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Abstract The cold spray deposition behavior of a

CrMnCoFeNi High Entropy Alloy (HEA) powder was

investigated using N2 as the process gas on three different

substrates of Al6061, mild steel and Hastelloy X. Well

adhering and dense coatings were obtained at 950 �C and 5

MPa of propelling gas temperature and pressure, respec-

tively. Microstructure and microhardness analyses showed

significantly deformed particles in dense coatings on all

three substrates, with imperfect inter-particle bonding.

Laser-assisted cold spray (LACS) was used to enhance the

deposition behavior of the CrMnCoFeNi powder and inter-

particle bonding. Electron channeling contrast imaging

analyses of coatings showed that linear structures similar to

twinning are formed in the deposited particles. X-ray

diffraction analysis showed that the single-phase face

center cubic structure of CrMnCoFeNi powder is retained

in the coatings, although peak broadening associated with

grain refinement was observed. Comparison of the physical

parameters (i.e., particle velocity and temperature at

impact) required for deposition of CrMnCoFeNi powder

with those required for conventional alloys revealed that

the deposition of this HEA is significantly more challeng-

ing due to solid solution strengthening and excellent work

hardenability.

Keywords bonding � CrMnCoFeNi high entropy alloy �
cold spray � impact temperature and velocity modeling �
laser-assisted cold spray � microstructure evolution

Introduction

Surface properties of materials are of utmost importance

for their performance in different applications. Different

types of coatings are applied to the surfaces of different

components of industrial parts to enhance their perfor-

mance, such as thermal insulation for high-temperature

applications in the aerospace sector (Ref 1), abradable

sacrificial coatings for rotating components (Ref 2), and

highly corrosion and oxidation resistant coatings for vari-

ous gaseous and corrosive atmospheres (Ref 3). However,

not many coating candidates exist for long-term protection

of certain metallic parts when used in harsh conditions,

such as under impact and instantaneous loading conditions,

and cryogenic applications. Materials for such applications

need a new material design concept with optimum strength

and toughness (Ref 3, 4). High entropy alloys (HEAs) are a

new class of emerging materials with four or more alloying
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elements and are promising candidates for these applica-

tions. In contrast to the traditional alloys with compositions

close to the corner of the phase diagrams, i.e., few percent

of alloying elements added to a base element, HEAs are

close to the center of the phase diagrams with multiple

principal alloying elements, thereby so-called multi-prin-

cipal alloys (Ref 5). CrMnCoFeNi, also Oknown as Cantor

alloy, is a HEA with a single-phase solid solution and an

fcc crystal structure that presents a unique combination of

strength and ductility that makes it suitable to be used

under impact loading and cryogenic conditions (Ref 6, 7).

HEA coatings including metallic, ceramic (Ref 8, 9) and

composite coatings (Ref 4, 10) have been produced using

different laser-based cladding, chemical vapor deposition

and thermal spray methods (Ref 3, 4). Among different

coating methods, cold spray (CS), a process part of the

thermal spray family, offers the advantage of a fast and

cost-effective solid-state production technique for the

deposition of metallic and composite coatings capitalizing

on minimal oxidation and melting-related problems (Ref

11-15).

In CS, a compressed gas is expanded/accelerated

through a de-Laval-type nozzle to supersonic velocities.

The feedstock powder is fed to the gas stream either

upstream (high pressure) of the nozzle throat or down-

stream (low pressure) and propelled toward the substrate at

high kinetic energy and relatively low thermal energy,

compared to the other thermal spray methods (Ref 16-20).

Powder particles bond to the substrate if their impact

velocities reach and exceed a material-dependent critical

velocity (Ref 20, 21). Usually, nitrogen (N2) or air is used

as propellant gas for cost-effectiveness; however, helium

(He) can be used to provide higher particle impact velocity,

yielding higher deposition efficiency and coating density.

A recent research study has shown that severe plastic

deformation can enhance the impact and energy absorption

of CrMnCoFeNi HEA by formation of stacking faults,

twins, fcc to hcp phase transformation, and amorphization

(Ref 7). Therefore, CS coatings which typically are formed

under a high strain rate, cold and severe plastic deforma-

tion (Ref 14) could enhance the resistance of the alloy in

extreme loading conditions and the energy absorption

capacity of CrMnCoFeNi HEA coatings/parts.

