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Abstract In this study, Al0.5CoCrFeNi2Ti0.5 high-entropy

alloy (HEA) powders were prepared by the gas atomization

method. The sieved powders with particle sizes of 10-60

and 60-120 lm gas-atomized powders were chosen for

further analysis and coatings’ application processes. The

as-obtained powders possessed spherical shape and uni-

form element distribution with an initial FCC structure

with a minor BCC phase. The as-atomized powders were

annealed at 1000 �C temperature for varying durations and

characterized to determine their stable state properties.

After annealed at 10000 �C, the metastable BCC phase

disappeared and Al0.5CoCrFeNi2Ti0.5 transformed into

solid-solution FCC matrix with minor BCC precipitates.

The Vickers hardness of the plasma-sprayed coatings

showed an increasing trend from 285.3 to 396.7 HV as the

current was raised from 500 to 750 A, respectively. Cold-

sprayed coatings were performed on both carbon steel and

aluminum alloy AA 6061, and their properties were

analyzed. The obtained hardness of 426.6 HV was about

10% higher than the plasma-sprayed coatings. Plasma-

sprayed coating properties can be varied with plasma

power and size of the powder particles. Mechanical locking

effect enhanced the bond strength in cold-sprayed AA 6061

compared to carbon substrate. Improved mechanical

properties in this alloy were due to precipitation hardening

after titanium addition.

Keywords Al0.5CoCrFeNi2Ti0.5 � annealing � gas

atomization � HEAs � microstructure � plasma-sprayed �
precipitation hardening

Introduction

High-entropy alloys (HEAs) are formed by combining five

or more elements together to form a simple solid solution

either in equal or near equiatomic ratios. Because of a

higher entropy, HEAs present a more stable state and

commonly appear in one or two basic crystal structures,

e.g., face-centered cubic (FCC) or body-centered cubic

(BCC). The high-entropy effect in HEAs results from

mutual solubility of constituent elements (Ref 1). The

characteristics of HEAs are contrary to the traditional alloy

system and are defined by the competition or coupling of

two or more compositions. This impacts HEAs with some

particular properties, such as high strength, ductility, low

diffusion rate, corrosion, and wear resistance, and thus

attracts considerable interests from the academia and the

industry (Ref 2). Engineers and scientists have been

investigating ways on how to harness some of the benefits

of HEAs for industrial applications. Notably, AlCoCrFeNi

combination of alloys has been widely researched through
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different processing routes and their properties were

extensively analyzed (Ref 3-8).

Cheng et al. (Ref 7) reported that the phase constitution

of AlCoCrFeNi coatings was of BCC/FCC dual structure

and its phase would be varied with spraying parameters and

the powder size. High Al contents promote the formation of

BCC structure while reducing the Al amount leading to the

formation of FCC structure (Ref 9). Moreover, increasing

the Ni content in AlCoCrFeNi promotes the formation of

an FCC phase (Ref 10). Continuous phase change of

AlCoCrFeNi is not suited to work at elevated temperatures.

It is possible to achieve better combination of properties in

AlCoCrFeNi by controlling its elemental composition. The

Al0.5CoCrFeNi2 was reported to have good phase stability

when annealed and retained the same phase during the

thermal spray process and the hardness of plasma coating

increased with increasing current and argon gas flow (Ref

8).

The addition of Ti to the AlCoCrFeNi increases the

hardness and corrosion resistance of AlCoCrFeNi HEA

(Ref 11-13). Ti with larger atomic radius causes lattice

distortion energy to increase as it occupies lattice sites

enhancing solid solution strengthening of the alloy (Ref

14). The wear behavior of Co1.5CrFeNi1.5Ti and Al0.2-

Co1.5CrFeNi1.5Ti was found to be higher than that of

conventional wear-resistant steels possessing similar

hardness. However, the formation of intermetallic phases

has been reported when higher contents of Ti are added

(Ref 15). Due to high strength and wear resistance,

AlCoCrFeNiTix HEAs are great candidates for application

in surface technologies to improve surface properties of

substrates. Despite the many benefits, HEAs application

has been difficult and challenging.

The sluggish diffusion rate caused by element compet-

ing effect in HEAs bulk results in severe defects, segre-

gation, and other negative impacts to its characteristics

(Ref 2). This leads to high production cost for high-quality

HEA bulk and curtails their practical applications. Previous

studies (Ref 7, 8, 16) have shown that producing gas-at-

omized powders by controlling the cooling rate deters

long-range segregation to achieve uniform composition

and distribution. Numerous methods have been explored in

HEAs’ powder production with gas atomization and high-

energy ball milling, being among the frequently used

methods. Compared to ball milling, gas atomization pro-

duces powders with spherical shapes, specific particle size

distribution and uniform chemical distribution (Ref

7, 8, 17). With mechanical alloying, varying processing

times lead to different product properties caused by impact

energy (Ref 14, 18, 19). Furthermore, gas atomization

process is a common industrial process for large-scale

powder production that can be applied in rapid surface

coating technologies, such as atmospheric plasma spray,

cold spray, and 3D printing (Ref 17).

