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Abstract 

High entropy alloys (HEAs) are of great interest in the 

community of materials science and engineering due to their 

unique phase structure. They are constructed with five or more 

principal alloying elements in equimolar or near-equimolar 

ratios. Therefore, HEAs can derive their performance from 

multiple principal elements rather than a single element. In 

this work, solid-state cold spraying (CS) was applied for the 

first time to produce a FeCoNiCrMn HEA coating, and also 

mixed with Al2O3 in a separate experiment. The experimental 

results confirm that CS can be used to produce a thick HEA 

coating with low porosity. As a low-temperature deposition 

process, CS completely retained the HEA phase structure in 

the coating without any phase transformation. The 

characterization also reveals that the grains in the CSed HEA 

coating had experienced significant refinement as compared to 

those in the as-received HEA powder due the occurrence of 

dynamic recrystallization at the highly deformed interparticle 

region. Due to the increased dislocation density and grain 

boundaries, CSed HEA coating was much harder than the as-

received powder. The tribological study shows that the CSed 

FeCoNiCrMn HEA coating resulted in lower wear rate than 

laser cladded HEA coatings. 

  

 

Introduction 

High entropy alloys (HEAs) are new member of the metal 

alloy family. They are constructed with five or more principal 

alloying elements in equimolar or near-equimolar ratio, and 

thus derive their performances from multiple principal 

elements rather than a single element [1,2]. Due to their 

unique phase structure, HEAs have superior mechanical 

properties, corrosion-resistance performance, wear-resistance 

performance, oxidation-resistance performance and many 

other advantages as compared to conventional alloys [3,4]. 

They have attracted high interest from both scientific and 

industrial communities. Coatings can provide effective 

protection to the underlying materials against aggressive 

environments such as severe wear, severe corrosion, and high 

temperature. It is considered that HEAs are great candidates 

for coating materials due to their superior properties over 

conventional metals. Hence, HEA coatings have been 

investigated in recent years. Currently, HEA coatings were 

mainly produced using fusion-based technologies, such as 

laser cladding [5–12], plasma cladding [13–15], plasma 

spraying [16–20] and magnetron sputtering [21–26]. However, 

melting and solidification frequently result in phase 

transformation and element segregation of the HEA coatings, 

breaking the nature of HEAs [27–29]. Therefore, it is 

important to find a non-fusion-based coating technology to 

prevent the phase transformation of HEAs during coating 

formation.  

 

Cold spraying (CS) is a solid-state coating deposition 

technology developed in the 1980s; the powder feedstock 

remains solid state during the entire deposition process [30–

33]. As shown in Fig. 1, in this process, compressed gases 

(typically nitrogen and helium) are used as the propulsive gas 

to accelerate powder feedstock (typically metals) to a high 

velocity in a de Laval type nozzle and to induce deposition 

when the powders impact onto a substrate (typically metals) at 

a velocity over a critical value. In contrast to the conventional 

fusion-based coating deposition processes, the formation of 

CSed coatings relies largely on the particle kinetic energy 

rather than thermal energy. Deposition is achieved through 

local metallurgical bonding at the interparticle and 

coating/substrate interfaces. Due to the low processing 

temperature, CS allows for the avoidance of defects 

commonly encountered in high-temperature deposition 

processes, such as oxidation, residual thermal stress and phase 

transformation. Therefore, CS has been successfully used to 
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deposit various metal-based materials including metals, alloys 

and metal matrix composites (MMCs) [34–36], showing 

potentials in producing HEA coatings.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic of a CS system and its working principle. 

 

 

In this paper, CS was used for the first time to produce the 

HEA coating. FeCoNiCrMn HEA powder was used as the 

feedstock, and helium, which can enhance the HEA particle 

plastic deformation and deposition, was used as the propulsive 

gas. Various characterization methods were applied to 

characterize the coating microstructure, phase composition 

and tribological properties. In addition, HEA-Al2O3 MMC 

coating was also produced, and its tribological property was 

investigated and compared to the pure HEA coating. 