CS is successfully used for deposition of pure elements

(Ref 11, 12, 14), composite materials (Ref 13, 15), some Al

and Ti alloys (Ref 22-25), and on fewer occasions stainless

steel (Ref 26-30) and Inconel 718 superalloys (Ref 31). CS

of HEAs has been limited to few studies on the deposition

of CrMnCoFeNi HEAs (Ref 32-35). Yin et al. (Ref 32), Xu

et al. (Ref 33) and Ahn et al. (Ref 34) initially demon-

strated the possibility of depositing CrMnCoFeNi by CS

when He was used as the process gas. Yin et al. (Ref 32)

reported incomplete interparticle bonding even when using

He at gas temperature (Tgas) of 300 �C and gas pressure

(Pgas) of 3.0 MPa. In a previous work (Ref 35), the bonding

mechanisms of CrMnCoFeNi HEA were studied in detail

by single powder particle impact using a low-pressure cold

spray (LPCS) system and using both He and N2 as process

gases on pure nickel, stainless steel 304 (SS304) and

Inconel 625 substrates (Ref 35). The successful deposition

of single particles was achieved only with the use of He

(Tgas and Pgas of 400 �C and 3.2 MPa, respectively), while

using N2 as the process gas did not result in coating buildup

even at maximum spray parameters of the employed CS

system (Tgas and Pgas of 3.4 MPa and 500 �C, respectively).
As He is an expensive non-renewable and scarce source,

its use on an industrial scale is limited and the use of N2 as

the propelling gas is preferred for a sustainable develop-

ment of HEA CS coating deposition. The results of pre-

liminary studies showed that deposition of CrMnCoFeNi is

challenging mainly due to excellent strain hardening rate

and low thermal softening, leading to a high critical

velocity of deposition which was not achievable when

using spray parameters usually available in commercial

LPCS equipment (Ref 35). Therefore, this work aims to

study the CS deposition of CrMnCoFeNi HEA using high-

pressure CS equipment (HPCS). N2 is used as the process

gas to explore its potential to produce HEA coatings for

industrial use. HPCS should lead to higher particle impact

velocities and temperatures. The critical velocity depends

on different parameters including the temperature of the

impacting particles, which is controlled by the process

parameters, in addition to the thermo-mechanical proper-

ties of the particles (Ref 15, 36). Therefore, understanding

of the process parameters-microstructure relationship is

required to optimize the deposition process (Ref 15, 21).

Particle/substrate surface temperature is also a factor

influencing particle deposition (Ref 37). Different methods

including substrate heating (Ref 38), particle heating, laser

pre-treatment and laser-assisted cold spray (LACS) (Ref

39) have been used to improve the CS process perfor-

mance. In LACS material deposition and coating buildup

are promoted by laser heating of the deposition zone. The

LACS process has been successfully used for the deposi-

tion of different materials including Ti-6Al-4V (Ref 40)

and MCrAlYs (Ref 41).

In this work, CS and LACS processes were employed

for the deposition of CrMnCoFeNi HEA coatings. The

coatings were deposited on three different substrates

including Al6061 alloy, mild steel 1020 and Hastelloy X

nickel-based superalloy. As the critical velocity of

CrMnCoFeNi HEA has never been reported, simulations to

obtain the particle impact velocity (Vp) and temperature

(Tp) are performed to correlate their effects on the defor-

mation and deposition behavior of this HEA powder and

were compared to spray parameters of SS304 coatings
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deposited by CS, which has a similar range of mechanical

and physical properties to CrMnCoFeNi HEA. A few dif-

ferent coatings were sprayed using a matrix of different

spray parameters. The coatings characteristics and

microstructures were evaluated. The phase structures of the

CS and LACS CrMnCoFeNi coatings were investigated

using x-ray diffraction. The mechanical properties of the

deposited coatings were assessed using microhardness

testing.

Experimental Procedures

Powder and Substrates

The feedstock CrMnCoFeNi HEA powder was atomized

in-house from a master alloy (Ref 35, 42). The atomized

powder was sieved and particles with diameters of less than

60 lm were used. The powder particle size distribution was

measured by a laser diffraction particle size analyzer

(LS320, Beckman Coulter, USA). Al6061 alloy, mild steel

and Hastelloy X substrates (Ø25.4 9 3.175 mm) were grit

blasted using alumina grit and were used for CS deposition.

The roughness of the substrates was measured using a

profilometer (Mitutoyo SJ-201 stylus profilometer) and an

average of 5 measurements was reported.

