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Abstract: The use of pre-alloyed powders as high-entropy alloy (HEA) coating precursors ensures
a predetermined (unaltered) elemental composition of the coating with regard to the feedstock
powder. At the same time, it is interesting to tackle a more challenging task: to form alloy coatings
from powder blends (not previously alloyed). The powder-blend-based route of coating formation
eliminates the need to use atomization or ball milling equipment for powder preparation and allows
for the introduction of additives into the material in a flexible manner. In this work, for the first
time, a HEA was obtained using detonation spraying (DS) followed by spark plasma sintering (SPS).
A powder mixture with a nominal composition of 10Al-22.5Fe-22.5Co-22.5Ni-22.5Cu (at.%) was
detonation-sprayed to form a multicomponent metallic coating on a steel substrate. The elemental
composition of the deposited layer was (9 ± 1)Al-(10 ± 1)Fe-(20 ± 1)Co-(34 ± 1)Ni-(27 ± 1)Cu (at.%),
which is different from that of the feedstock powder because of the differences in the deposition
efficiencies of the metals during DS. Despite the compositional deviations, the deposited layer was
still suitable as a precursor for a HEA with a configurational entropy of ~1.5R, where R is the universal
gas constant. The subsequent SPS treatment of the substrate/coating assembly was carried out at
800–1000 ◦C at a uniaxial pressure of 40 MPa. The SPS treatment of the deposited layer at 1000 ◦C
for 20 min was sufficient to produce an alloy with a single-phase face-centered cubic structure and
a porosity of <1%. Interestingly, the hardness values of the as-sprayed and SPS-treated coatings
were close to each other (~320 HV0.3). The hardness of the coatings measured in two perpendicular
directions did not differ significantly. The features of the DS–SPS route of the formation of HEA
coatings and its potential applications are discussed.

Keywords: high-entropy alloy; detonation spraying; spark plasma sintering; hardness; microstructure

1. Introduction

Spark plasma sintering (SPS) has proven to be a versatile method of the electric current-
assisted treatment of powders [1–3] and bulk objects [4–6]. Powders can be consolidated
into bulk materials with a controlled density within short processing times, while bulk
samples or assemblies can be structurally modified using electric current heating. The
potential of SPS for the processing of metallic materials has been recognized [7,8]. Using
SPS, it is possible to produce bulk alloys from a mixture of components by combining the
sintering and alloy formation stages. The effect of electric-current-mediated heating can be
reflected in the enhanced kinetics of alloying between metals [9].
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High-entropy alloys (HEAs) have attracted attention as metallic materials possessing
higher strength and hardness than pure metals and conventional alloys [10–12]. While
metallic glasses crystallize upon reaching the crystallization temperature, HEAs can be
obtained in the thermally stable form (provided the samples are properly annealed). In
comparison with metallic glasses, HEAs can offer better ductility in the bulk state.

The SPS method has recently been used for the fabrication of HEAs [13–15]. Most
commonly, the powders processed by SPS to form a HEA are pre-alloyed and prepared
via mechanical alloying or gas atomization. As mechanical alloying is usually a time-
consuming process and contaminants can easily be introduced into the powder material,
a tempting alternative would be to avoid the pre-alloying stage. Recently, successful
attempts to produce HEAs from unalloyed mixtures of components using SPS have been
reported [16,17]. The formation of a liquid phase played a key role in the structure formation
of the alloys. Zhang et al. [16] produced an AlCoCrFeNi HEA consisting of a face-centered
cubic (fcc) phase and a duplex body-centered cubic (bcc) structure. Melting of aluminum
facilitated the diffusion processes during SPS. Waseem et al. [17] presented the powder
metallurgy processing of refractory WxTaTiVCr HEAs and their derivatives from powder
blends prepared in a shaker mill. It was noted that, during SPS, liquid-phase sintering
was realized due to melting of the locally formed Ti-Cr-based or Ti-Cr-V-based alloys. The
liquid phase was suggested to form at highly localized points within the sample.

