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Introduction

O
ne of the promising methods for creating coat-

ings on the working surfaces of machine parts is

cold gas-dynamic spraying [1–4]. The main ad-

vantage and distinguishing feature of cold gas-dynamic

spraying, compared to other coating methods, is that dur-

ing the process, high-velocity deformation of powder par-

ticles occurs while they remain in the solid phase [5]. This

makes it highly effective for producing coatings, including 

those based on nanocrystalline powders.

A major drawback of aluminum-based powder coa-

tings and their alloys, which limits their broader applica-

tion, is their low microhardness, typically not exce eding

~100–150 HV [6, 7]. Overcoming this limitation is pos-

sible through the development of composite coatings,

such as by reinforcing the aluminum matrix with cera-

mic particles [8, 9]. However, the potential for improving

coating properties through the introduction of ceramic

micro particles is currently limited, if not exhausted.

As a result, new prospects for enhancing and tailoring

the desired set of properties arise from the development of 

multi-reinforced coatings with two or more types of re-

inforcing additives. In this regard, it is particularly viable

to create coatings with a nanocrystalline matrix material 

structure containing both nano- and microscale reinforce-

ment [10]. The production of multi-reinforced powders

can be achieved by introducing reinforcing particles into

the matrix material through high-energy ball milling. By 

controlling the conditions of high-energy milling, as well 

as the type and fraction of reinforcing particles, it is pos-

sible to purposefully design structures at both the nano-

and microscale levels.

Among the promising nanoscale fillers that contribute

to the enhancement of the physical and mechanical pro-

perties are fullerenes [11–14]. As for ceramic particles,

aluminum oxide has proven to be highly effective in creat-

ing tribological coatings [15–17].

The present study focuses on the synthesis and cha-

racterization of powders based on the aluminum alloy 

AlMg6, multi-reinforced with fullerenes and aluminum 

oxide, as well as the investigation of the structure and mi-

crohardness of the coatings produced from these powders.

Methods of acquisition and characterization

The process of obtaining multi-reinforced powders

consisted of two stages. In the first stage, a compos-

ite nanostructured powder based on the AlMg6 alumi-

num alloy, reinforced with fullerene C60, was produced.

The AlMg6/C60 nanocomposite powder was obtained

through the joint mechanical processing of the initial 

components in a high-energy planetary ball mill AGO-2U. 

A mixture of AlMg6 alloy chips with the addition of 

0.3 wt.% fulle rene C60 was processed at a carrier rota-

tion speed of 1800 rpm for 60 minutes in a steel grind-

ing container using 8 mm diameter steel balls. The ratio 

of the mass of the processed charge to the mass of the 

balls was 1 : 20. To maintain the required thermal regime 

of the process, high-energy ball milling was performed in 

cycles of 5 minu tes with 3-minute pauses. As a result, 
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the obtained powder mixture consisted of particles (ag-

glomerates) no larger than 300 μm in size, composed

of the AlMg6 matrix alloy and fullerenes. The particles

(agglomerates) had a rounded shape with a developed

surface. A detailed characterization of the AlMg6/C60

com posite powder obtained in the first processing stage

is provided in [18].

In the second stage, 10, 30, and 50 wt.% of Al2O3 par-

ticles with an average size of 18.5 μm were added to the

obtained AlMg6/C60 nanocomposite powder (see Fig. 1).

The mixtures were placed in a ceramic grinding container 

and processed in a FRITSCH PULVERISETTE 6 plane-

tary ball mill at a carrier rotation speed of 600 rpm for 

15 minutes using 8 mm diameter ceramic balls. Coatings

from the obtained multi-reinforced powders were formed

using the low-pressure cold gas dynamic spraying method.

For this purpose, the DIMET-404 system was used. The

selection of spraying parameters was guided by the data

from works [19]. The spraying was performed on St08kp

steel substrates. Air at a pressure of 0.8 MPa was used as 

the working gas. The air flow temperature was 450 °C.

The spraying was performed in a fixed point, i. e., without

nozzle movement (stationary mode). The powder feed

expo sure time was 15 seconds. The distance from the noz-

zle outlet to the substrate surface was 10 mm.