Cold Spray Deposition

A commercially available HPCS system, PCS-1000

(Plasma Giken, Japan), was used for the deposition pro-

cess. Coatings were deposited by varying few spray

parameters: powder feed rate, gun traverse speed and the

number of passes while maintaining the propelling gas

stagnation temperature and pressure and standoff distance

constant at 950 �C, 4.9 MPa and 50 mm, respectively. The

spray parameters together with the coating identifications

(ID) to be used throughout the paper are provided in

Table 1.

Laser-Assisted Cold Spray Deposition

In order to improve the inter-particle bonding of the

CrMnCoFeNi HEA, a LACS setup composed of a 4 kW

fiber laser (1064 nm wavelength, IPG Photonics, USA) was

used. The laser was operated in the continuous wave mode

and the laser spot preceded the spray jet on the surface of

the substrate. The LACS coatings were deposited on mild

steel substrates using the spray parameters presented in

Table 1.

Characterization

Microstructural characterization of the feedstock powder

and deposited coatings were performed using a scanning

electron microscopy (SEM) (EVO-MA10, Zeiss, Germany)

and a field emission SEM (Gemini 500, Zeiss, Germany)

equipped with secondary electron (SE), backscattered

electron (BSE) and energy-dispersive spectroscopy (EDS).

The cross sections of the coatings were prepared using

standard metallographic techniques (ASTM E1920-03) for

microstructural analysis. The characterization of the pow-

der and coating microstructures were performed using the

electron channeling contrast imaging (ECCI) method.

Using this method, microstructure analyses can be per-

formed on bulk samples/coatings where crystalline defects

can be imaged with a visibility depth of about a hundred

nanometers below the surface, which is in the same order

of magnitude as the thickness of a Transmission Electron

Microscope (TEM) thin foils. Furthermore, this method

allows getting TEM-like contrasts from bulk samples (Ref

43). Microstructural features such as particle deformation,

inter-particle bonding, substrate/coating interface mor-

phology, coating thickness and microstructure evolution

from powder particles to deformed particles in coatings

were obtained from the polished coatings cross-sectional

images.

A diffractometer (D8-Discovery, Bruker AXS Inc.

Madison, WI, USA) in Bragg-Brentano (h-2h) configura-
tion was used to analyze the phase composition of the

powder and coatings. The diffracted signal was collected

over a two-theta range of 10�-90� with a step size of 0.02�

Table 1 The CS and LACS parameters for deposition of CrMnCoFeNi coatings on Al6061, mild steel and Hastelloy X substrates

Coating ID Tgas, �C Pgas, MPa Traverse speed, mm/s Feeding rate, g/min Number of passes Laser power, kW

CS1 200 24 3 …
CS2 200 12 4 …
CS3 950 4.9 100 12 3 …
CS4 400 12 6 …
LACS 100 12 3 1
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and a 5 sec/step acquisition time through a 1� fine colli-

mator slit.

Vickers microhardness tests were performed on the

cross sections of the substrates, powder and coatings to

evaluate particle deformation. Microhardness analyses

were conducted using 10, 25 50 and 300 gf loads and a

dwell time of 10 s using a microhardness tester (Duramin-

1, Struers Inc., Cleveland, OH, USA). The reported values

are the average of 10 indentations for each sample, taken

from random locations on the polished samples.

Particle Impact Velocity and Temperature
Simulations

Impact velocity and temperature of the CrMnCoFeNi par-

ticles were simulated for the spray condition of Pgas 4.9

MPa, Tgas 950 �C and a 50 mm standoff distance. To better

understand the effect of particle velocity and temperature

on its deposition, the simulation results were compared to

those obtained for the spray conditions used in previous

work with the LPCS system (Pgas of 3.2 MPa, Tgas of 400

�C and 30 mm standoff distance, using He as well as Pgas

of 3.4 MPa, Tgas of 500 �C and 30 mm standoff distance,

using N2). To ensure accurate particle tracking, the com-

plete flow profiles from the nozzle inlet up to the substrate

surface are determined. The 2D axisymmetric compressible

flow simulations are carried out using SU2, an open-source

multi-physics and design software. This is followed by the

particle tracking simulations carried out using the one-way

coupled particle computational fluid dynamics (CFD)

module of the CSAM Digital Solutions software (NRC,

Canada). The full effect of the substrate on the flow and

consequently the influence of the bow shock on particle

trajectory are considered in the simulations. Governing

equations, their numerical discretization and the core ele-

ments of particle tracking were detailed in a previous

publication (Ref 44).