Along with bulk HEAs, coatings made of HEAs are of scientific and technological
interest [18–20]. Coatings can be formed through sintering of a layer to a substrate. In this
case, the powder to form a coating is poured into a sintering die, into which the substrate is
also placed. For example, CrFeCoNiCu HEA and ceramic-reinforced CrFeCoNiCu HEA
coatings were obtained via SPS in [21]. The thickness of the coating layer was 1.5 mm.
Another possible way to form a coating is to combine a thermal spray method with SPS: to
deposit a composite layer on a substrate via powder spraying and adjust the alloy phase
composition and structure by the subsequent SPS treatment. This approach was applied
to coatings obtained via flame spraying [22] and cold spraying [23,24]. The SPS treatment
allowed conducting the synthesis in the layers made of reactants and improving the coating
structure by eliminating pores and macrodefects [24]. The “thermal spray deposition-SPS
treatment” fabrication route of an alloy coating can be selected when a thin coating is
necessary, since forming a thin uniform powder layer in a sintering die using a simple
pouring procedure is a difficult task. The advantage of pre-alloyed powders as HEA coating
precursors (feedstock materials for thermal spraying) is the preservation of the coating
composition. The concentrations of the metals in the coatings are normally the same as
those in the pre-alloyed feedstock powder, provided no metal evaporation occurs during
spraying. However, it is interesting to tackle a more challenging task, to form alloy coatings
from powder blends (not previously alloyed powders). The powder-blend-based route of
the coating formation eliminates the need to use atomization or ball milling equipment and
allows for the introduction of additives into the material in a flexible manner (immediately
prior to spraying).

Detonation spraying (DS) belongs to the group of thermal spray methods and is based
on heating and acceleration of powder particles by the products of detonation of oxygen–
fuel mixtures [25]. The particles reach the substrate in the molten or partially molten state.
The presence of a molten surface layer on a solid particle facilitates the bond formation
with the substrate and previously deposited layers. By varying the oxygen/fuel ratio of the
gaseous mixture, the reactions of the metals with the spraying atmosphere can be controlled.
If the oxygen concentration in the detonation products is low, the particles of metals do not
oxidize during the process, and purely metallic coatings can be obtained. Studies on the
formation of HEAs via DS are still scarce. Liao et al. [26] reported the formation of HEA
coatings via DS of a pre-alloyed powder obtained via gas atomization. In our previous
investigations, DS has been used to form multicomponent metallic coatings [27,28]. Further
treatment with a laser was used to complete the alloy formation in [28].



Metals 2023, 13, 1519 3 of 13

The Al-Fe-Co-Ni-Cu alloys have attracted the attention of researchers due to the
possibility of achieving promising properties [29–31]. The Al-Fe-Co-Ni-Cu HEA matrix
composites are also of interest [32,33]. The presence of a low-melting-point metal, Al, in the
system allows conducting liquid-phase-assisted processes of alloying upon heat treatment
while staying in the moderate temperature range.

The goal of the present work was to trace the structural evolution of coatings obtained
by DS of an Al-Fe-Co-Ni-Cu mixture during SPS treatment and demonstrate the possibility
of forming a HEA coating. The selection of the composition for the present study, 10Al-
22.5Fe-22.5Co-22.5Ni-22.5Cu (at.%), was based on results obtained by Das et al. [29], who
prepared this alloy using mechanical alloying, cold pressing, and sintering. In their work,
the formation of an alloy with excellent mechanical properties was reported.

2. Materials and Methods

Commercially available Al, Fe, Co, Ni, and Cu powders were used in the experiments.
The starting materials were aluminum (99.7%), carbonyl iron (99.9%), electrolytic cobalt
(99.5%), carbonyl nickel (99.9%), and electrolytic copper (99.7%). Each of the starting
powders was sieved to separate the fraction <20 µm. The SEM micrographs demonstrating
the morphology of the powders can be found in [27]. The starting powder mixtures were
prepared via mixing in a custom-made low-energy device. The main element of this device
is a rotating cylinder containing steel balls. The mixing time was 3 h.