Surface coatings offer the functional protection against

aggressive environmental conditions, such as high tem-

perature, wear, corrosion and abrasion. HEAs are consid-

ered to be great candidates in surface coating applications

due to their excellent properties. Plasma cladding, laser

cladding, magnetron sputtering and plasma spraying have

been used to produce HEA coatings (Ref 4, 6-

8, 14, 18, 19). The above-mentioned processes are fusion-

based, and melting of feedstock would be involved at

working. During melting and solidification, the element

segregation in coatings drives HEAs away from the desired

properties. Therefore, it is imperative to explore non-fu-

sion-based technologies that are devoid of the HEA’s phase

transformation during the depositing process.

Cold-spraying (CS) technology is an emerging solid-

state technology, which allows the micron-sized powder to

remain in the solid state during the deposition process (Ref

20). The powders are accelerated by a supersonic jet trig-

gered through a converging-diverging nozzle and sprayed

onto the substrate to create high-quality dense coating (Ref

20-22). Due to low processing temperature, CS allows for

avoidance of defects commonly encountered in high-tem-

perature deposition processes, such as oxidation, and other

undesired effects that arise out of plasma-sprayed (PS)

coatings. Contrary to thermal spray technology, the parti-

cles adhere to the substrate due to kinetic energy of sprayed

particles upon impact (Ref 23-25). Cold spraying has been

successfully deployed to deposit different metal-based

materials such as metals, metal matrix composites and

alloys (Ref 23, 26-28) suggesting greater potential in HEAs

application. A few studies were reported on cold-sprayed

HEA coatings, (Ref 21-23) in which irregular mechanical

alloyed powders were used to produce the coatings.

In this study, gas-atomized Al0.5CoCrFeNi2Ti0.5 were

prepared and their properties were investigated by

annealing at 1000 �C at varying durations to determine

their stable state. For the first time, the cold spray was used

to produce Al0.5CoCrFeNi2Ti0.5 coating using gas-at-

omized powders, and the properties would be compared to

plasma-sprayed coatings. The phase constitution, chemical

composition and mechanical properties of these two pro-

cesses were analyzed through x-ray diffraction, scanning

electron microscopy (SEM, JEOL JSM-7900F), energy-

dispersive spectrum (EDS, Oxford Instruments Ultim

Max), nanoindenter (Bruker Hysitron TI 980 TriboInden-

ter) and Vickers microhardness tester.
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Experimental Procedures

Preparation of Al0.5CoCrFeNi2Ti0.5 Powders

Al0.5CoCrFeNi2Ti0.5 HEA powders were prepared from

commercial pure elements with a purity above 99.9%.

Based on the designed composition ratio, raw Al, Co, Cr,

Fe, Ni and Ti slugs were melted in a high-frequency

induction furnace in an argon atmosphere so as to limit

oxidation. When passed through the gas nozzle, the

homogenous Al0.5CoCrFeNi2Ti0.5 HEA melt was pulver-

ized by the high-pressure argon gas stream and cooled

rapidly. The gas nozzle is heated to 700 �C to preserve the

smooth atomization of the powders. The collected powders

at the bottom of the chamber exhibit a spherical shape and

then were sieved into different categories, 10-60 lm and

60-120 lm, which were selected for this study. In this

study, the 10-60 lm will be referred as group (i) and

60-120 lm as group (ii). The annealing was done at

1000 �C so as to avoid the formation of intermetallics (r
phase), while the annealing time was varied to study its

impact on the precipitates formed.

The powders were annealed at 1000 �C for 2 to 12 hrs.

The characterization was carried out on the as-obtained and

annealed powders to evaluate the changes in microstructure

and mechanical properties after annealed at 1000 �C for 2

to 12 hrs.

Preparation of Plasma-Sprayed Al0.5CoCrFeNi2Ti0.5
Coatings

The Unicoat APS system with a F4MB90-XL plasma gun

(Oerlikon Metco, Switzerland) was used to create Al0.5-

CoCrFeNi2Ti0.5 coatings on a 5 � 5 � 0.3 cm3 carbon steel

substrate. Before the spraying process, the substrate was

blasted with alumina to establish a rough surface. To avoid

contamination and remove dust, the substrate was further

ultrasonically cleaned in ethanol and kept in the oven at

70 �C. Table 1 shows the parameters that were adopted in

this study. The coating’s microstructure, chemical and

physical, and ultimate bonding strengths were examined by

adjusting power input in a fixed voltage mode. The thick-

ness of coatings was determined by the number of spray

passes, which was generally between 15 and 20 lm per

pass. The influences of the particle sizes, the specific input

power and the argon gas flow rate on the microstructure

and the mechanical properties of the coating were

investigated.