Results and Discussion

Powder Characteristics

SEM micrograph of the free-standing CrMnCoFeNi pow-

der in Fig. 1(a) shows that the powder has a spherical

morphology. The ECCI analysis of the powder particles

cross section in Fig. 1(b) and (c) demonstrates that particles

have cellular (dendritic) microstructure with relatively

large grains, which are also visible on the inset image of

Fig. 1(a) from the surface morphology of the powder par-

ticle. Microstructure varieties can be seen from the cross

section image of the particles in Fig. 1(b) for different size

particles. The powder particle size distribution in

Fig. 1(d) shows a three-peak Gaussian distribution of the

particles with a D10 value of 9.5 lm, a D50 value of

25.5 lm, and a D90 value of 44.6 lm. The EDS spectrum

of the powder (Fig. 1e) confirms that the powder compo-

sition is very close to equiatomic composition.

The XRD analysis of the powder in Fig. 2 has three

main peaks on (111), (200) and (220) planes, which are

characteristic of a single-phase face-centered cubic (fcc)

structure. The elemental map distributions and composition

of the powder have already been reported (in (Ref 35)),

confirming that the composition of the powder is very close

to equiatomic composition and elements are distributed

homogenously without visible segregation.

Coatings Characteristics and Microstructure

Cross section images of the CS1, CS2, CS3 and CS4 coat-

ings are presented in Fig. 3. It can be seen that the HEA

powder was successfully deposited on all three sub-

strates—from soft to hard; i.e., Al6061, mild steel and

Hastelloy X substrates with measured hardness values of

104, 204 and 236 HV300gf, respectively (Table 2)—at all

selected spray parameters.

Comparison of the coatings shows that the coatings

deposited on the soft Al6061 substrates exhibit a different

interface morphology compared to those deposited on mild

steel and Hastelloy X. The coating/substrate interface

morphologies have wavy profiles with amplitudes being

close to &10 lm when deposited on the hard substrates

(mild steel and Hastelloy X substrates), while the ampli-

tude is in the range of * 45 lm for the coating/Al6061

interfaces. The roughness values of the two hard substrates

(Table 2) changed slightly by impact of the bounced off

particles and shallow penetration of the deposited ones

while for the softer Al substrates this value changed sig-

nificantly (from 4.68 to 45 lm). Additionally, particle

boundaries mostly are visible within the coatings because

of the imperfect bonding of the HEA particles. Higher

magnification images of the HEA/Al6061 interfaces in

Fig. 4 demonstrate that the first layer of impacting HEA

particles penetrated and embedded in the Al6061 substrate

without significant deformation as the spherical morphol-

ogy of the deposited powder particle is discernible from the

image, whereas the successive impacted particles experi-

enced more deformation.

Figure 5 compares the thickness of the coatings sprayed

on different substrates for each cold spray condition. The

thickness of the coatings varies between approximately 80

and 250 microns where the thickest coatings were achieved

for CS3 deposited on Al6061 and mild steel. Considering

the spraying parameters of Table 1, for the same number of

passes the powder quantity projected on the substrates
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(feeding rate/traversing speed) for CS1 and CS3 conditions

were equal; however, CS3 coating—specifically on mild

steel substrate—with a lower traverse speed and therefore a

higher surface temperature has a higher thickness. There-

fore, the relatively higher deposition rate of CS3 coating

can be related to the surface temperature effect, which

seems to be more significant when spraying on the mild

steel substrate. Fig. 6 compares coatings deposited on

Al6061 substrates using CS1 and CS3 spraying parameters.

The CS3 coating not only is thicker but also has a better

coating quality as particle boundaries are less visible,

which can be also attributed to the relatively higher surface

temperature associated with the lower gun traverse speed,

promoting particle adhesion.

