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ABSTRACT

AlCoCrFeNi2.1 eutectic high entropy alloy (HEA) composite coatings reinforced by Al2O3 particles were prepared 
by detonation spraying (DS) on low alloy steel substrates. The effect of annealing at different temperatures on the 
microstructure and mechanical properties of the coatings was further studied. The as-deposited AlCoCrFeNi2.1 - 
30 wt. % Al2O3 composite coating exhibited a dual-phase FCC+BCC lamellar microstructure matrix with Al2O3 
reinforcement particles. The crystalline structure and lamellar microstructure of the coatings highly retained after 
annealing at 500°C and 800°C. However, a partial dissolution of BCC was noted after annealing. Moreover, annealing 
improved inter-diffusion and annihilated pores, therefore highly compensated the decline in microhardness due to 
strain relief effect of annealing. The as-deposited composite exhibited a microhardness value of 415 HV, which slightly 
decreased to about 409 HV and 403 HV after annealing at 500°C and 800°C, respectively. The microhardness values 
demonstrated low fluctuation over the thickness of the coatings.
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INTRODUCTION

High entropy alloys (HEAs) are disordered 
crystalline solid solutions consisting of five or more 
elements with an equiatomic or nearly equiatomic ratio 
to maximize the configurational entropy of mixing [1]. 
HEAs are distinguished from conventional alloys by 
demonstrating high-entropy, lattice distortion, sluggish 
diffusion and cocktail effects as the four core effects. 
These effects provide HEAs with unprecedented 
properties such as the combination of high ductility 
and yield strength [2, 3], corrosion resistance [4], wear 
resistance [5], high-temperature oxidation resistance [6], 
and exceptional strength at low and high temperatures [7].

Recently Eutectic high-entropy alloys (EHEAs) 
were developed to utilize the characteristics of both 

eutectic alloys and HEAs, resolving the strength-
ductility trade-off in conventional alloys. AlCoCrFeNi2.1 
is a typical EHEA exhibiting a dual-phase structure 
consisting of FCC and BCC/B2 phases. In its cast state, 
this alloy exhibits an average microhardness of ~320 HV 
and an elongation of 22.8 % at room temperature [8]. 
However, the alloy not yet met the criteria for working 
under harsh environments such as high loads, corrosion/
wear resistance and high temperatures, suggesting 
further strengthening and improvement are inevitable.

Particularly, EHEAs can be employed as matrix 
and be reinforced by hard ceramic particles to further 
improve their mechanical properties. For example, 
AlCoCrFeNi HEA coating reinforced by WC was 
deposited on a 65Mn substrate using the laser cladding 
method to achieve a high microhardness value of 1060 
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HV0.2 [9]. Ye et al. fabricated AlCoCrFeNi2.1 EHEA 
reinforced with different TiC contents (0 - 15 wt. %) 
by micro-plasma cladding [10]. The decomposition of 
TiC was effectively reduced and the hardness and wear 
resistance of the coating significantly improved by 
TiC addition. Particularly, at 15 wt. % TiC, the coating 
showed the highest hardness and wear resistance. Wang 
et al. prepared AlCoCrFeNi composite reinforced by 0,5, 
10, and 15 wt. % ZrB2 by Spark Plasma Sintering (SPS). 
The composite exhibited a maximum densification of 
99.13 % and microhardness of 1222.2 HV at ZrB2 content 
of 15 %, white it shows the maximum compressive 
strength of 2071 MPa at 10 % ZrB2. AlCoCrFeNi2.1/
WC composite coatings have been prepared by laser 
cladding and fast hot pressing sintering methods [11 - 
13]. The laser cladded AlCoCrFeNi2.1/WC composite 
coatings with 30 wt. % WC exhibited FCC and BCC 
phases along with the Cr7C3 and Cr21W2C6 precipitates. 
The AlCoCrFeNi2.1/30 wt. % WC composite coating 
exhibited the highest hardness (572.3 HV1.0) and 
wear resistance. For the fast hot pressing sintering 
sample precipitation of W2C and M23C6 (M = W, 
Cr) was reported [13]. Solid solution, second-phase, 
and dislocation strengthening are typically the main 
strengthening mechanisms in these composites. Similar 
improvement in properties of AlCoCrFeNi2.1 EHEA has 
been also noted by reinforcing the matrix with NbC [14]. 

