Journal of
Manufacturing and
Materials Processing

Article

Enhancing the Microhardness of Coatings Produced by Cold
Gas Dynamic Spraying through Multi-Reinforcement with
Aluminum Powders Containing Fullerenes and

Aluminum Nitride

Artemiy Aborkin *(*, Dmitry Babin, Leonid Belyaev and Dmitry Bokaryov

check for
updates

Citation: Aborkin, A.; Babin, D.;
Belyaev, L.; Bokaryov, D. Enhancing
the Microhardness of Coatings
Produced by Cold Gas Dynamic
Spraying through Multi-
Reinforcement with Aluminum
Powders Containing Fullerenes and
Aluminum Nitride. J. Manuf. Mater.
Process. 2023, 7,203. https://doi.org/
10.3390/jmmp7060203

Academic Editor: Shuo Yin

Received: 22 October 2023
Revised: 14 November 2023
Accepted: 15 November 2023
Published: 18 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Mechanical Engineering Technology, Vladimir State University Named after Alexander and
Nikolay Stoletovs, Gorky Str. 87, 600000 Vladimir, Russia; necros-m2@yandex.ru (D.B.); blv_vlsu@mail.ru (L.B.);
bokarev.1998@list.ru (D.B.)

* Correspondence: aborkin@vlsu.ru

Abstract: Coatings with high hardness were successfully obtained using low-pressure cold spray
(LPCS) technology from nanocrystalline powders based on the aluminum alloy AIMg6, which were
multi-reinforced with 0.3 wt.% fullerenes and 10-50 wt.% AIN. The powders were synthesized
through a two-stage high-energy ball milling process, resulting in a complex mechanical mixture
consisting of agglomerates and micro-sized ceramic particles of AIN. The agglomerates comprise
particles of the nanocomposite material AIMg6/Cgg with embedded and surface-located, micro-
sized ceramic particles of AIN. Scanning electron microscopy and EDS analyses demonstrated a
uniform distribution of reinforcing particles throughout the coating volume. An X-ray diffraction
(XRD) analysis of the coatings revealed a change in the predominant orientation of matrix alloy
grains to a more chaotic state during deformation over the course of cold gas dynamic spraying.
A quantitative determination of AIN content in the coating was achieved through the processing
of XRD data using the reference intensity ratio (RIR) method. It was found that the proportion of
transferred ceramic particles from the multi-reinforced powder to the coating did not exceed ~65%.
Experimental evidence indicated that LPCS processing of mono-reinforced nanocrystalline powder
composite AIMgb6/Cgg practically did not lead to the formation of a coating on the substrate and was
limited to a monolayer with a thickness of ~10 um. The microhardness of the monolayer coating
obtained from the deposition of AIMg6/Cgg powder was 181 + 12 HV. Additionally, the introduction
of 10 to 50 wt.% AIN into the powder mixture contributed to the enhancement of growth efficiency
and an increase in coating microhardness by ~1.4-1.7 times. The obtained results demonstrate that
the utilization of agglomerated multi-reinforced powders for cold gas dynamic spraying can be an
effective strategy for producing coatings and bulk materials based on aluminum and its alloys with
high microhardness.

Keywords: multi-reinforcement; aluminum nitride; fullerenes; cold spraying; aluminum matrix
composites

1. Introduction

One of the promising methods that can be effectively employed for creating coat-
ings and bulk materials with tailored properties is the cold gas dynamic spraying (CGDS)
method, characterized by a broad range of functional applications that encompass both
protective coating deposition and surface restoration and offer prospects in the field of
additive manufacturing [1]. Moreover, the flexibility of cold spray additive manufacturing
enables the functionalization of several surfaces for various applications with various op-
portunities for material hybridizing, e.g., oxide/ceramic, oxide/polymer, metal/polymer,
metal /PMCs, polymer/metal, metal/ceramic, ceramic/metal, and cermet/metal [2—4].
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Aluminum-based powders, due to their high corrosion resistance, are in demand in the
field of mechanical engineering for CGDS on machine components’ surfaces. However, the
primary drawbacks of aluminum and its alloy-based powder coatings, which hinders their
wider application, are its low wear resistance and mechanical properties. These shortcom-
ings are addressed through the development of composite coatings that are achieved by
reinforcing aluminum powders with ceramic microparticles such as SiC [5,6], Al,O3 [7],
B4C [8-10], ZrO, [11], diamonds [12], and nanoparticles such as B4C [10], TiB, [13], and
nanodiamonds [14,15].