 

 

 

Experimental methodology 

 

Fabrication of the HEA coating with CS 

Spherical FeCoNiCrMn HEA powder (Vilory Advanced 

Materials Technology Ltd, China) with a size range between 

15 and 53 μm was selected as the feedstock. Fig. 2 shows the 

morphology of the HEA powder observed by scanning 

electron microscope (SEM, Carl Zeiss Ultra Plus, Germany), 

where dendritic grain structure can be clearly observed. The 

nominal composition of the HEA powder is provided in Table 

1. The HEA-based MMC coating was produced using Al2O3 

particles (−75+53 μm, Kuhmichel, Germany) as 

reinforcements. The HEA-Al2O3 mixing powder was prepared 

through mechanical blending at the ratio of 80 vol.% for HEA 

to vol. 20% for Al2O3. The coatings were deposited on a flat 

6028 Al alloy substrate under 4 nozzle passes using an in-

house CS system (Trinity College Dublin, Ireland). The 

system consists of high pressure propulsive gas stored in 

cylinders, gas heater, powder feeder, computer control 

working platform for controlling the substrate movement, de-

Laval nozzle and computer control unit for spray system. The 

nozzle used in this work has a round cross-sectional shape 

with a divergent length of 180mm. The throat and outlet 

diameters are 2 mm and 6 mm, respectively. Compressed 

helium was used as the propulsive gas with the inlet pressure 

and temperature of 3.0 MPa and 300 °C, respectively. The 

standoff distance from the nozzle exit to the substrate surface 

and the nozzle traverse speed were 30 mm and 100 mm/s, 

respectively. In order to study the coating/substrate bonding 

mechanism, single HEA particle impact test was also carried 

out at a high gun traversal speed of 300 mm/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: SEM morphology of the FeCoNiCrMn HEA powder 

used in this work. (a) overall view, and (b) magnified view of a 

single HEA particle. 

 

Table 1: Nominal composition of the FeCoNiCrMn HEA 

powder used in this work. 

Element Fe Co Ni Cr Mn 

wt. % 20.09 20.96 21.01 18.86 Bal. 

 
Materials characterization 

In order to examine the phase composition of the CSed HEA 

coating, the coating sample was examined by an X-Ray 

diffractometer (XRD, Siemens D500, Germany) with the Co 

(λ=1.789 Å) source at a current of 40 mA, voltage of 35 kV 

and scan step of 0.02°. In order to assess the coating 

microstructure via SEM, the cross-sectional samples were 

prepared using standard metallographic procedures with the 

final polishing applied by 0.06 μm colloidal silica. The 

element analysis of the HEA powder and coating was 

performed using an energy-dispersive X-ray spectroscopy 

(EDX) unit (Oxford Instruments AZtec, UK) equipping on the 

SEM system. The grain structures of the HEA powder and 

coating were characterized by using electron backscatter 

diffraction (EBSD) equipping on the SEM system. The 

porosity of the HEA coating and the volume content and size 



of the Al2O3 reinforcements in the HEA-Al2O3 MMC coating 

were evaluated based on binary image analysis using ImageJ 

software. The microhardness of the HEA powder and coating 

was tested using a Vickers hardness indenter (Mitutoyo, 

Japan) with a load of 100 g and dwell time of 10 s. Ten 

locations were tested on each sample, and the average value 

was considered the sample microhardness.  

 

 

Tribological test 

The tribological property of the CSed coatings was measured 

using POD-2 pin-on-disc tribometer (CSEM Instruments, 

Switzerland) at room temperature. For the accurate 

measurement of wear rate, the sample surfaces were polished 

using silicon carbide first, followed by 6 μm diamond solution 

prior to the test, and the samples were then mounted on a 

carrier disc. A WC ball with a diameter of 5 mm was used as 

the counterpart under a constant load of 5 N. The disk rotated 

at a linear speed of 10 mm/s. The material volume loss was 

calculated according to ASTM G 99 standard [43]. The wear 

rate was calculated as the volume loss per unit load per 

traverse distance. The sliding distance and track diameter were 

200m and 5mm, respectively.  