On the other hand, detonation spraying (DS) is 
a thermal spraying technique, which is characterized 
by heating the particles up to the melting state and 
accelerating them to the velocity about 500 m·sec-1 with 
the help of the gaseous detonation energy [15]. The 
accelerated hot particles form a dense coating with the 
compressive or residual stress depending on the spraying 
conditions [16]. Typically, the DS fabricated coatings 
has strong mechanical bonding with the substrate and 
practically exhibit no heat-affected and diluted zones 
[17]. Therefore, DS can be a proper technique to deposit 
metal matrix composite (MMC) reinforced by hard 
ceramic particles.

To the best of the author’s knowledge, there is no 
report on fabricating AlCoCrFeNi2.1/Al2O3 composite 
coatings, and particularly no report on using DS for 
fabricating HEAs matrix coatings reinforced by ceramic 
particles. Therefore, in this study, AlCoCrFeNi2.1/Al2O3 
composite coatings were fabricated by DS and annealed 
at 500°C and 800°C. The effect of the Al2O3 and annealing 

on the microstructure and mechanical properties of the 
coating are investigated. The aim is to further expand the 
potential applications of AlCoCrFeNi2.1 and reduce the 
materials cost for practical applications. This research 
also paves the way for fabricating new HEAs composite 
coatings using DS by incorporating high mass fraction 
of hard reinforcement particles.

EXPERIMENTAL 

The AlCoCrFeNi2.1 EHEA powder with spherical 
morphology and Al2O3 powders were purchased 
and used without any treatment. The AlCoCrFeNi2.1 

matrix composite powders were prepared by mixing 
30 wt. % Al2O3 powder with the EHEA powder. A 
commercial detonation spraying gun CCDS2000 
(Siberian Technologies of Protective Coatings LLC, 
Novosibirsk, Russia) was used for obtaining the 
composite coatings [18]. The spraying distance was set 
to 270 mm, feed rate was ~ 0.0375 g in shot (15 g in 400 
shots), and the shots frequency was 2 shots per second. 
The explosive mixture of C2H2 / C3H8 /O2 with ratio of 
oxygen to carbon (O/C) equal 1.0 (Chelyabtekhgaz, 
Chelyabinsk, Russia) was used for spraying and nitrogen 
was used as the purging and carrier gas.

X-ray diffraction (XRD) was carried out by a 
Rigaku Ultima IV X-ray diffractometer (Rigaku, Japan) 
using Cu-Kα radiation. Microstructural evolution and 
chemical composition were monitored by scanning 
electron microscope (SEM, Jeol JSM7001F, Japan) and 
energy dispersive X-ray spectroscopy (EDS; Oxford 
INCA X-max 80, Oxford Instruments, Great Britain), 
respectively. The average value of 5 measurements 
was used as the chemical composition at each location. 
Thixomet Pro software was used to evaluate the content 
of the porosity in the coatings.

RESULTS AND DISCUSSION 

Fig. 1 shows the back scattered-electron SEM 
images of the powder’s mixture feedstocks. The 
AlCoCrFeNi2.1 EHEA powder exhibits spherical 
morphology with a size ranging from about 2 to 50 µm. 
The average particle size of AlCoCrFeNi2.1 EHEA is 
about 23 µm (determined by ImageJ). Al2O3 exhibits an 
irregular grain morphology. The EDS elemental maps of 
the AlCoCrFeNi2.1 EHEA indicate a uniform distribution 
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of its constituent elements. Table 1 displays the chemical 
composition of the AlCoCrFeNi2.1 EHEA. 