On the other hand, considering the powder quantity

sprayed on each surface (normalized by the spray condition

of CS1 coating: CS1 = 1, CS2 = 0.67, CS3 = 1 and CS4 =

Fig. 1 High entropy CrMnCoFeNi powder characteristics. (a) SEM

micrograph of free-standing powder shows that the powder has a

spherical morphology, (b) and (c) ECCI analysis of the powder cross

section reveals the cellular (dendritic) grain distribution, (d) measured

powder particle size distribution, D10 = 9.5 lm, D50 = 25.5 lm and

D90 = 44.6 lm, and (e) EDS spectrum of the powder

Fig. 2 XRD analysis of the atomized CrMnCoFeNi HEA powder

illustrates that the powder is single phase and has fcc crystal structure

J Therm Spray Tech (2022) 31:1129–1142 1133
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0.5) the thicknesses of CS4 coatings were expected to be

half of that of CS1 and CS3 coatings; however, the thick-

nesses of the CS4 coatings are comparable with CS1 and

slightly thinner than CS3 (Fig. 3 and 5). Furthermore, the

roughness profiles of the CS1 and CS3 coatings in Fig. 6

demonstrate that the top surface of coatings has lots of

peaks and valleys. The distance between peaks and valleys

for both coatings was measured in a few spots of the

profiles. The average distance between peaks and valleys is

approximately in a range of 100-110 lm—while the

average particle size is approximately 25 lm. Such surface

profiles were observed for the other coatings as well with

the approximately same average values of 100 lm. This

high surface roughness of coatings and relatively large

standard deviation of coatings thickness combined with the

appearance of coatings top surface supports the notion that

some chunks of deposited particles were eroded from the

surface of the coating upon nozzle traverse in the succes-

sive passes. Consequently, it is hypothesized that the

higher deposition rate of CS4 coatings compared to CS1
and CS3 is related to its higher traverse speed which

potentially can reduce the erosion effect as suggested in the

literature (Ref 45).

Therefore, one can conclude that traverse speed influ-

ences the deposition rate of the HEA coatings by two

opposite effects: (i) increase in deposition rate by increase

in surface temperature at lower traverse speed, (ii) decrease

in deposition rate by an increase in erosion. Although the

differences in traverse speed are not very drastic in these

experiments, the erosion of the particles (as shown in the

surface profile of the coatings in Fig. 6) seems to play a

role because of the relatively poor bonding of the HEA

particles. Therefore, based on these findings, a combination

of lower traverse speed with lower feeding rate (CS3
compared to CS1) and/or higher traverse speeds at fixed

feeding rates (CS4 compared to CS3) result in a higher

deposition rate of HEAs where the former related to the

effect of temperature in lower traverse speed and the latter

is potentially related to lower erosion at higher traverse

speeds.

A close look at the microstructure of the coatings in

Fig. 3 and 4 shows that inter-particle boundaries are mostly

visible in the coating, while the particles were deformed

and filled inter-particle gaps with a very low amount of

porosity in the microstructure. The cross section images of

a CS1 coating on mild steel and Hastelloy X substrates in

Fig. 7 show the presence of well deformed and flattened

Fig. 3 CrMnCoFeNi HEA coatings cross section images on three

substrates (same magnification for all micrographs). (a1-a4) CS1, CS2,

CS3 and CS4 coatings deposited on Al6061, (b1-b4) CS1, CS2, CS3

and CS4 coatings deposited on mild steel, and (c1-c4) CS1, CS2, CS3
and CS4 coatings deposited on Hastelloy X substrates

Table 2 Measured roughness (after grit blasting) and hardness values

of the substrates (the values show an average of 10 measurements per

sample)

Substrates Al6061 Mild steel Hastelloy X

Ra, lm 4.68±0.16 3.70±0.19 2.72±0.22

Hardness, HV at 300gf 104±1.9 204±2.36 236±0.85
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HEA particles in the coating. ECCI maps illustrate severe

plastic deformation at particle boundaries—but not limited

to those areas—as typical of CS coatings. Additionally,

bright spots can be seen at the (central) internal part of

deposited particles showing high dislocation density and

misorientation inside the particles. This means that the

inner grains of particles experienced significant

deformation in addition to the particles’ boundaries.