Table 1 Parameters of plasma-spraying process

Sample Plasma setup Spray distance,

mm

Relative traversing speed,

mm/s

Pitch

(mm)

Powder feed rate,

g/min

Spray

pass

Current

(A)

Ar (l/

min)

Voltage

(V)

H2 (l/

min)

i-500-

35

500 35 70.0 a 9.3 140 750 5 30 10

i-500-

50

500 50

i-600-

35

600 35

i-600-

50

600 50

i-700-

35

700 35

i-700-

50

700 50

i-750-

50

750 50

ii-500-

50

500 50

ii-700-

50

700 50

ii-700-

35

700 35

(i) and (ii) are denoted as 10-60 and 60-120 lm powders, respectively.
aThe average voltage is displayed here. Voltage of the plasma-sprayed process varies with currents.
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The spraying route was maintained at 90� by a plasma

gun that was mounted on a robotic arm, which additionally

kept the spraying distance constant. Argon and hydrogen

were used as the primary and secondary gas, respectively,

while nitrogen acted as the carrier gas for the HEAs

powder to the plasma gun from the feeder unit. The sub-

strates were kept below 100 �C during the spraying process

by three auxiliary jets, which removed the unmelted and

weakly bonded powder particles (Ref 8).

Preparation of Cold-Sprayed Al0.5CoCrFeNi2Ti0.5
Coatings

The parameters in Table 2 were adopted in cold spray

process using a high-pressure cold spray system equipped

with the standard water-cooled de-Laval-type converging

nozzle and nitrogen as the carrier gas at a feed rate of 300

SLM. The hard carbon steel (*160 HV) and soft AA 6061

(*107 HV) substrates both measuring 5 � 5 � 0.3 cm3

and 5 � 5 � 0.5 cm3 were sand-blasted prior to cold

deposition process. The gas pressure and temperature used

during cold spray were 5 MPa and 1000 �C, respectively,

while keeping the spray angle of the robotic arm 90 �.

Microstructural Characterization

The microstructures of the as-obtained, annealed powders

and the coatings were observed using the FE-SEM (JEOL,

JSM 7900F), which was equipped with energy-dispersive

spectroscopy (EDS) and electron backscattered diffraction

(EBSD). Sequentially, the EDS was used to obtain ele-

mental mappings and chemical compositions. EBSD was

used to characterize the phase mapping of the annealed

powders. Crystallinity of powders and coatings was char-

acterized using the x-ray diffractometer (XRD, Bruker D8)

with CuKa radiation (k = 0.154 nm).

Mechanical Characterization

Nanoindenter (TI-980, TriboIndenter, Hysitron, USA) was

used for nanoindentation of the annealed and as-atomized

powders, applying a load of 3lN. The load function for

nanoindentation is 5 9 5 9 5 mode, which means taking 5s

to increase the load to 3lN, holding for 5s, and then

reducing to zero in another 5s. Vickers microhardness

tester (Akashi MVK-H1) was used to perform hardness

testing on the cross-section of the coatings under a load of

0.3 kg with the dwell time set to 15 s. The mean Vickers

hardness values were calculated from ten measurements

taken on the cross section of each coating sample.

Adhesion test for both the cold-sprayed carbon steel and

AA 6061 was performed on a tensile rig as described in the

standard test method ASTM C 633 (Ref 28). The tensile

load was applied to the disk-shaped slugs at constant rate of

1 mm/s and the amount of force at the point of fracture or

separation was recorded. Adhesive strength of epoxy resin

is generally not higher than 70 MPa. This restricts coatings

with higher adhesion strength than that of the epoxy resin.

Results and Discussion

Characterizations of the Al0.5CoCrFeNi2Ti0.5 HEA

Powders

The characterizations of as-atomized Al0.5CoCrFeNi2Ti0.5

powder categorized into two groups as outlined above were

performed to study the initial status of the microstructure,

crystallinity and the chemical composition. Figure 1(a) and

(b) displays the SEM images showing the highly spherical

nature of the as-obtained group (i) and (ii) powder sug-

gesting gas-atomization powders of identical size, spherical

shape and uniform size distribution (Ref 7, 8, 16, 29). The

groups (i) and (ii) as-atomized powder sizes were selected

for characterization to understand their initial status. The

obvious difference observed in the microstructure of the as-

atomized powders is that group (ii) powders had larger

precipitates compared to group (i) powders. EDS analysis

for group (i) powder was examined on the cross-sectional

SEM image as shown in Fig. 1(e). The (Al, Ti) tends to

partition forming precipitates, which brings about deviation

in composition as demonstrated in Table 3. The results of

both groups display the composition slightly varying from

nominal design of the Al0.5CoCrFeNi2Ti0.5 HEA. The

unmarked peaks in Fig. 1(e) are from the platinum signal

applied to enhance the conductivity of the sample in SEM.