Fig. 2 displays the XRD patterns of AlCoCrFeNi2.1/
Al2O3 powder mixture and the composite coatings at 
different states. The XRD pattern of the powder mixture 

can be well indexed with FCC, BCC and Al2O3 phases. 
It is obvious that the FCC and BCC structures attribute 
to the AlCoCrFeNi2.1 EHEA. This is in agreement 
with previous studies where a FCC + BCC dual-phase 
structure has been reported for AlCoCrFeNi2.1 EHEA 

EDS chemical composition, wt. %
AlCoCrFeNi2.1 powder View type Al Cr Co Fe Ni O Porosity, %

As-deposited coating
Bright contrast 18.41 16.61 16.04 15.65 33.29 -

~ 0.7Grey contrast 19.79 12.79 12.10 16.76 17.14 21.43
Dark contrast 37.91 1.60 1.27 1.28 2.40 55.54

Annealed at 500°C
Bright contrast 16.82 17.22 16.11 16.31 33.55 -

~ 0.4Grey contrast 17.14 11.91 12.80 13.97 18.10 26.07
Dark contrast 40.63 0.99 1.00 1.05 1.82 54.50

Annealed at 800°C
Bright contrast 7.78 18.78 19.65 18.48 35.30 -

< 0.1Grey contrast 27.83 14.47 14.00 13.03 17.51 13.16
Dark contrast 40.64 0.60 0.51 0.44 0.71 57.11

Fig. 1. BSE-SEM images and the corresponding maps of AlCoCrFeNi2.1/Al2O3 mixture at low (a) and high (b) magnifications. 
The EDS maps belong to high magnification image in (b).

Table 1. Chemical composition of AlCoCrFeNi2.1/Al2O3 composite coatings. The oxygen content should be treated 
qualitatively since EDS is not accurate for light elements. 
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[19, 20]. After detonation spraying, diffraction peaks 
corresponding to FCC and BCC structures are still 
present in the XRD pattern of the as-deposited coating, 
however, diffraction peaks related to Al2O3 highly 
disappear but still can be detected. This decline in the 
intensity of diffraction peaks of Al2O3 may be ascribed 
to its refinement and dispersion within the matrix, as 
well as some degree of materials losses during DS. 
Moreover, a clear peak broadening can be detected in the 
XRD pattern, which indicates a relatively high level of 
residual strain and microstructure refinement during DS. 
After annealing at 500°C, the crystalline structure of the 
coating highly retained, but the relative intensity of BCC 
phase decreases. Furthermore, by increasing annealing 
temperature to 800°C, the BCC phase seems to be more 
dissolved and correspondingly the content of FCC phase 
increases. No specific changes in the diffraction peaks of 
Al2O3 by increasing annealing temperature can be noted. 
Interestingly, no other phases, especially oxides, form 
during DS owing to the short heating cycle of the process 
and high thermal stability of the powders. Typically, the 
short heating cycle involved in DS hinders interfacial 
reactions and phase decomposition in the as-sprayed 
coatings [21, 22]. 

BSE-SEM analysis was conducted to study the cross-
section of the composite coatings. A thick coating with 
sound interface and dense microstructure is obtained by 
DS (Figs. 3a-b). Three different regions can be observed 

in the microstructure of the samples. The regions with 
bright contrast are Ni-rich FCC phase, while the grey 
contrast regions are Al- and Ni-rich BCC phase with an 
approximately equimolar ratio of other elements and 
some degree of oxidation (Table 1). This oxygen may 
come from Al2O3 or minor degree of oxidation during 
DS, which could not be detected by XRD due to its low 
content. The dark-contrast regions are rich in Al and 
oxygen, and they are obviously Al2O3 oxide. Moreover, 
the coatings exhibit a lamellar microstructure consisting 
of dark (Al2O3) and grey regions embedded within the 
bright regions (Fig. 3c). The high explosive temperature 
and wave force involved in DS technique make the HEA 
powder soft and readily deformable to create a continues 
matrix phase upon hitting the substrate surface. The 
Al2O3 particles, on the other hand, experience refinement 
and shattering during deposition owing to its hard nature. 
This creates a lamellar microstructure consisting of 
dual-phase HEA and Al2O3 layers. The thickness of the 
coating is about 700 µm. The microstructure is same 
across the thickness of the coatings without any sign of 
gradient features. EDS maps also confirm the presence 
of different microstructural features described above. 
Moreover, the composite coating demonstrates a rough 
interface with strong metallurgical bonding with the 
substrate.