Despite this significant deformation, the ECCI maps of the

coatings in Fig. 7(a)-(b) demonstrate that perfect bonding

was not achieved at some inter-particle boundaries. The

higher magnification images of the selected areas of

Fig. 7(b) are shown in Fig. 7(c)-(d), which illustrate two

examples of inter-particle boundaries (dashed line in

Fig. 7c) and inner-particle misorientation (outlined area in

Fig 7d). Elongated linear structures can be seen at the

center of the particles of Fig. 7(d)-(f), which are outlined

with yellow dotted lines and are similar to deformation

twinning, specifically at Fig. 7(f). The deformation twin-

ning has been reported for the single-particle impact of this

powder (Ref 35), other dynamic and quasi-dynamic

deformation of CrMnCoFeNi HEA (Ref 6, 7, 46, 47), and

also CS deposit of pure elements (Ref 14, 48). Deformation

twinning increases the strain hardening and strain harden-

ing rate of this alloy. As reported in the literature, the solid

solution strengthening and sluggish diffusion of this alloy

results in low thermal softening (Ref 6, 49). The high strain

hardening and low thermal softening result in a high shear

localization strain. In previous work (Ref 35), it has been

shown that the difficulty of deposition of HEA alloys is

related to their high shear localization strain.

Findings from deposition characteristics and

microstructure analyses of CS coatings (Fig. 3 and 7)

Fig. 4 ECCI images of the CrMnCoFeNi HEA coating/Al6061 interfaces show that the particles are mostly embedded in Al substrate and in

most cases, the spherical shape of the first layer of the particles is discernible from the cross section images

Fig. 5 Effect of spraying parameters on the thickness of the coating.

The total amount of powder projected on the substrates for each spray

condition was normalized with the spray conditions of CS1 (feeding

rate, traverse speed and the number of passes), and is calculated to be

CS1 = 1, CS2 = 0.67, CS3 = 1 and CS4 = 0.5
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demonstrate that the increase in impact velocity and tem-

perature can further enhance particle bonding. As the spray

parameters were close to the limitation of the employed

HPCS system, LACS deposition was used to enhance the

CrMnCoFeNi coatings deposition and quality. ECCI maps

of LACS are presented in Fig. 8. The ECCI maps show that

the deposited particles deformed more significantly com-

pared to the CS coatings. Higher magnification images of

the microstructure in Fig. 8(b) and (c) reveal that particle

boundaries were forged tighter and the quality of particle

bonding improved. The LACS configuration allows for

localized surface (substrate or pre-deposited layer) pre-

heating promoting their adhesion to the surface. As it has

been shown in the previous work (Ref 35), this alloy has a

relatively high strain hardening rate and lower thermal

softening rate compared to pure elements such as Ni and

conventional alloys such as stainless steel 304, and Inconel

625. Therefore, an increase in temperature with softening

effect enhances the deformation and bonding in this alloy.

Nevertheless, very high laser power at LACS deposition

may result in some oxidation while the findings of this

study confirm that the optimized LACS process can

effectively enhance the HEA coating deposition and inter-

particle bonding (Fig. 8c).

Microhardness analyses were performed to explore and

compare mechanical properties of CS3 and LACS coatings

deposited using the same spray parameters, and the results

are presented in Table 3. The influence of indentation load

on both CS and LACS coatings is observed in the values

depicted in Table 3 with average values ranging from 361

HV to 394 HV at 100gf. It can be seen from the results that

the microhardness was increased from 166 HV10gf for the

atomized powder to 361 and 391 HV100gf in CS and LACS

coatings, respectively, which confirms that particles sig-

nificantly hardened in both coatings with the hardness of

the LACS coating being slightly higher than that of the CS3
coating. The increase in hardness in both coatings can be

related to the high density of dislocations, defects and

potentially grain refinement in the microstructure. Rela-

tively higher hardness values were achieved for both CS3
and LACS coatings using lower indentation loads (10-50

gf) which can be attributed to the indentation size effect as

a result of visual acuity, focusing of the image) and

material factors including heterogeneity of the deformation

and grains size and orientation (Ref 50).

EDS maps of the coating (Fig. 9b-f) demonstrate that

after LACS deposition, the distributions of all five alloying

elements are homogeneous with no segregation, localiza-

tion or change of composition

The XRD analyses of the CS3 and LACS coatings in

Fig. 10 demonstrate that fcc single-phase structure of the

CrMnCoFeNi HEA powder remains unchanged with the

Fig. 6 Roughness profiles of the top surface of CS1 and CS3 coatings deposited on Al6061 substrates. The average distance between peaks and

valleys is approximately 100 microns
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only difference that the (200) and (220) peaks in the

coating are wider than that of the powder. Considering the

fact that the full width at half maximum of a diffraction

peak is wider as the crystallite size decreases (Ref 51), one

can conclude that both coatings are refined during the

process of deposition (Ref 14). Interestingly, (200) peak of

CS coatings is relatively wider than LACS coating which

means crystallite size is smaller in CS coating because of

grain refinement. In CS3, particles were deformed in a

higher Zener Holman parameter (lower temperature in CS

compared to LACS) which can result in dynamic recrys-

tallization while potentially the higher temperature in

LACS can lead to dynamic recovery or static recrystal-

lization (Ref 52).