DS of the 10Al-22.5Fe-22.5Co-22.5Ni-22.5Cu (at.%) mixture was conducted on a
computer-controlled detonation spraying set-up (CCDS2000, Novosibirsk, Russia) [24].
Acetylene was used as a fuel, and oxygen was an oxidizer. The O2/C2H2 molar ratio
during DS was 1.0. The acetylene–oxygen mixture of this composition produces detona-
tion products of reducing character, thus preventing the oxidation of the sprayed metals.
Nitrogen was used as a carrier gas. For the deposition, a profiled two-section barrel of
variable cross-section with a combustion chamber 20 mm in diameter and 650 mm long
and a muzzle acceleration section (nozzle) 16 mm in diameter and 300 mm long was used.
The use of a barrel with a conical constriction at the junction of the combustion chamber
and the booster nozzle makes it possible to increase the degree of melting of the sprayed
powder material. This effect was described in detail in [34]. The coatings were deposited at
a stand-off distance of 100 mm. Coatings ~500 µm thick were obtained. The coatings were
deposited on sand-blasted carbon-steel substrates via radial scanning on a three-axis ma-
nipulator. A powder of Al2O3 400–500 µm in size was used for the sand-blasting operation.
The surface was further cleaned by a flow of compressed air. The roughness of the steel
substrates after sand-blasting was Rz = 30 µm.

Cylindrical samples 10 mm in diameter were machined from the coated steel plates
to fit the SPS tooling. SPS treatment of the coating/substrate assemblies was carried out
using a Labox 1575 apparatus (SINTER LAND Inc., Nagaoka, Japan) under conditions
of dynamic vacuum. A graphite die and graphite punches were used. The temperature
during the process was measured by a pyrometer (CHINO, Tokyo, Japan) focused on a
near-through hole in the die wall. The measured temperatures during SPS were 800, 900,
and 1000 ◦C. The applied uniaxial pressure was 40 MPa. The holding time at the maximum
temperature was 20 min. The heating rate in all experiments was 80 ◦C min−1. The residual
pressure in the chamber during the soaking stage was 10 Pa. Graphite foil was placed
between the surface of the tooling and the sample to avoid sticking of the sample to the
tooling components. A schematic of the SPS tooling with a substrate/coating sample is
shown in Figure 1a. A general view of the substrate/coating samples machined from the
detonation-coated plates is shown in Figure 1b.
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of the coating, the islands of orange color correspond to particles of copper. Other metallic 
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Figure 1. Schematic of the spark plasma sintering (SPS) tooling with a substrate/coating sample (a).
General view of the substrate/coating samples machined from the detonation-coated plates (b).

The X-ray diffraction (XRD) patterns of the powders, as-sprayed coating, and SPS-
treated samples were recorded using a D8 ADVANCE diffractometer (Bruker AXS, Karl-
sruhe, Germany) with Cu Ka radiation.

Samples for structural observations and hardness measurements were made using
standard metallographic techniques. Samples with a polished surface of the coatings and
polished cross-sections were prepared. The microstructure of the coatings was studied
using scanning electron microscopy (SEM) using a Merlin microscope (Zeiss, Oberkochen,
Germany) equipped with an energy-dispersive spectroscopy (EDS) unit. The quantitative
analysis was carried out on the cross-sections of the coatings. The spectra were collected
from areas 250×300 µm2 in size. Coatings in the as-sprayed state and those after the SPS
treatment were analyzed.

The porosity of the as-sprayed coatings and SPS-treated samples was determined
from the optical images of the cross-sections of the samples using OLYMPUS Stream Image
Analysis software, “Stream Essentials 1.9.1” (Tokyo, Japan). The optical images were
obtained on an OLYMPUS GX-51 metallographic microscope (Tokyo, Japan).

Vickers hardness of the coatings was measured using a DuraScan 50 hardness tester
(EMCO-TEST, Kuchl, Austria) at a load of 0.3 kg. The hardness was measured in two
directions by making indentations normal and parallel to the substrate/coating interface.

3. Results

Visual observations of the samples indicated that, after SPS, the coating layers changed
color, from reddish (caused by the presence of unalloyed copper regions in the as-sprayed
coating) to gray. Based on the change in color, the formation of an alloy in the coating
during SPS could be assumed. Figure 2 shows the optical images of the cross-section of the
as-sprayed coating taken at different magnifications. In the microstructure of the coating,
the islands of orange color correspond to particles of copper. Other metallic components
are difficult to distinguish in the optical images.
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are seen in the structure of the layer. 