The morphology of the synthesized powders was stu-

died using a LEO 1450 VP scanning electron microscope

equipped with an INCA 300 energy dispersive X-ray XX

spectroscopy (EDS) detector. The particle size distribu-

tion of the obtained multi-reinforced powders was deter-

mined using a Microsizer-201C. The structural and phase 

composition of the powders was investigated by X-ray dif-XX

fraction analysis on a D8 ADVANCE system. The quan-

titative determination of Al2O3 content in the coating was

performed by processing the X-ray diffraction data usingXX

the reference intensity ratio method with DIFFRAC.EVA 

v2.0 software and ICDD PDF2 database. The size of co-

herent scattering regions was calculated using the Scherrer 

equation. The volume-averaged sizes of the coherent scat-

tering regions were calculated based on the assumption

of a spherical crystallite shape. The microhardness of the

powder particles and coatings was measured by the kinetic

indentation method using a Micro-Combi Tester (CSM 

Instruments) on cross-sectional samples. The measure-

ments were carried out using a Vickers indenter with a 

load of 0.1 N and a dwell time of 10 s. No fewer than 10 mea-

surements were performed.

Results and discussion

Fig. 2 presents the SEM images of multi-reinforced

powder mixtures with 10, 30, or 50 wt.% Al2O3, obtained

after the second stage of high-energy ball milling. The

analysis of the SEM images of the multi-reinforced pow-

ders with varying ceramic particle content reveals signifi-

cant differences. For instance, in the mixture containing 

10 wt.% Al2O3, a low number of free ceramic particles 

can be observed. In this case, the ceramic particles are

almost entirely distributed on the surface of the AlMg6

matrix alloy or embedded within it (see Fig. 2, a)a . The 

small quantity of free ceramic particles in the powder 

mixture is likely to lead to reduced coating growth ef-

ficiency during cold spraying at low pressure conditions 

[20]. In contrast, for com positions containing 30 or 

50 wt.% Al2O3 (see Fig. 2, b, c), a different pattern emerges.c
A significant increase in the number of free ceramic par-

ticles is observed, which grows as their content in the 

powder mixture increases. This suggests the presence of a 

“saturation threshold” at which the surface of the matrix 

alloy particles is almost entirely covered by hard ceramic 

inclusions. This either halts or, at the very least, hinders

the embedding of ceramic particles into the ductile matrix 

alloy. Additionally, the surface of the matrix alloy particles 

becomes more developed due to the deformation effects

of the ceramic particles during ball milling. Submicron

and micron-sized matrix material particles form through

micro-cutting by the harder ceramic particles on the sur-

face of the matrix alloy particles. This process also leads to 

an increase in the specific surface area of the powder, po-

tentially promoting the growth of the volumetric fraction 

of native aluminum oxide, as evidenced by the increase in 

oxygen content in the EDS microanalysis data (see Fig. 2).

It is also noteworthy that the embedding of ceramic par-

ticles facilitates the penetration of C60 mole cule agglo-

 me rates from the surface into the matrix alloy particles. 
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Fig. 1. SEM images (a) and particle size analysis data (b) of the initial

powder Al2O3
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All of this contributes to the reduction in the particle

size of the AlMg6 matrix alloy after the second stage of 

processing. Fig. 2 also presents the integral and differ-

ential curves characterizing the granulometric composi-

tion of the synthesized powder mixtures. The analysis of 

the results shows that an increase in the ceramic particle

content from 10 to 50 wt.% leads to a reduction in d50

in the powder mixture from 17.8 to 12.7 μm. On the one

hand, this is undoubtedly related to the influence of the

increasing proportion of smaller Al2O3 particles, whose

d50 is 18.5 μm. On the other hand, the presence of Al2O3

on the surface of the AlMg6 matrix alloy particles inhib-

its the welding processes between them and intensifies

the dispersion processes during ball milling. 