 

 

Results and discussion 

Phase composition and microstructure 

Fig. 3a shows the photo of the CSed HEA coating after 

machining into a cubic shape with a surface area of 20 mm × 

20 mm and coating thickness of 1.5 mm. The phase 

composition and microstructure characterization of the HEA 

coating is shown in Fig. 3b and c. The XRD spectra shown in 

Fig. 3b reveals that both the HEA powder and HEA coating 

had only fcc single phase. Due to the low processing 

temperature, no evidence of phase change and oxidation were 

observed in the HEA coating. This is a unique advantage of 

CS over other thermal spray processes. In addition, the peak 

detected in the HEA coating was slightly boarder than that in 

the HEA powder, indicating the possible occurrence of grain 

refinement in the coating, which will be discussed in detail in 

the following section. Fig. 3c shows the cross-sectional image 

of the CSed HEA coating. As can be seen, the HEA coating 

was rather dense with a porosity of 0.47±0.17%, which is 

much lower than that of plasma sprayed HEA coatings 

(7.4±1.3%) [37]. At the coating/substrate interface, 

‘interlocking’ phenomenon in the form of coating material 

mechanically trapped by the substrate material was observed. 

The formation of the ‘interlocking’ was due to the severe 

plastic deformation of the soft Al alloy substrate upon impact 

by the hard HEA particles, which is shown by Fig. 4 where a 

single HEA particle was completely locked by the highly 

deformed substrate material. Such ‘interlocking’ can provide 

high adhesive strength to the coating/substrate interface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: General characterization of the CSed HEA coating. 

(a) photo of the HEA coating machined after spraying, (b) 

XRD spectra of the HEA powder and coating, and (c) cross-

sectional SEM image of the HEA coating. 

For further understanding the microstructure of the CSed HEA 

coating, Fig. 5a shows the high-resolution SEM image of the 

CSed HEA coating cross-section. Interparticle interfaces as 

marked by black arrows could be observed, which arose from 

the insufficient local plastic deformation. Being weak points, 

the interparticle interfaces are not favorable to the coating 

cohesion strength and properties [32]. However, they can be 

mitigated through adjusting the deposition parameters (e.g., 

increasing the gas pressure and temperature, applying powder 

preheating) or post-spray annealing [32]. Fig. 5b shows the 

EDX mapping of the HEA coating acquired at the selected 

area marked in Fig. 5a. It is clearly seen from the EDX map 

that five elements uniformly distributed in the coating without 

obvious segregation and inter-reaction, which further proves 

that the low-temperature CS process can effectively prevent 

the phase change of HEA powder.  

 

 



 

 

 

 

 

 

 

 

 

 

Figure 4: Characterization of a single HEA particle 

depositing onto a 6028 Al alloy substrate. (a) Surface 

morphology and (b) cross-sectional view. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: (a) Cross-sectional SEM image of the CSed HEA 

coating in high magnification and (b) EDX map acquired at 

the selected area marked in Fig. 5a. 

 

 

Grain structure 

EBSD characterization was performed to reveal the grain 

structure of the CSed HEA coating. Fig. 6 shows the inverse 

pole figures (IPFs) of a single HEA powder and the CSed 

HEA coating at their cross-sections. It is clear that CS 

processing caused significant refinement of HEA grains. As 

addressed in Section 3.1, in CS, particles undergo severe 

plastic deformation upon impact with deposited coating. 

Together with the high strain/strain-rate plastic deformation, 

significant dislocation multiplication, dislocation density 

increase and dislocation accumulation occur within the 

interparticle interfaces, resulting in the formation of 

dislocation cells and thus refinement of coarse grains into 

subgrains. At the localized interparticle interfacial regions 

where the particle material has experienced the largest plastic 

deformation, dynamic recrystallization occurs under the 

combined action of adiabatic heating and plastic deformation, 

leading to a further refinement of subgrains into ultrafine 

grains [38–43]. These are the reasons why the HEA grains in 

the CSed coating were significantly refined compared to those 

in the as-received powder. The increased dislocation density 

and the number of grain boundaries contributed together to the 

hardening effect, resulting in a considerable increase of the 

microhardness of the HEA from 124.01+38.92 Hv in powder 

state by three times to 332.91+34.74 Hv in coating state after 

CS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: EBSD IPF maps of (a) a single HEA particle and (b) 

the CSed HEA coating. 