Deposition Analyses

The simulated particle impact velocity and temperature of

CrMnCoFeNi for the various spray parameters and nozzles

used are presented in Fig. 11. Based on the simulation

results, the average HPCS powder particle velocity and

temperature at impact and the spray condition of Tgas of

950 �C, Pgas of 4.9 MPa and standoff distance of 50 mm are

726 m/s and 541 �C, respectively. Using these spraying

Fig. 7 ECCI images of microstructure of CrMnCoFeNi coatings. (a-

b) Cross section of the CS3 and CS1 coating on Hastelloy X substrate

at two magnifications, (c) high magnification image of the selected

area of Fig. (b) illustrates that an inter-particle boundary, (d) the

bright spots at the center of the particle revealing a high density of

dislocation in ECCI images (e-f) elongated linear structures with

different orientations in the cross section of CS1 coating deposited on

mild steel can be seen at the center of particles in these two images

which are outlined by yellow dotted lines
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parameters, relatively dense coatings were built-up although

the powder particle bonding was not perfect. In the previous

work (Ref 35), the CrMnCoFeNi powder was sprayed by

LPCS using He (Tgas of 400 �C and Pgas of 3.2 MPa) and N2

(Tgas of 500 �C and Pgas of 3.4 MPa). Single particles and

multi-particles were successfully deposited with He as the

propellant gas while coating build-up did not occur usingN2.

The impact velocity and temperature for the former spraying

conditions (previous work (Ref 35)) were also simulated and

are provided in Table 4. The particles’ average velocity and

temperaturewere calculated to be 811m/s and 144 �C for the

He and 560 m/s and 208 �C for the N2 sprayed coatings

(Table 4). For HPCS, the tail of the graphs (diameters\5lm)

shows the particles that are affected by the bow shock.

Generally speaking, for particles with diameter\25 lm the

velocity is higher with the LPCS and He, and particles with

diameter[25 lm impact the substrate at similar velocities

for both HPCS, N2 and LPCS, He. There is a large difference

in particle temperature at impact between the two systems

which significantly influences the particle deformation and

deposition rate. The LPCS, N2, almost for all range of par-

ticle size has the lowest Vp from the three simulated condi-

tions with the Tp values being lower than HPCS, N2 and

higher than LPCS, He

As there are not many reports on CS of the CrMnCo-

FeNi HEA using N2, the spray parameters of the HEA (Ref

32, 34) were compared to that of SS304 from the literature

(Ref 27-30) (Fig. 12). From the materials properties per-

spective, CrMnCoFeNi HEA has a very close range of

yield strength, tensile strength, density, specific heat

capacity (Cp) and lower melting point compared to SS304

(Table 5). Based on the graph in Fig. 12, the successful

deposition of SS304 (Ref 27-30) powder was achieved

using both He and N2 and mixed He-N2 gas, using a range

of CS parameters. Successful deposition of SS304 was

reported with Tgas and Pgas of as low as 450 �C and 3 MPa

using N2 as the process gas, while successful deposition of

CrMnCoFeNi alloy powder was only reported using He as

the process gas with Tgas and Pgas of higher than 300 �C
and 3 MPa (Ref 32, 34, 35). The current CrMnCoFeNi

powder was successfully deposited using HPCS-N2 at 950

�C and 4.9 MPa while the parameters lower than this were

unsuccessful. This confirms that the CS deposition of

CrMnCoFeNi HEA is more challenging compared to the

conventional SS304 with almost similar materials

Fig. 8 ECCI maps of LACS CrMnCoFeNi HEA coatings. (a-c) Particle deformation and inter-particle bonding

Table 3 The measured microhardness of the CrMnCoFeNi HEA

powder, CS and LACSHEA coatings

Sample Load 100, gf Load 50, gf Load 25, gf Load 10, gf

Powder 176±8 166±37

CS3 361 ± 50 397± 39 445± 46 478 ± 38

LACS 391 ± 67 394 ± 44 412 ± 131 494 ± 131

1138 J Therm Spray Tech (2022) 31:1129–1142

123



properties. This can be related to the high entropy effect

and solid solution strengthening mechanism of HEAs that

differentiate the deformation behavior of these alloys from

the conventional alloys and elements. Therefore, other

material properties in addition to the yield strength, tensile

strength, Cp and melting point, which are traditionally used

for critical velocity calculations and deposition prediction

of materials, should be considered for CS deposition pre-

diction of the HEAs. It was shown (previous work (Ref

35)) that comparison of yield strength variation of the

alloys with temperature as a measure of softening- and

strain hardenability of alloys can be used as an effective

measure of CS deposition prediction of the HEAs.