  
(a) (b) 

Figure 3. General view (a) and microstructure (b) of the as-sprayed Al-Fe-Co-Ni-Cu coating. Back-
scattered electron (BSE) imaging mode. In (a), the interface with the steel substrate is seen. 

Figure 2. General view (a) and microstructure (b) of the as-sprayed Al-Fe-Co-Ni-Cu coating. Optical
images. In (a), the interface with the steel substrate is seen.

The occurrence of the alloying processes during the SPS treatment was further con-
firmed using XRD, SEM, and EDS in the elemental mapping mode. Figure 3a shows a SEM
micrograph of the coating layer (general view). It is seen that the layer forms an intimate
contact with the substrate. The dark particles at the interface between the steel substrate
and the coating are those of Al2O3 used for blasting the substrate surface before the deposi-
tion. As demonstrated in Figure 3b, the coating has a lamellar structure composed of the
flattened particles of the metals. The contrast in the back-scattered electron (BSE) image
indicates the presence of several phases. Both optical microscopy and SEM indicate the
formation of the tight interface between the substrate and the deposited layer: no pores
or cracks are visible at the interface. Figure 4 demonstrates the results of the elemental
mapping of an area of the as-sprayed coating. Separate particles of metallic components
are seen in the structure of the layer.
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Figure 4. An area of the microstructure of the as-sprayed coating and corresponding elemental maps.

Figure 5 shows the XRD patterns of the powder mixture, as-sprayed coating, and
coatings treated by SPS at different temperatures. In the pattern of the powder mixture,
reflections of the metallic components were detected: Al, Ni, hexagonal close-packed (hcp)
Co, and Cu. Due to the small crystallite size of the carbonyl Fe powder, the lines of bcc iron
could not be distinguished in the pattern of the powder mixture. In the as-sprayed state,
the reflections of Al were no longer visible, which indicates the beginning of the alloying
processes between the metals. Therefore, the as-sprayed state can be considered as an early
stage of alloying. Metallic cobalt is likely to acquire the fcc state due to the fast cooling of
the deposited layer. The reflections on the pattern of the coating SPS-treated at 800 ◦C are
asymmetrical, which indicates further alloying between the metals. After SPS at 900 ◦C
and 1000 ◦C, the coatings demonstrated symmetrical XRD reflections of a fcc solid solution.
As the SPS temperature was increased, the size of the crystallites of the metals increased,
and the solid solution became more uniform in composition. Both these factors contributed
to the narrowing of the XRD peaks. While the patterns of the samples treated at 900 ◦C
and 1000 ◦C are quite similar to each other, there are microstructural differences between
the samples.

Figure 6 shows the SEM images of the microstructure of the SPS-treated coatings
(the images were taken in BSE mode). As the SPS temperature was increased, the coating
became more homogeneous. A distinct lamellar structure is still present in the coating
treated at 800 ◦C (Figure 6a). After treatment at 900 ◦C, fewer lamellae are seen in the
microstructure, the boundaries between them disappearing (Figure 6b). The microstructure
of the coatings treated at 1000 ◦C is that of a bulk single-phase alloy (Figure 6c). Noteworthy
is the reduction of porosity of the coatings after the SPS treatment, which becomes evident
from the comparison of the cross-sectional microstructures of the as-sprayed (Figure 3b)
and treated (Figure 6) coatings (the black spots on the images correspond to pores).
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using spark plasma sintering (SPS) at different temperatures.
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Figure 6. Microstructure of the coatings treated by SPS at different temperatures: (a) 800 ◦C, (b) 900 ◦C,
and (c) 1000 ◦C. BSE imaging mode.