 
 



HEA-Al2O3 MMC coating 

CSed MMC coatings have shown improved properties as 

compared to pure metal coatings [44]. Fig. 7a shows the cross-

sectional image of the CSed HEA-Al2O3 MMC coating; the 

inserted figure illustrates the photo of the machined coating 

sample. As can be seen, the HEA-Al2O3 MMC coating was 

rather thick with the Al2O3 reinforcements uniformly dispersed 

in the HEA matrix. The volume content of the Al2O3 

reinforcements in the MMC coating was measured as 4.89 ± 

0.49%, which is much lower than that in the mixing powder 

(20%). This phenomenon suggests that most of the Al2O3 

particles failed the deposition upon impact during CS due to 

the lack of metallurgical bonding with the HEA matrix phase 

[45]. In addition, the average size of the Al2O3 reinforcements 

in the MMC coating was 26.73 ± 4.56 μm which is much 

smaller than the original powder size (−75+53 μm), indicating 

that Al2O3 particles severely fractured into fragments upon 

impact. Most of the fragments rebounded after impact and 

only a small part could deposit. This is another reason why the 

content of Al2O3 in the coating was lower. The 

coating/substrate interface shown in Fig. 7b reveals the 

formation of ‘interlocking’, which is similar to the interface 

shown in Fig. 3c.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Cross-sectional image of (a) the CSed HEA-Al2O3 coating 

with 20 vol.% Al2O3 in the premixed powder and (b) the 

coating/substrate interface. 

 

Tribological property 

The tribological property of the CSed HEA coating was 

studied and compared to the HEA coatings produced via laser 

cladding.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Worn surfaces of (a) the CSed HEA coating and (b) 

the CSed HEA-AlO3 MMC coating. 

 

After sliding test, the CSed HEA coating resulted in a wear 

rate of 4.76±0.22×10
-4 

mm
3
/N·m, which is lower than the laser 

cladded CoCrBFeNiSi and FeCoCrBNiSi HEA coatings 

[8,46]. The reason for this could be the work-hardening effect 

during CS deposition which significantly increases the 

hardness of the CSed HEA coating. Fig. 8a shows the worn 

surface of the CSed HEA coating. It is seen that the worn 

surface was characterized by microgrooves and fragmented 

HEA debris, indicating that the HEA coating experienced 

deformation and material peel-off during the sliding test, 

which are typical features of abrasion wear [47,48]. The 

sliding test on the CSed HEA-Al2O3 MMC coating shows that 

the MMC coating resulted in a wear rate of 2.41±0.68×10
-

4
mm

3
/N·m, approximately 50% lower as compared to the 

CSed pure HEA coating (4.76±0.22×10
-4 

mm
3
/N·m), showing 

significant improvement in wear resistance. Fig. 8b shows the 

worn surface of the HEA-Al2O3 MMC coating. Discontinuous 

strain-hardened tribofilms and debris were formed on the worn 

surface, which indicates that the wear mechanism changed 



from abrasion for the CSed HEA coating to adhesion for CSed 

HEA-Al2O3 MMC coating. The tribofilm prevented the direct 

contact between the coating material and the pin ball, 

protecting the underlying coating surface from further wear 

[34,49]. Therefore, the HEA-Al2O3 MMC coatings resulted in 

lower wear rate than the pure HEA coating. 

 

Conclusions 

In this work, solid-state cold spray technology was applied to 

produce FeCoNiCrMn HEA coating and HEA-Al2O3 MMC 

coating. The HEA coating produced with CS had very low 

porosity and completely retained the HEA phase structure 

without any phase transformation. The grain structure of the 

CSed HEA coating was significantly refined as compared to 

that in the as-received HEA powder due the increased 

dislocation density and occurrence of dynamic 

recrystallization. Therefore, the CSed HEA coating was much 

harder than the as-received HEA powder. In addition to the 

pure HEA coating, HEA-Al2O3 MMC coating was also 

produced via CS. The experimental results indicate that the 

Al2O3 particles suffered from severe fracture during the 

deposition but uniformly distributed within the HEA matrix. 

Due to the lack of metallurgical bonding with the HEA matrix, 

the HEA particles tended to rebound after impact, resulting in 

lower content in the MMC coating than in the premixed 

powder. The tribological study shows that the CSed HEA 

coating resulted in lower wear rate than laser cladded HEA 

coatings. The CSed HEA-Al2O3 MMC coating resulted in even 

better wear resistance than the CSed pure HEA coating. This 

work for the first time proves that solid-state CS technology is 

promising for the fabrication of thick and dense HEA and 

HEA-Al2O3 coatings. Further in-depth investigations are 

encouraged to fully understand the microstructure and 

properties of CSed HEA and CSed-Al2O3 coatings. 
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