The advantages of using ceramic microparticles for reinforcing aluminum lie in their
relatively low cost and the high deposition efficiency of such mixtures, ensuring a high
transfer rate of ceramic particles into the coating and the consequent enhancement of its
hardness. However, the drawback is the relatively low microhardness of the coating, which
usually does not exceed 200 HV when the ceramic particle content is around 40 vol.%
and often falls lower around 100-150 HV [16,17]. Coatings with a greater nanohardness
of 3.02 GPa were achieved by Woo et al. [14] during gas dynamic spraying of aluminum
powder reinforced with 10 wt.% nanodiamonds (NDs). Furthermore, in their study [14], it
was noted that increasing the ball milling time of the ND-Al powder composite from 0.5 to
3 hled to a decrease in the deposition efficiency of the coating from 14.2% to 3.8%. This was
attributed to the increased hardness of the powder particles due to prolonged ball milling,
as harder particles require more kinetic energy for compaction and, consequently, a higher
critical velocity [18]. This renders the use of such powder blends for LPCS deposition
either inefficient or impractical. Another issue associated with CGDS of polydisperse
powder mixtures containing nanoscale reinforcement particles is the high instability of
nanoparticles in the gas stream [19,20]. This can lead to a significant dispersion of nanoscale
particles during deposition, preventing their effective transfer into the coating. Therefore,
it is advisable to utilize agglomerated powders obtained, for example, through high-energy
ball milling [16]. In this case, the reinforcing nanoparticles are embedded inside matrix
powder particles, forming agglomerates that minimize their loss during CGDS [21].

Considering the experience in creating bulk composites based on aluminum and its
alloys, the use of carbon nanostructures, such as fullerenes [22-24], appears promising for
enhancing microhardness. For instance, Evdokimov et al. [22] produced bulk composites
based on the AIMg6 alloy that were reinforced with Cgg fullerenes through high-energy
planetary ball milling followed by hot extrusion. The microhardness of the composite
material reinforced with 0.3 wt.% fullerenes reached 220 HV. Nam et al. [23] reported
that the maximum hardness values for Al matrix composites reinforced with 5 vol.% Cgg
fullerenes after annealing at 500 °C were 250 HV. Improving the deposition efficiency
of agglomerated powders reinforced with nanoparticles can be achieved by introducing
ceramic microparticles into the powder blend [25]. This is because both asperity creation
and oxide layer removal mechanisms significantly influence the increase in deposition
efficiency [26]. AIN microparticles, considering their low coefficient of thermal expansion,
excellent wear resistance, and corrosion resistance, are a promising reinforcement for
aluminum matrix composites, providing enhanced structural and functional properties [27].

Thus, this study is dedicated to enhancing the microhardness of coatings obtained
through low-pressure gas dynamic spraying by employing multi-reinforcement of alu-
minum powders with fullerenes and aluminum nitride. To achieve this, we synthesized
powder blends based on the AIMg6 aluminum alloy, multi-reinforced with 0.3 wt.%
fullerenes and 10-50 wt.% AIN, using a two-stage high-energy milling method. Exten-
sive characterization of the synthesized powder mixtures, including scanning electron
microscopy and X-ray diffraction, was conducted to examine their structure, phase compo-
sition, and particle size distribution. Subsequently, the obtained powders were sprayed
onto steel substrates using the low-pressure gas dynamic spraying method. The microstruc-
ture and phase composition of the formed coatings were then studied, and quantitative
assessments of the transfer of ceramic particles from the powder mixture to the coating
were conducted. The influence of ceramic microparticle content on the enhancement of
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growth efficiency and microhardness of the coatings was investigated. Finally, a compari-
son of the microhardness of the obtained coatings was conducted using known data from
the literature.