Elemental mapping was studied to check the composi-

tional distribution of the elements as shown in Fig. 2(a) and

Table 2 Parameters of cold-spraying process

Spraying Feedstock Robotic arm condition Substrate

preheating, �C
pressure,

MPa

Temp,

�C
Distance,

mm

Pressure,

MPa

Gas flowrate,

SLM

Feed rate,

g/min

Pitch,

mm

Linear velocity,

mm/sec

Incident

angle, �

5 1000 30 5 300 25.55 0.5 1.56 90 105
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(b). In group (i) powders, an equal distribution of the ele-

ments in all the phases depicted in the EDS mapping in

Fig. 2(a). However, Fig. 2(b) indicates a clear evidence of

segregation in the as-atomized group (ii) powders as the

different phase constitutions marked as A and B. From the

analysis of the EDS mapping, region A is enriched in Ti

and Al, while region B is enriched in Fe and Cr. The Co

and Ni are evenly distributed across both regions. EDS

point analysis of region A and B shown in Table 4 confirms

that the phase contrast in A is enriched in Al and Ti, while

region B is enriched in Fe and Cr in group (i) powder.

However, the EDS point analysis showed a slight variation

of element concentration in regions A and B of group (ii)

powder. Region had a higher concentration of Ti and Ni,

while region B was enriched in Fe and Cr. Compared to the

group (ii) powders, the group (i) powders experienced a

more rapid cooling process which suppressed atomic dif-

fusion and resulted in an even distribution for all the six

elements (Ref 7, 8, 29). Smaller-sized droplets have higher

velocities during gas atomization as they lack the ability to

resist drag forces, which leads to rapid cooling (Ref 14).

Because of the difference of group (i) and (ii) powders

in microstructure, further annealing process was conducted

on the group (i) powder samples to study the phase stability

at 1000 �C for 2, 6 and 12 hrs in a vacuum furnace. Fig-

ure 3 shows the XRD spectra of the as-atomized and the

annealed group (i) powders. The as-atomized Al0.5-

CoCrFeNi2Ti0.5 powder was composed of the FCC matrix

as the main phase and a metastable BCC phase along (111)

and (110), respectively (Ref 8). After annealing at 1000 �C,

the metastable BCC peak at 43.995 � transformed into

ordered BCC at 30.549�, disordered BCC peaks intensity at

64.633� and 81.817� increased and the FCC peak became

dominant phase due to increased FCC precipitate (Ref 30).

While fast-cooling suppressed the growth of BCC phase

along (200) and (211), the annealed powder got sufficient

energy to reach their stable state as shown in the XRD

spectra in Fig. 3. The dark phases are (Al, Ti)-rich phases

as the bright areas are enriched in (Fe, Cr). Both Ti and Al

are BCC stabilizers, and thus, the addition of Ti to Al0.5-

CoCrFeNi2 (Ref 29), which was purely FCC, brought about

the precipitation of a BCC phase in Al0.5CoCrFeNi2Ti0.5.

As the annealing time increased from 2 hrs to 12 hrs, for

Fig. 1 SEM images showing the morphology and size distribution of as-prepared Al0.5CoCrFeNi2Ti0.5 powders in (a, b) for group (i) and (ii),

respectively, the cross-sectional images of group (i), and (ii) in (c) and (d), (e) EDS spectrum of group (i) powder in the selected area

Table 3 The compositions of the designed and as-atomized Al0.5-

CoCrFeNi2Ti0.5 powders

Composition ratio in at. %

Element Al Co Cr Fe Ni Ti

Nominal 8.3 16.7 16.7 16.7 33.3 8.3

Group (i) 6.9 17.9 16.8 16.0 32.1 10.2

Group (ii) 7.5 17.3 16.8 16.5 31.4 10.3
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the 10-60 lm powders there was no noticeable increase in

the BCC precipitates. After 2 hrs of annealing, the

microstructure of group (i) was in a stable state and no

observable difference as compared with 12-hr annealed

powder in Fig. 4(a) and (b). This indicates that the group

(i) microstructure attains a stable state after 2 hrs of

Fig. 2 Backscattered electron diffraction (BSED) image showing the microstructure of the Al0.5CoCrFeNi2Ti0.5 alloy and the phase

compositions identified via EDS of (a) group (i) and (b) group (ii) as-atomized powders