Figs. 4a-b show the cross-sectional BSE-SEM 
micrographs of the coatings after annealing at 500°C 
and 800°C, respectively. For heat-treatment samples, 
coatings were made with a thickness of about 1000 µm 
to minimize the possible dilution of the coating by the 
substrate. Annealing does not change the microstructure 
significantly, and a still a lamellar microstructure is 
observed for both samples. However, the content of BCC 
phase (grey contrast regions) slightly decreased after 
annealing at 800°C, which is consistent with the XRD 
results. Moreover, annealing is expected to release the 
strain, annihilate pores and improve the metallurgical 
bonding between the coating and substrate by increasing 
inter-diffusion at the interface. The annealed coatings 
exhibit remarkable compactness with practically no 
detectable porosities. Moreover, the interface between 
AlCoCrFeNi2.1 and Al2O3 is sound and stable, where no 
interfacial reactions could be detected. This suggests a 
good interfacial bonding and low detachment of Al2O3 
reinforcement particles.

Microhardness of the samples was recorded on 

Fig. 2. XRD patterns of the AlCoCrFeNi2.1/Al2O3 powder 
mixture, and the coatings in the as-deposited state and after 
annealing at 500°C and 800°C.
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Fig. 3. BSE-SEM images and the corresponding maps of the as-deposited AlCoCrFeNi2.1/Al2O3 composite coating at 
different magnification (a-c). The EDS maps belong to the high magnification image in (c).

Fig. 4. BSE-SEM images and the corresponding maps of AlCoCrFeNi2.1/Al2O3 composite coatings after annealing at 500°C 
(a-c) and 800°C (d-f). The EDS maps correspond to the high magnification images (c and f). 
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the cross-section of the composite coatings in a line 
parallel to the deposition direction (Fig. 5). The low 
alloy steel substrate shows a low hardness value of 
about 130 HV. After coating, the microhardness of the 
composite coatings increases even near the substrate-
coating interface. The average microhardness of the 
AlCoCrFeNi2.1/Al2O3 coating is 415 HV for the as-
deposited sample, and it decreases to about 409 HV 
and 403 HV after annealing at 500°C and 800°C, 
respectively. Fig. 5 shows that the AlCoCrFeNi2.1/Al2O3 
composite coating highly retains its microhardness 
during high temperature annealing, where only a slight 
decrease can be noted. 

This slight decrease in microhardness of the samples 
is due to strain release during annealing, given that the 
microstructure of the samples remains highly unaffected 
during annealing. Moreover, the microhardness values 
show no specific trend along the thickness of the 
composite coatings and change in a narrow range. This 
may be ascribed to the high uniform distribution of the 
reinforcing phases. Moreover, softening regions near 
coating/substrate that is usually detected in laser-cladded 
coatings is absent in the AlCoCrFeNi2.1/Al2O3 composite 
coating fabricated by DS. This is a unique feature of DS 
compared to other coating methods where the substrate 
surface partially melts during coating deposition. 

CONCLUSIONS

AlCoCrFeNi2.1 - 30 wt. % Al2O3 composite coating was 
fabricated by detonation spraying followed by annealing 
at 500°C and 800°C. The AlCoCrFeNi2.1 - 30 wt. % Al2O3 

composite precursor powder was mixed. AlCoCrFeNi2.1 
EHEA exhibited a dual-phase microstructure consisted 
of FCC and BCC phases. After detonation spraying, 
diffraction peaks related to Al2O3 appeared, however 
the intensity of peaks decreased compared to the 
as-mixed powders, which could be attributed to the 
particle refinement, dispersion and some degree of 
materials losses during DS. After annealing at 500°C 
and 800°C, the crystalline structure of the coating 
highly retained, but BCC phase in HEA dissolved and 
correspondingly the content of FCC phase increased. 
Moreover, the coatings exhibited sound interface and 
dense lamellar microstructure consisting of Al2O3 
and BCC phases embedded within the FCC matrix. 
It was also demonstrated that annealing does not alter 

the microstructure of the coatings, and the lamellar 
microstructure is retained. The average microhardness 
of the as-deposited composite coating was 415 HV, and 
it slightly decreased to about 409 HV and 403 HV after 
annealing at 500°C and 800°C, respectively. This highly 
retained mechanical properties of the coating is attributed 
to the improved inter-diffusion and annihilation of pores, 
as well as the unique properties of HEA matrix. 
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