2. Materials and Methods

Multi-reinforced powders for CGDS were prepared through a two-stage ball milling
process of the initial components. Figure 1 illustrates a schematic representation of the
multi-reinforced powder production process.

Stage |
|
|| 98e1s

AlMg6

Figure 1. Schematic representation of the two-stage route for producing multi-reinforced powders.

At the first stage, a composite nanostructured powder based on the aluminum alloy
AlMg6, reinforced with C60 fullerenes, was obtained. For this purpose, high-energy
ball milling was performed on AIMg6 alloy shavings with the addition of 0.3 wt.% C60
fullerenes using a planetary mill AGO-2U. The mixture was processed in a steel milling
container with steel balls of 8 mm in diameter at a rotational speed of 1800 rpm for 60 min
with a powder-to-ball mass ratio of 1:20. High-energy ball milling was carried out in cycles
of 5 min each with 3 min pauses to maintain the necessary thermal process regime. The
second stage involved the simultaneous processing of the obtained nanocomposite powder
AlMg6/Cgp and ceramic AIN particles. For this purpose, the nanocomposite powder
AlMg6/Cgp was placed in a ZrO, container, and 10, 30, or 50 wt.% spherical AIN particles
with an average size of 5.9 pm (see Figure 2a) were added. The mixtures were subjected
to ball milling at a rotational speed of 600 rpm for 15 min using ZrO, balls with 8 mm
diameters in a FRITSCH PULVERISETTE 6 planetary mill.

Coatings from the obtained multi-reinforced powders were formed using the cold
gas dynamic spraying method at low pressure. The DIMET-404 setup was employed for
this purpose. The selection of spray parameters was guided by the findings of previous
studies [21,25]. Deposition was carried out onto 08 kp steel substrates. Air with a pressure
of 0.8 MPa served as the working gas, with an air flow temperature of 450 °C. Spraying
was performed in a stationary mode, i.e., without nozzle movement. The powder feed
exposure time was set at 15 s. The distance from the nozzle orifice to the substrate surface
was 10 mm. As a result, coatings of varying heights in the form of cones were obtained,
depending on the composition of the powder mixture. The height of the cones (coating
thickness) was measured using a micrometer.
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Figure 2. SEM images of the original AIN particles (a); the composite powder AIMg6/Cg obtained
after the first stage of ball milling (b); the Raman spectrum of the composite powder AIMg6/Cgo
obtained after the first stage of ball milling (c); SEM images of the multi-reinforced powder with
10 wt.% AIN (d); the multi-reinforced powder with 30 wt.% AIN (e); and the multi-reinforced powder
with 50 wt.% AIN (f).

The particle size distribution of the obtained multi-reinforced powders was determined
using the Microsizer-201C analyzer. The surface morphology of the powders synthesized
in the first stage was characterized using a Zeiss Ultra plus high-resolution field emission
scanning electron microscope based on the Ultra 55. The composite powder AlMg/Cg
was also investigated using Raman spectroscopy on an Integra Spectra system at 473 nm
with a power not exceeding 50 mW. Combination light scattering spectra were measured at
more than 10 different points. Deconvolution of the obtained spectra was performed using
a Lorentzian function. The multi-reinforced powders obtained in the second stage, as well
as the coatings deposited from them, were examined using a scanning electron microscope
LEO 1450 VP equipped with an INCA 300 energy-dispersive X-ray spectroscopy (EDS)
detector. The structural and phase composition of the powders and resulting coatings were
analyzed using X-ray diffraction on a D8 ADVANCE instrument. The well-established
reference intensity ratio (RIR) method was employed for the quantitative determination
of AIN content in the coating. Quantitative analysis of AIN content was performed by
processing XRD data using DIFFRAC.EVA v2.0 software with ICDD PDEF2. The crystallite
size of the matrix alloy for both powders and coatings were calculated using the Scherrer
equation. The volume-averaged crystallite sizes were calculated under the assumption of a
spherical shape.

The microhardness of the coatings was measured on cross-sectioned samples using
the Vickers method with a Shimadzu HMV-2 tester at a load of 245 mN and a dwell time of
10 s. A minimum of 10 measurements were performed for each sample.