Table 4 Point EDS compositions of the group (i) and (ii) as-atomized

Al0.5CoCrFeNi2Ti0.5 powders in regions A and B

Composition ratio in At.%

Element Al Cr Co Fe Ni Ti

Group (i) A 10.4 14.3 16.7 14.4 31.5 12.7

B 7.1 18.5 17.1 17.8 31.8 7.7

Group (ii) A 6.8 12.8 19.0 13.8 36.3 11.3

B 3.7 18.6 19.7 18.6 33.3 6.1

Fig. 3 The XRD spectra of Al0.5CoCrFeNi2Ti0.5 as-atomized and

annealed group (i) powders at 1000 �C in different durations

1212 J Therm Spray Tech (2022) 31:1207–1221
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annealing, which may not be affected by high temperatures

thereafter.

The new peaks observed in the XRD results after

annealed for 2 hrs and 12 hrs necessitated further investi-

gation by phase mapping and analysis of crystal orientation

using electron backscattered diffraction (EBSD). The EDS

mapping performed on the Al0.5CoCrFeNi2Ti0.5 group

(i) powder sample after annealed for 12 hrs demonstrated

the evidence of segregation of the Al, Ti, as shown in

Fig. 4(b). The band contrast image in Fig. 5(a) shows

distinct grain boundaries of the polycrystalline powder

annealed for 12 hrs, and the phase mapping in Fig. 5

(b) distinguished (Fe, Cr)-rich FCC matrix and (Al, Ti)-rich

BCC precipitates. The EBSD results confirm that the dark

contrast phase in Fig. 4(a) and (b) is (Al, Ti)-rich phase and

the light contrast matrix is (Fe, Cr)-rich phase. The phase

mapping image in EBSD shown in Fig. 5(c) presents the

segregation of Al, along with Ti in the annealed group

(i) powder. The FCC matrix plus BCC precipitate hetero-

geneous structure demonstrated in this study of

Fig. 4 Elemental mapping of Al0.5CoCrFeNi2Ti0.5 group (i) powders after annealed at 1000 �C for (a) 2 and (b) 12 hrs, respectively
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Al0.5CoCrFeNi2Ti0.5 alloy provides a great blend of duc-

tility and strength critical in the industrial application of

this alloy (Ref 7, 8, 29, 30). Due to the high-entropy effect,

Al0.5CoCrFeNi2Ti0.5 alloy is devoid of brittle intermetallic

compounds and therefore expected to have enhanced

mechanical properties (Ref 31).

Enhanced mechanical properties in HEAs are highly

desirable in the industrial applications such as in surface

coatings (Ref 8, 13, 14, 17, 18). The as-atomized and

annealed Al0.5CoCrFeNi2Ti0.5 powders were analyzed to

determine their hardness using a nanoindenter. Fig-

ure 6(a) shows the SPM image of the 12-hr annealed group

(i) powder in cross-sectional surface scanned by the

nanoindenter diamond tip with a normal force of 3lN.

Similar normal force of 3lN was applied in nanoindenta-

tion to ascertain the difference of hardness for the annealed

and as-atomized powders. An increase of over 20%

increase in hardness for the 12-hr annealed powder com-

pared to the as-atomized powders attributed to the

precipitation strengthening. The hardness of as-atomized

group (i) powder was 5.329 GPa, while the annealed

powder was 6.561 GPa. The difference in hardness

between the as-atomized and the annealed powders is not

large, which implies that the properties of Al0.5-

CoCrFeNi2Ti0.5 alloy do not deteriorate with high tem-

perature. The hardness values for 12-hr annealed powder in

the FCC matrix, and the BCC precipitates is shown in

Fig. 6(b). The dark-contrast phases, which have been

analyzed in XRD, SEM and EBSD as BCC precipitates,

had high hardness compared to the light-contrast FCC

matrix. In Fig. 6(a) SPM, image indicates that harder BCC

precipitates have smaller indentation marks compared to

the FCC matrix due to the degree of resistance to indenter

penetration resulting in the difference in hardness. The

addition of titanium to Al0.5CoCrFeNi2 leads to heteroge-

neous structure, which strengthens the alloy with BCC

precipitates without sacrificing the ductility (Ref 11-14).