For the structural characterization of the SPS-treated coatings, the optical microscopy
data were also useful, as the contrast in the optical images is related to the chemical
composition. As seen in Figure 7, the SPS-treated coating is more homogeneous than the
as-sprayed material. Some Cu-rich areas (those of yellow tinge) are still present in the
alloy. The structural evolution of the alloy with the SPS temperature is also seen in the
elemental maps of the coatings treated at 800 ◦C (Figure 8) and 1000 ◦C (Figure 9). The size
of the single metal-rich islands in the microstructure of the alloy treated by SPS at 800 ◦C is
smaller than that in the as-sprayed layer.
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Coatings in the as-sprayed state and those after the SPS treatment were analyzed using
EDS by recording spectra from areas of the cross-section. The measured concentrations of
the metals in the as-sprayed and SPS-treated coatings were very close to each other. The
unchanged composition of the coatings could have been expected, as the SPS treatment did
not cause any material loss from the coating. The elemental composition of the deposited
layer was found to be (9 ± 1)Al-(10 ± 1)Fe-(20 ± 1)Co-(34 ± 1)Ni-(27 ± 1)Cu (at.%),
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which is different from that of the feedstock powder. The concentration of the metals was
averaged from the data obtained on the as-sprayed and SPS-treated coatings. The detected
compositional deviation is due to the differences in the deposition efficiencies of the metals
during DS [26,27]. Despite the compositional deviations, based on the definitions of [10],
the deposited layer was still suitable as a precursor for a HEA as the configurational entropy
of the obtained composition was close to 1.5R, where R is the universal gas constant.

Table 1 summarizes the porosity and Vickers hardness of the as-sprayed and SPS-
treated coatings. Interestingly, the hardness values of the as-sprayed and SPS-treated
coatings are close to each other (~320 HV0.3). The hardness was measured in two perpendic-
ular directions (on the cross-sections and polished surfaces of the coatings). No significant
differences between the measured values were detected. So, the presence of a lamellar
structure in some samples did not affect their hardness. While the hardness of the coatings
was not substantially influenced by the SPS temperature, the formation of a single-phase
structure of the alloy is important for other properties of the alloy (strength, ductility, and
corrosion resistance).

Table 1. Porosity and Vickers hardness of the as-sprayed Al-Fe-Co-Ni-Cu coatings and coatings
subjected to spark plasma sintering (SPS) at different temperatures.

Coating Porosity, % Vickers Hardness,
HV0.3 *

Vickers Hardness,
HV0.3 **

As-sprayed 3 320 ± 15 315 ± 15

SPS 800 ◦C <1 305 ± 25 320 ± 20

SPS 900 ◦C <1 330 ± 30 330 ± 20

SPS 1000 ◦C <1 350 ± 20 340 ± 15
* Indentation direction normal to the substrate/coating interface; ** indentation direction parallel to the sub-
strate/coating interface.

4. Discussion

The obtained results should be discussed in the context of the phase composition and
hardness of the alloys, the advantages of the selected processing route, and the method-
ological implications of the present work.

As mentioned above, a composite layer of metallic components on a substrate can
be formed using a thermal spray method. Here, the possibility of the formation of oxide
phases needs to be considered. The problem of oxidation of the sprayed material is
known in the practice of plasma spraying. For example, during atmospheric plasma
spraying of a mechanically alloyed equiatomic AlCoCrFeNi HEA, a complex alloy-oxide
coating formed [18]. As shown in the present work, HEAs obtained by DS under reducing
conditions are free from oxide phases (no phases other than the target solid solution
were detected in the coatings by XRD). It should also be noted that, compared with laser
cladding with powder blends as feedstock materials [35], the fabrication route described in
the present work has the advantage of eliminating pores and cracks in the coating.