3. Results and Discussion

Figure 2b shows typical SEM images of the composite powder AIMg6/Cgo obtained
in the first stage of ball milling. Additionally, the insets depict magnified fragments of the
powder particle surfaces. In this case, the powder mixture consisted of particles (agglomer-
ates) with a size not exceeding 300 pm, comprising the matrix alloy AIMg6 and fullerenes.
The particles (agglomerates) exhibit a rounded shape with a well-developed surface (see
the inset in the lower left corner of Figure 2b). At higher magnification (see the inset in the
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upper left corner of Figure 2b), a uniformly distributed reinforcement on the surface of the
powder particles was observed. According to the SEM image, this reinforcement appears
to be agglomerates of Cg fullerene molecules with a size of approximately 3-5 nm.

Figure 2c presents the typical Raman spectroscopy data of the AIMg6/Cgy composite
powder obtained after the first stage of processing. Due to the low concentration and suffi-
ciently good dispersion of Cg particles in the powder blend, as observed in SEM images
(see inset in Figure 2b), and due to the presence of a background signal generated by the
matrix material, it is challenging to identify Cg lines in the Raman spectrum. Nevertheless,
signal deconvolution revealed lines around ~1403 cm 1, ~1469 cm !, and ~1549 cm !,
characteristic of fullerene dimers and 2D polymeric networks. For instance, the presence
of Ag(2) serves as an excellent indicator of Cgp polymerization [28]. Additionally, the
spectrum exhibits the D-line, originated by the breathing mode of defective sp2-hybridised
aromatic C-C rings around ~1364 cm 1.

Figure 2d-f shows SEM images of the multi-reinforced powder mixtures with 10, 30,
or 50 wt.% AIN, which were obtained after the second stage of ball milling.

The insets also show magnified fragments of the powder particle surfaces. Analysis
of the SEM images of multi-reinforced powders with different AIN content demonstrates
their differences. For instance, in the mixture with 10 wt.% AIN, a small number of free
ceramic particles is noticeable. In this case, the AIN particles are almost entirely distributed
on the surface of the AIMg6 matrix alloy or embedded within it (see Figure 2d). However,
for compositions containing 30 or 50 wt.% AIN (see Figure 2e,f), a different pattern emerges.
A significant number of free ceramic particles in the powder mixture is observed, which
increases with the rise in AIN content. This suggests the presence of a certain “saturation
threshold” at which the surface of the matrix alloy particles is almost entirely covered
by solid ceramic inclusions. This either prevents or at least hinders the incorporation of
AIN into the ductile matrix alloy. Additionally, the surface of the matrix alloy particles
becomes more developed, which is attributed to the deformational impact of ceramic
particles during ball milling. Submicron- and micron-sized particles of the matrix material
are formed through the micro-cutting of the relatively harder ceramic particles on the
surface of the matrix alloy particles.

It is worth noting that the incorporation of ceramic particles facilitates the penetration
of Cg¢p molecule agglomerates from the surface into the interior of the matrix alloy particles.
A comprehensive analysis of the particle size distribution and SEM images of the powders
in Figure 2b,d—f shows a reduction in the particle sizes of the AIMg6 matrix after the second
stage of processing. Moreover, the increase in AIN content from 10 to 50 wt.% also leads
to a decrease in dsg in the powder mixture, decreasing from 16.4 to 8.2 um. On the one
hand, this is undoubtedly related to the influence on measurement results of the higher
proportion of finer AIN particles, where dsp is 5.9 pm. On the other hand, the presence of
AIN on the surface of AIMg6 matrix alloy particles hinders the welding processes between
them and intensifies the dispersion processes during ball milling.

Thus, the obtained multi-reinforced powders represent a complex mechanical mixture
consisting of agglomerates and microparticles of ceramic AIN. The agglomerates consist of
particles of the nanocomposite material AIMg6/Cgy with embedded and surface-located
ceramic AIN microparticles. Moreover, the concentration of AIN particles on the surface of
the agglomerates and within their volume increased with the growth of the weight fraction
of ceramic particles in the initial mixture.