Fig. 5 EBSD results of group (i) powder after annealed at 1000 �C for 12 hrs, including (a) band contrast, (b) phase mapping image, showing the

phase fraction occupied by FCC and BCC, (c) inverse pole figure and (d) elemental mapping of all six elements
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Characteristics of Al0.5CoCrFeNi2Ti0.5 Plasma-

Sprayed Coatings

The parameters shown in Table 1 were used to investigate

the properties of the coatings performed on carbon steel

substrates. Moreover, the comparison was made on the

influence of group (i) and (ii) sized powders on the coating

microstructure and mechanical properties so as to under-

stand the particle size effect. The current and the argon gas

flow rate were varied, while the secondary gas hydrogen

was kept constant during the plasma-sprayed process so as

to study the influence of input power on the plasma-

sprayed coating properties. Whereas the secondary hydro-

gen gas was used to suppress oxidation, the Ar gas com-

plements current as spraying power (Ref 7, 8). The phase

constitution of the coatings prepared using the group (i)

had FCC phase as shown in the XRD pattern in Fig. 7,

which was similar to coatings prepared using the group (ii)

powder having FCC (Ref 8). Consequently, the plasma-

sprayed coatings produced using group (i) powders main-

tained a minor BCC peak at 64.733 � (200) similar to the

annealed powders. Under the different spraying parame-

ters, plasma-sprayed coatings would not achieve complete

annealed status as the annealed powders due to inadequate

time and energy to transform. Nonetheless, the energy was

enough to promote ordering within a short time for coat-

ings prepared using group (i) powders, which enabled to

change metastable BCC peak along (100) into ordered

BCC at 30.591 �. Coatings prepared with group (ii) powder

kept the status of as-obtained powders as presented in

Fig. 3, as the bigger particle size would not get enough time

and energy to be annealed. From Fig. 7, it is demonstrated

that the properties of plasma-sprayed coatings can be var-

ied with plasma power and the size of powder particles

involved (Ref 7, 8, 19).

The microstructure under different spraying parameters

for the plasma-sprayed coatings using group (i) and group

(ii) powders was investigated using SEM to observe their

morphology. The cross-sectional images of the samples

with the lowest (500-35) and the highest (750-50) spraying

parameters are shown in Fig. 8(a), (b), and (c), respec-

tively, alongside the point EDS elemental analysis. The

evidence of unmelted powders is attributed to low plasma

power, which significantly affects the mechanical proper-

ties of the coating. The high power applied in plasma-

Fig. 6 (a) SPM image and (b) indentation results of hardness of

Al0.5CoCrFeNi2Ti0.5 group (i) powder after annealing at 1000 �C for

12 hrs. Point Nos. 0 to 5 are associated with the marks in of indented

group (i) powder annealed for 12 hrs. The indentation was done on the

matrix (FCC) and the precipitate (BCC)

Fig. 7 XRD analysis of the plasma-sprayed samples in different

parameters
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sprayed coating as depicted in Fig. 8(b) resulted in a

complete melting and a continuous layer of splats with

reduced porosity, voids and denser. The presence of small-

sized unmelted powders in Fig. 8(b) is ascribed to rapid

cooling before they are deposited on the substrate (Ref

7, 8, 14). The group (ii) coatings sprayed at high plasma

power (750-50) shown in Fig. 8(c) demonstrated incom-

plete melting of the powders. This observation is due to

large powder particles, which require more time to heat and

melt. In all the coatings, three regions were observable,

which were characterized via the point EDS analysis. The

black region was aluminum-rich oxide, which could be

Al2O3 as the atomic percentages of aluminum and O2 from

the EDS analysis are close to that of Al2O3. The dark gray

region is Al-Cr-Ti-rich oxide, while the light gray (white)-

colored region is a multicomponent HEA depleted of alu-

minum. The Al-Cr-Ti-rich oxide is widespread through the

coatings and could be the oxide phase observed in XRD

analysis in Fig. 7 at 36.05 �.The microstructure of the

plasma-sprayed coatings, which varies with the plasma

power, has a direct impact on mechanical properties such

as, hardness, ductility and wear resistance (Ref

7, 8, 14, 32).

The hardness of sprayed samples increased proportion-

ally with increasing plasma power as shown in Fig. 9. The

difference in hardness for plasma-sprayed coatings pre-

pared using group (i) powder marked between i-500-35 and

i-750-50 is due to the different microstructures as discussed

above. Additionally, the coatings prepared using group (ii)

powders had lower hardness values, an observation which

was reported in previous studies (Ref 7, 8). The group (ii)

powders are comparatively larger than group (i) making it

difficult to completely melt and form dense continuous

coating with better bonding (Ref 7, 8). The group (ii)

Fig. 8 Cross-sectional image of plasma-sprayed coatings and the phase compositions identified via point EDS of group (i) (a) 500-50 and

(b) 750-50 and (c) group (ii)
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coatings are also observed to have more oxides than the

group (i) coatings at high plasma powers. The higher

plasma spraying power raises the working temperature and

ultimately leads to a dense and continuous coating (Ref

7, 8, 14, 19). There is better bonding due to less defects for

coatings formed under high plasma power, resulting in high

hardness values. Whereas the hardness increased from

285.3 to 396.7 HV as the current was increased from 500 to

750A, the effect of increasing the Ar gas flow rate was

minimal. When compared with the previous research on

Al0.5CoCrFeNi2 (Ref 8), the addition of titanium signifi-

cantly increased the hardness from 279.1 to 396.7 HV.