Comparison of the physical deposition parameters (i.e.,

Vp and Tp) of CrMnCoFeNi HEA at different spray con-

ditions, deposition characteristics of the powder, top sur-

face roughness profile of the coatings, and microstructure

analyses of the coatings collectively illustrate the need for

enhancing bonding quality and cohesion of the HEA

coatings that could be achieved by increasing of the par-

ticle velocity and temperature at impact. LACS combines

the CS process with material softening by laser and allows

the HEA particles to deform and deposit at lower impact

velocities compared to the conventional CS without the

need of using expensive He gas. It was demonstrated that

LACS process can potentially enhance the HEA deposition

and improve inter-particle bonding by the addition of local

heating, therefore, increasing the surface temperature and

deformation and promoting better particle bonding.

Fig. 9 Microstructure of LACS CrMnCoFeNi HEA coatings. (a) Secondary electron image of coating with two indents at two spots of the

coating, and (b-f) EDS map of the coating which shows homogeneous distributions of elements in the coating

Fig. 10 (a) XRD analyses of CrMnCoFeNi HEA powder, CS3 and

LACS coatings and (b) selected area of XRD pattern of Fig (a)
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Conclusion

The CS deposition behavior of a gas atomized CrMnCo-

FeNi HEA powder was investigated using N2 as the pro-

cess gas on three different substrates including Al6061,

mild steel and Hastelloy X. LACS process was used to

enhance the deposition behavior of the CrMnCoFeNi. The

velocity and temperature of particles at impact were

evaluated using numerical tools and compared to the

reported spray conditions of this alloy from the literature.

The following results were obtained from this study:

1. CrMnCoFeNi HEA was successfully deposited using

N2 as the process gas at 950 �C and 4.9 MPa and

coatings with a range of thicknesses up to 250 lm were

achieved. Microstructure and microhardness analyses

showed that particles significantly deformed and

relatively dense coatings were achieved on all three

substrates but weak inter-particle bonding within the

coatings was observed. LACS process enhances the

coating deposition and inter-particle bonding of

CrMnCoFeNi.

2. ECCI analyses of coatings microstructures showed that

linear structure similar to twinning formed at the

particles, which were more visible at the inner part of

the particles.

3. XRD analysis showed that the single-phase fcc phase

structure of CrMnCoFeNi is retained in both CS and

LACS coatings with the only difference that the peak

broadening was observed for (200) and (220) peaks

related to grain refinement and fine crystallite size in

deposited coatings.

4. Comparison of deposition parameters of CrMnCoFeNi

powder employed in this work with SS304 from the

literature—which has a very close range of materials

properties to CrMnCoFeNi—showed that deposition of

the HEA is significantly challenging compared to

Fig. 11 (a-b) Simulated Vp and

Tp of CrMnCoFeNi HEA for

HPCS using N2 as the process

gas at, 950 �C and 4.9 MPa,

LPCS using He as the process

gas at 400 �C and 3.2 MPa and

LPCS using N2 at 500 �C and

3.4 MPa

Fig. 12 Spray parameters of CrMnCoFeNi alloy from this work and

literature (Ref 32, 34, 35) in comparison to spray parameters of SS304

from the literature (Ref 27-30)

Table 4 Summary of spray conditions and simulated Vp and Tp.

Experiment Process gas Tgas, �C Pgas, MPa Stand of distance, mm Vp, m/s Tp, �C Summery

Coating N2 950 4.9 50 726 541 This work-Coating build-up

Single/multi-

particle

He 400 3.2 30 811 144 Previous work (Ref 35)

Coating N2 500 3.4 30 560 208 Previous work- No Deposition (Ref 35)
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conventional alloys due to solid solution strengthening

and excellent work hardenability of this alloy.
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