibit higher Ecorr and smaller Icorr than H13 substrate. In addition, the 

critical pitting potential (Epit ) of the coatings is higher than that of H13 substrate, it means that, pitting 

corrosion is prone to occur on the surface of the H13 substrate in 3.5%NaCl solution, compared with the 

coatings. In summary, the corrosion resistance of the Al0.1CoCrFeNi HEA coating is superior to the H13 

steel substrate in 3.5% NaCl solution. Moreover, the preset coating exhibits the maximum Ecorr (-0.364V) 

and the minimum Icorr (2.236×10-7μA/cm2), indicating the optimal corrosion resistance in this work.  
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Moreover, Al0.1CoCrFeNi HEA coatings prepared in this work exhibit a better corrosion resistance than 

some reported HEA coatings [31-37]. 

 

 

 

 

Figure 3 Potentiodynamic polarization curves (a), Nyquist diagram (b) and Bode diagram (c-d) of the 

coatings and substrate  

 

Table 3 Electrochemical parameters of polarization test for coatings and substrates  

 

 Icorr (A/cm2) Ecorr  (V)   

Preset coating 2.236×10-7 -0.364 This work 

Synchronous coating 5.498×10-7 -0.586 This work 

H13 6.664×10-6 -1.017 This work 

CoCr2.5FeNi2  3.648×10-5 -0.714 [31] 

AlFeCrCoNi 3.5×10-6 -0.734 [32] 

Al2FeCrCoNi 6.3×10-7 -0.58 [33] 

Al2FeCrCoNiTi0.5 6.7×10-7 -0.45 [33] 

Al2FeCrCoCuTi 6.8×10-5 -0.51 [34] 

FeCrCoCuNi 9.0×10-6 -0.24 [35] 

Fe60(CrCoNiTi)40 2.650×10-5 -0.534 [36] 

FeCrCoCu1.5Ni 1.12×10-6 -0.709 [37] 

 

Electrochemical impedance spectroscopy was used to study the corrosion performance, and 

accordant results were shown in Fig. 3(b, c, d). According to Nyquist diagram in Fig.3b, the impedance 

values follow by the rank of the preset coating > the synchronous coating > H13 steel, indicating that 

better corrosion resistance can be achieved in Al0.1CoCrFeNi HEA coating. As shown in Fig.3c and 3d, 
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the radius of Bode curves of the coatings are quite larger than that of H13 steel, indicating that the 

coatings exhibit better corrosion resistance than H13 steel, and the preset coating is superior to the 

synchronous coating.   

As shown in Fig.4a, the substrate always possess the largest friction coefficient under various 

loads, and the friction coefficient decrease with the increasing load. The wear weight loss of the worn 

coatings and substrate are shown in Fig.4b. With the increase of load, the wear weight loss increase as a 

result, and the substrate exhibits a considerable large increment. Relatively, at lower load, the difference 

of the wear weight loss between the coating and substrate is quite small, but dramatic difference can be 

found at the load of 15N. In summary, the wear resistance of the coatings is better than that of substrate, 

and the preset coating shows the superior wear resistance. On the one hand, for the reason of 

supersaturated solid solution caused by high entropy effect, the coating was strengthened, and on the 

other, the rapid solidified coating generated the microstructure refinement, which leads to the higher 

hardness of coating, and an excellent wear resistance as results. Compared with CoCr2.5FeNi2 HEA 

coatings [31,38-40], Al0.1CoCrFeNi HEA coatings prepared in this work exhibit a smaller volume wear 

rate. 

 

 

  
 

 
 

Figure 4. friction coefficient, volume wear rates and wear surface morphologies of the substrate and 

coatings (a) friction coefficient, (b) volume wear rates and (c-e) morphologies of the worn 

surfaces  

 

Take the worn samples at the load of 15N for example, the morphologies of the worn surfaces 

were characterized by using SEM (Scanning Electronic Microscopy) and shown in Figs 4c-4d. A large 

amount of oxidation layers can be observed on the surface of the H13 substrate, accompanied by many 

pits. It indicates a mixture wear mechanism of oxidation wear, adhesive wear, and contact fatigue wear 

for substrate. While for the coatings, plastic deformation and abrasive dusts are found on the worn 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 22088 

  

7 

surface, simultaneously, oxidation phenomenon can be observed in local area, it means that the wear 

mechanism involves adhesion, accompanied by oxidation wear.  

 

 

4. CONCLUSIONS 

(1) Similar microstructures were obtained in Al0.1CoCrFeNi HEA coatings by means of laser 

cladding at both preset and synchronous method. Metallurgical bonding between the substrate and 

coatings can be seen, and both the preset and the synchronous coatings show FCC structure.  

(2) Obvious passivation phenomenon can be seen in the potentiodynamic polarization curves of 

the coatings and H13 steel in the 3.5%NaCl solution at room temperature. Good corrosion resistance can 

be achieved locally in H13 steel and a longer passivation can be seen, while critical pitting corrosion 

potential, Epit is lower than that of the coatings. It indicates that passivation layer on the coatings are 

more protective than that on the H13 substrate. Moreover, the corrosion potential (Ecorr) of the preset 

coating is higher than that of the synchronous coating and H13 substrate, accordingly, corrosion current 

density (Icorr) of the preset coating is lower than that of the synchronous coating and H13 steel, indicating 

that the preset coating shows a better corrosion resistance. 

(3) The substrate always exhibits the largest friction coefficient under various loads. With the 

increasing load, the friction coefficients decrease, and the volume friction rates increase as results. The 

coatings show a cycle corrosion process of “oxidation - friction - exfoliation - oxidation”, and substrate 

shows a serious mixture friction mechanism of “oxidation + adhesive + fatigue”. In summary, the 

coatings always exhibit better wear resistance than the substrate at various loads.  
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