Moreover, it is expected that as plasma power is increased,

denser coating will form since higher power will promote

complete melting of the powders beyond the 750 A (Ref

7, 8, 33). The oxides and voids in the plasma coatings

greatly affect the mechanical properties as the process is

performed in atmospheric environment. Nonetheless, the

improved mechanical properties due to the addition of

titanium compared to Al0.5CoCrFeNi2 (Ref 8) make

Al0.5CoCrFeNi2Ti0.5 suitable for industrial use in applica-

tions that require rapidly developed thick porous coatings.

In plasma-sprayed coatings, the microstructure that ulti-

mately impacts mechanical properties can be adjusted with

plasma power depending on the application.

Characterization of the Al0.5CoCrFeNi2Ti0.5 Cold-

Sprayed Coatings

The group (i) powder was chosen to study the properties of

cold-sprayed coatings on carbon steel and AA 6061 sub-

strates. The cross-sectional SEM images of the cold-

sprayed AA6061 and carbon steel substrates in

Fig. 10(a) and (b), respectively, demonstrate a relatively

clean, defect-free, microstructure having few cracks,

compared to the plasma-sprayed coatings. As a result of

particles impact on the substrate at supersonic speeds and

cold spray process being a solid-state process, densification

of the powder particles occured.

A good interface between the substrate and the coating,

discontinuous cracks across the coating parallel to the

interface and the lack of oxide stringers between the splats

are some of observable features in Fig. 10(a) and (b) of the

cold-sprayed coatings. Such cracks might be detrimental to

the mechanical properties of the coatings. The intersplat

cracks may have resulted from the severe plastic defor-

mation generated at the edge of cold-sprayed particles. The

edges of the particle-substrate and particle-particle are

prone to plastic shear deformation due to severe impact,

which results in jetting. Multiple-particle deposition at

high-velocity impact during CS process crumbles the jet-

ting morphology to form a folded structure as shown,

marked with arrows in Fig. 10(a) (Ref 16, 21, 34)

The XRD results displayed in Fig. 11(a) show that the

cold-sprayed Al0.5CoCrFeNi2Ti0.5 coatings on carbon steel

and AA 6061 substrates had FCC phase with minor

metastable BCC. Analysis of the XRD spectra of the cold-

sprayed coatings with the respective group (i) powders

indicates that there is no phase transformation that took

place during the cold-sprayed process. Although the

metastable state of the raw powder was retained, it is

evident that XRD spectra peak broadening occurred in the

cold-sprayed coatings when compared to the feedstock

powders XRD spectra in Fig. 3. Researchers (Ref 35)

established that cold spray process retains the status of the

feedstock powders as no melting is involved. Peak broad-

ening can be attributed to either refinement of grain sizes or

a strain effect (Ref 36, 37).

High atomic strain effect often caused by residual stresses

due to melting of feedstock powders in plasma-sprayed and

HVOF coatings leads to the first possibility of peak broad-

ening. The cold-sprayed coatings experienced much lower

temperatures, which could not cause annealing of feedstock

powders, and therefore, strain effect by residual stresses from

high temperatures was not taken into consideration.

Nonetheless, the impact of high velocities of powder parti-

cles, which leads to densification of the coatings, causes

compressive stresses due to continuous ‘hammering’ action

similar to shot peening. These compressive stresses may lead

to a high strain effect causing peak broadening. Additionally,

the cold-sprayed coatings peak broadening may be attributed

to decrease in particles sizes, as they are refined by the severe

plastic deformation. XRD peak broadening is influenced by

small grain sizes at low angles and micro-strain effect at high

angles (Ref 38, 39).

Whereas plasma coatings rely on plasma power, which

can be adjusted to melt powders and create a better

Fig. 9 The hardness of Al0.5CoCrFeNi2Ti0.5 plasma-sprayed coatings

with different spraying parameters
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bonding, the cold spray coatings solely depend on kinetic

energy of the particles creating an impact on the substrate

and consequently deforming to create a strong bond (Ref

22, 40). The flattening and interlocking of the splats due to

cold forging under forward pressure are caused by severe

plastic deformation of the powder particles (Ref 16, 21). In

addition, the localized deformation causes shear instability

at the particle boundaries, which has been established by

researchers (Ref 41, 42) to be effective in creating effective

mechanical bonding between adjacent splats. Fig-

ure 10(a) shows the comparison of the hardness between

the cold-sprayed coatings and the plasma-sprayed coatings.