The measured hardness of the HEA obtained in the present work is much higher
than the hardness of the alloy with a close composition obtained via cold pressing and
sintering by Das et al. [29]. In that work, the Al10(FeCoNiCu)90 alloy consisted of two
phases after mechanical alloying. The heat treatment of the cold-pressed powder compacts
was conducted at 1100 ◦C for 48 h. After heat treatment in a furnace, the alloy transformed
into a single-phase fcc solid solution. The hardness of the sintered alloy was 160 HV0.5.
A much shorter high-temperature exposure of the material in the present work allowed
maintaining its high hardness. At the same time, the hardness of the HEA obtained in
the present work is lower than that of the equiatomic HEA obtained via gas atomization,
milling, and SPS in [33]. The latter consisted of two phases: fcc and bcc. The difference
in the hardness can be due to the differences in both elemental and phase composition of
the HEAs.
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The solid solution phase of HEAs may depend on the processing route of the al-
loy [36,37]. For example, cast AlCoCrFeNi alloys were composed of fcc and bcc crystalline
phases [36]. The major phase in the as-cast, quenched, and remelted alloys was the bcc solid
solution. The annealed alloy showed a much higher concentration of the fcc phase than
alloys in the as-cast, quenched, and remelted states. Fu et al. [37] showed that the phase
compositions of HEAs obtained using hot pressing (HP) and SPS were not the same. HP
was conducted at 1000 ◦C for 1 h, while the SPS process lasted only 8 min at the same (mea-
sured) temperature. The pressure of 30 MPa was applied in both cases. The hot-pressed
Al0.6CoNiFe bulk alloy was composed of a bcc phase (major phase) and a fcc phase (minor
phase). The alloy of the same elemental composition obtained via SPS had a fcc phase as
the major phase. The alloy formed via SPS exhibited a lower compressive strength but a
significantly higher plasticity than the hot-pressed counterpart. In view of the above, on
the design map of HEAs, the DS–SPS route can offer new sets of properties. The influence
of the DS deposition on the properties of HEAs obtained by SPS is the formation of a
composite layer with a reduced porosity and the occurrence of the initial stages of alloying
at the particle contacts even before the SPS treatment.

In our opinion, this work, in addition to results concerning the formation of an Al-Fe-
Co-Ni-Cu HEA with a high hardness in the form of a thin coating on a steel substrate, has
methodological implications for fundamental studies of SPS processes. In recent years, the
SPS mechanisms related to local effects and the intrinsic role of electric current have been
actively discussed [2,3,38,39]. The influence of electric current on the formation of reaction
products (intermetallics) between metals [9,40] and interdiffusion (in the case of metals of
unlimited solubility) [41] has been the subject of research. Usually, in such studies, thin
plates or foils of metals are stacked together and subjected to SPS. However, the local effects
related to the point contacts and surface roughness of the plates can arise, complicating
the elucidation of the intrinsic effects of electric current. If layers pre-deposited by DS
are used instead of foils or plates, these problems can be overcome, as tight interfaces
can be formed. As DS is very flexible in terms of the total coating thickness and the
thickness of the component layers, assemblies with different architectures can be fabricated.
These composite structures can serve as starting reactants for the model SPS experiments
to investigate the intrinsic role of electric current in the reaction/alloying advancement
between metals. If a composite structure is made of different metals, the reactivity of
several diffusion couples can be studied within a single SPS run and reliably compared. In
multicomponent systems, the alloying stages and sequences during SPS can also be traced.

5. Conclusions

In the present work, an Al-Fe-Co-Ni-Cu HEA was obtained using a combination
of DS and SPS. A blend of metallic powders of the 10Al-22.5Fe-22.5Co-22.5Ni-22.5Cu
(at.%) composition was used as a feedstock material for DS. Al-Fe-Co-Ni-Cu coatings
~500 µm thick were deposited on steel substrates. The as-sprayed coating had a composite
structure corresponding to an early stage of alloy formation and consisted of particles
of metallic components. The deposited layer had a composition of (9 ± 1)Al-(10 ± 1)Fe-
(20 ± 1)Co-(34 ± 1)Ni-(27 ± 1)Cu (at.%). The deviation of the composition from the
feedstock powder was due to the differences in the deposition efficiencies of the metals
during DS. The subsequent SPS treatment of the substrate/coating assembly was carried
out at 800–1000 ◦C at a uniaxial pressure of 40 MPa. The SPS treatment of the deposited
layer at 1000 ◦C for 20 min was sufficient for producing an alloy with a single-phase fcc
structure and a porosity of <1%. The hardness values of the as-sprayed and SPS-treated
coatings were close to each other (~320 HV0.3). The hardness of the coatings was measured
in two perpendicular directions; no significant differences between the measured values
were observed. While the present work was conducted as a case study of a particular
system, the possibility of modifying the structure and properties of detonation sprayed
metallic materials by the post-spray SPS treatment can be used for alloys and composite
structures of variable compositions.
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