It should also be noted that during processing, frag-

mentation of Al2O3 particles occurs. As a result, a signifi-

cant portion of the Al2O3 particles is reduced to micron 

and submicron sizes (see Fig. 3, a). Another characteristic

is the “encapsulation” of ceramic particles by the matrix 

aluminum alloy. For instance, Fig. 3, b shows SEM ima-

ges at various magnifications of an Al2O3 particle that was

coated with aluminum during processing. Based on the

SEM image, visual identification of the particle as a ce-

ramic one is challenging, as it exhibits morphology typi-

cal of the matrix alloy particles. However, its end surface 

displays fracture patterns characteristic of Al2O3 ceram-

ics. This feature indicates good adhesion between Al and

Al2O3, which is expected to positively affect the properties 

of coatings produced from these powders.

Thus, the obtained multi-reinforced powders are a 

complex mechanical mixture consisting of agglomera-

tes and micro-sized ceramic particles. Agglomerates are

particles of nanocomposite material AlMg6/C60 with

micro-sized ceramic particles embedded in them, as well 

Fig. 2. SEM images, EDS and particle size distribution of multi-reinforced powder mixtures with 10 (a), 30 (b) or 50 (c) wt.% Al2O3
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as located on the surface. The concentration of ceramic

particles on the surface of agglomerates and embedded in

their volume increased with increasing mass fraction of 

ceramic particles in the initial mixture.

Fig. 4, a shows the results of a X-ray phase analysis of XX

mechanically synthesized powders obtained at the first

and second stages of processing.

Analysis of the phase composition of the powders ob-

tained at the first stage of processing shows the presence of 

peaks corresponding to aluminum. Peaks of C60 reinforc-

ing phase were not recorded. On the one hand, this is due

to the low content of C60 in the powder mixture. On the

other hand, it is explained by the microabsorption of X-raysXX

in X-ray phase analysis of composites reinforced with wellXX

dispersed carbon nanostructures [21]. In general, this is

typical for aluminum alloys reinforced with carbon struc-

tures and at higher concentrations of reinforcing additives

[22]. For the multi-reinforced powders obtained in the

second stage, the diffraction patterns have a qualitatively 

similar character. The presence of peaks corresponding

to aluminum and ceramic Al2O3 particles was observed.

Moreover, the intensity of Al2O3 peaks increases with the 

increase of their amount in the powder mixture. The size

of coherent scattering regions calculated for AlMg6/C60

composite powder obtained at the first stage of processing

was ~60 nm. After the second stage of processing the size of 

coherent scattering regions of AlMg6 alloy is ~40–60 nm.

This fact allows predicting the increase of hardness of 

the matrix alloy, as well as the possibility of formation of 

nano- or submicrocrystalline structure in coatings formed

from these powders by gas dynamic spraying.

Fig. 4, b shows the data on the microhardness of par-b
ticles of synthesized powders depending on the content

of Al2O3 in the powder mixture. Also, Fig. 4, b shows b
the dashed line characterizing the microhardness of the

powder of matrix alloy AlMg6 without the addition of 

reinforcing particles, obtained by the same techno-

logical route. Analysis of microhardness change data

shows that addition of 0.3 wt.% C60 increases the mi-

crohardness of powder particles by ~20%. Subsequent

reinforcement of powder mixture AlMg6 + 0.3 wt.% 

C60 from 10 to 50 wt.% Al2O3 leads to an additional 

increase in microhardness by ~16-20%. In general,

the obtained results confirm the effectiveness of using

multi-reinforcing to increase the microhardness of 

powder particles. This will contribute to the improve-

ment of mechanical properties of the coatings ob-

tained from them.

Fig. 5, a showsa X-ray diffractometry data of coat-XX

ings formed from multi-reinforced powders by cold 

gas dynamic spraying. It should be noted that the

formation of a coating with a thickness of more than

~10 μm from the powder mixture obtained at the first 

stage of ball milling (without ceramic particles) was 

not achieved. This is due to both the limitation of 

thermal-rate conditions of spraying, provided by the

used equipment, and the coarseness of the powder. 

Therefore, the X-ray phase analysis data in XX Fig. 5, a are

shown only for powder mixtures with 10, 30 or 50 wt.%

Al2O3. 