The cold spray coatings have higher hardness as they lar-

gely retain the status of the raw group (i) powders. Fig-

ure 10(b) shows the BSE image of the cold-sprayed

coatings on AA 6061 and demonstrates the presence of

slightly deformed Al0.5CoCrFeNi2Ti0.5 powder particles,

with the narrow interfacial surrounded by intersplat cracks.

At the particle-substrate and particle-particle interfaces,

the mechanical locking caused by localized severe plastic

deformation is observable in Fig. 11(a). This process

minimizes defects that are common in high-temperature

deposition processes and ultimately improves the

mechanical properties of the cold-sprayed coatings (Ref

21). Similar observations were made by Li et al. (Ref 41).

The adhesion of particles in cold spray process is mainly

due to kinetic energy upon impact rather than thermal

energy as compared to plasma process where melting is

involved (Ref 23, 26). Therefore, there is no melting and

the particles remain in a solid state during the entire

deposition process in cold-sprayed coatings (Ref 22).

The values of pull-off adhesive bonding strength test on

cold-sprayed Al0.5CoCrFeNi2Ti0.5 AA 6061 substrates

showed that the coating averaged the bond strength of

69.84 MPa. The observation on the AA 6061 showed that

the coating was intact and the failure occurred at the

Fig. 10 Cross-sectional SEM image of (a) AA 6061, (b) carbon steel substrate cold-sprayed HEA coatings with group (i) powder

Fig. 11 (a) XRD analysis of cold-sprayed carbon steel substrate and 6061 aluminum alloy and (b) Vickers microhardness of the plasma- and

cold-sprayed coatings
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adhesive, which has a maximum bonding strength of 70

MPa. This was approximately 20% higher than that of

57.26 MPa on carbon steel. Investigators (Ref 40) attrib-

uted significant substrate deformation to have enhanced

mechanical interlocking in cold-sprayed AA 6082 where

they reported a bond strength of 57.26 MPa. Furthermore,

the researchers (Ref 40, 43) found that the failure occurred

at the coating substrate interface. Although the interparticle

bonding in Al0.5CoCrFeNi2Ti0.5 deposit was good, a lack

of adequate mechanical interlocking due to poor defor-

mation of the carbon substrate may have contributed to

lower bond strength. The integrity of the interface between

the AA 6061 substrate and the Al0.5CoCrFeNi2Ti0.5 coating

as shown in Fig. 11(b) exhibits sufficiently great bonding.

Figure 11(b) displays evidence of significant deformation

in AA 6061 substrate, which resulted in mechanical

interlocking of the cold-sprayed powders facilitating a

well-bonded interface region. However, the cold-sprayed

coatings on carbon steel substrate shown in Fig. 11(c) was

less deformed and had no observable interlocking features.

The hardness values measured for both substrates support

this observation, as carbon steel substrate of 152.41 Hv and

AA 6061 of 120.56 Hv. Because of high deformation

resulting in large portions of mechanically interlocked

regions and metallurgical bonding, AA 6061 performed

high adhesive bonding strength compared to the cold-

sprayed coatings on carbon steel (Ref 25, 40).

Conclusion

Through the numerous experiments that have been con-

ducted in this study, it is evident that the addition of titanium

to Al0.5CoCrFeNi2 has greatly improved the mechanical

properties of the coatings. Both coatings retained the phases

and properties of the as-atomized powders. Minor ordered

BCC phase was observed in the group (i) plasma-sprayed

coatings, while the group (ii) plasma-sprayed and group

(i) cold-sprayed coatings kept the status of the as-obtained

crystal structures. Precipitation strengthening by the addition

of titanium to Al0.5CoCrFeNi2 enhanced the mechanical

properties of annealed powders and the coatings. High

hardness values were realized in the plasma-sprayed coat-

ings of Al0.5CoCrFeNi2Ti0.5 group (i) compared to group (ii)

powder. Microstructure and mechanical properties of

plasma-spray coatings can be adjusted with increasing

plasma power. Consequently, it was established that phase

constitution was maintained as plasma power was increased,

which implies that the gas-atomized as-obtained powders

have good phase stability. Additionally, the cold-sprayed

coatings hard higher mechanical properties and can signifi-

cantly improve the carbon steel and AA 6061 application in

aggressive environments.
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