The diffraction patterns obtained for powders and

coatings are somewhat different. For example, for coatings

one can observe a decrease in the signal of the peak (111)

of the aluminum crystal plane (see Fig. 5, a) compared to 
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Fig. 3. SEM images illustrating the processes of crushing (a) and “enveloping” (b) 

of Al2O3 particles

Fig. 4. Results of X-ray phase analysis (XX a) and particle microhardness 

data (b) of multi-reinforced powder mixtures with different Al2O3
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powders (Fig. 4, a)a , indicating a reduced amount of crystal

planes (111). This suggests a change in the preferential ori-

entation of the matrix alloy grains to a more chaotic orien-

tation during deformation during cold gas dynamic spray-

ing. In addition, the intensity of the peaks corresponding

to the ceramic phase of the coating is slightly lower than

in the powders. This indicates the incomplete transfer of 

ceramic particles from the powder mixture into the coating

during spraying. Quantitative analysis was performed to

evaluate the Al2l O3 content in the formed coa tings. Fig. 5, shows

the data on the Al2O3 content in the coating as a function

of the Al2O3 content in the powder. For example, when

using a powder mixture with 10 wt.% Al2O3, the con-

tent of the latter amounted to 9.9 ± .8 wt.%. Increasing

the content of Al2O3 in 

the powder mixture from 

30 to 50 wt.% increased

its amount in the coat-

ing from 24.2 ± 4.8 wt.% 

to 30.1 ± 3.1 wt.%. Thus,

judging from the quantita-

tive analysis data, under the

used conditions of cold gas

dynamic spraying, the pro-

portion of ceramic particles

transferred to the coating

decreased with increasing

their content in the pow-

der mixture and amounted

to ~99%, ~80% and ~60% for 10, 30 or

50 wt.% Al2O3 in the powder, respectively.

The crystallite size of the matrix alloy is

~80-120 nm, i.e., the coarsening of the

nanocrystalline structure achieved by high-

energy ball milling occurs during the spray-

ing process, judging from the X-ray diffrac-XX

tometry data.

Fig. 6 shows a typical SEM image of the

coating structure as well as EDS mapping

data.

The coatings have a fairly homogeneous

microstructure, representing densely packed deformed

matrix alloy particles with uniformly distributed in their 

volume carbon nanostructures and ceramic particles of 

micron and submicron sizes. Occasionally, pores with

the size not exceeding 5 microns were fixed in the coating

body. In addition, it can be noted that in the process of 

gas dynamic spraying there is a slight change in the micro-

geometry of the substrate, which is caused by the erosive 

effect of the sprayed powder mixture on it. It should also

be noted the presence of cracks in the body of microm-

eter ceramic particles. Apparently, the formation of cracks

is caused by the impact of collisions during the coating

spraying.

Fig. 7 shows the results of microhardness measure-

ment of coatings with different Al2O3 content in the pow-

der mixture.

Thus, the microhardness of the coating monolayer 

obtained by spraying of AlMg6/C60 powder amounted

to 181 ± 12 HV. At the same time, the addition of 10 to

50 wt.% Al2O3 into the powder composition contributed

to the increase in the microhardness of coatings from

261 ± 10 to 328 ± 16 HV.

Conclusions

Nanocrystalline powders based on AlMg6 aluminum

alloy, multi-reinforced with nano- and microparticles,

were synthesized by two-stage high-energy processing

in a planetary ball mill. The synthesized powders were a

mechanical mixture with an agglomerated structure. The

concentration of Al2O3 particles on the surface and inside

Fig. 5. Results of X-ray phase analysis (XX a) and data on Al2O3 content (b) in coatings

Fig. 6. SEM image of microstructure and EDS mapping data of the coating containing

30 wt.% Al2O3

Fig. 7. Microhardness of multi-reinforced coatings with different

Al2O3 content
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the agglomerates increased with increasing mass fraction

of ceramic particles in the mixture. Using gas-dynamic

spraying, the coatings from the obtained powders were 

formed, which had a homogeneous microstructure with

uniformly distributed strengthening particles in their vol-

ume. The amount of ceramic particles transferred into

the coating decreased with increasing their content in the

powder mixture. A ~2-fold increase in the grain size of 

the matrix material was observed in the obtained coatings

compared to the powders. It was demonstrated that the

addition of 10–50 wt.% Al2O3 into the powder mixture 

along with mechanical processing for only 15 minutes in-

creases the microhardness of the coating by ~30–45% as

compared to the mono-reinforced material. 
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