The results of the XRD analysis for the powders obtained after the first and second
stages of ball milling are shown in Figure 3a.
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Figure 3. XRD of mechanically synthesized, multi-reinforced powder mixtures with different amounts
of ceramic particles (a); XRD of coatings (b); SEM image of the cross-section of the coating AIMg6/Cgo
+ 30 wt.% AIN with EDS mapping (c).

For the powders obtained at the first stage, distinct (111), (200), (220), (311), and
(222) peaks of aluminum were clearly observed. However, no diffraction peaks of the
reinforcing phase Cgp were detected. This can be attributed to the low content of Cg in
the powder mixture and may also be explained by the X-ray radiation micro-absorption
during the X-ray phase analysis of composites reinforced with well-dispersed carbon
nanostructures [29]. This is a typical observation for aluminum alloys reinforced with
carbon structures, particularly at higher concentrations of reinforcing additives [30,31].
XRD data for the multi-reinforced powders obtained at the second stage show a qualitatively
similar character. In this case, in addition to peaks corresponding to the matrix alloy, peaks
of aluminum nitride (AIN) are also identified. The intensity of the AIN peaks increases with
a higher content of AIN in the powder mixture. Based on the full width at half maximum
(FWHM) of the matrix alloy peaks, the crystallite size was calculated. The crystallite size
of the matrix alloy calculated for the composite powder AIMg6/Cg obtained at the first
stage of ball milling was approximately ~60 nm. After the second stage of ball milling, the
crystallite size of the matrix alloy was approximately ~40-60 nm. This corresponds to the
crystallite size of aluminum-based powders reinforced with 10 wt.% nanodiamonds after 3 h
of ball milling [14]. This allows us to predict the formation of a nano- or submicrocrystalline
structure in coatings produced from these powders.

Figure 3b shows XRD data for coatings formed from multi-reinforced powders through
the CGDS method. It is noteworthy that the formation of coatings with a thickness ex-
ceeding approximately 10 um from the powder mixture obtained in the first stage of ball
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milling (without ceramic particles) was not achieved. This limitation can be attributed to
both the temperature and velocity constraints imposed by the utilized spray system and the
powder particle size. Therefore, the XRD data in Figure 3b are presented solely for powder
mixtures containing 10, 30, or 50 wt.% AIN. The XRD data obtained for powders and
coatings exhibit some differences. For instance, a reduction in the peak signal (111) of the
aluminum crystalline plane (see Figure 3b) is observed in coatings compared with powders
(Figure 3a), indicating a diminished proportion of crystalline planes (111). This suggests a
change in the preferred orientation of grains in the matrix alloy towards a more chaotic
arrangement during the CGDS process. Additionally, the intensity of peaks corresponding
to the ceramic phase of the coating is slightly lower than that in the powders, indicating
an incomplete transfer of ceramic particles from the powder mixture to the coating. To
assess the AIN content in the formed coatings, a quantitative analysis was performed. The
inset in Figure 3b presents data on the AIN content in the coating as a function of the AIN
content in the powder. For instance, when using a powder mixture containing 10 wt.%
AIN, the AIN content in the coating was 6.3 = 1.8 wt.%. Increasing the AIN content in the
powder mixture from 30 to 50 wt.% raised its content in the coating from 14.1 & 2.5 wt.%
to 32.4 £ 4.2 wt.%. Thus, according to the quantitative XRD analysis under the applied
conditions of CGDS, the proportion of transferred ceramic particles into the coating did
not exceed ~65% and reached a minimum value of ~47% for the 30 wt.% AIN composition.
However, this is a favorable result, as in previous studies [32-34], the transfer ratio of
ceramic reinforcing particles into the coating did not exceed 50%. On the contrary, the
authors of [34,35] were able to achieve a 100% transfer of ceramic reinforcing particles into
the coating for some powder mixture compositions. The calculation of the crystallite size
of the matrix alloy after coating deposition yielded values of approximately 80-120 nm,
indicating that the nanocrystalline structure achieved during high-energy ball milling is
largely retained during the spraying process. This aligns with the findings of [36-38] and
allows for the prediction of a high microhardness of the obtained coatings due to grain
boundary strengthening of the matrix alloy.

The coatings exhibit a relatively homogeneous microstructure, consisting of densely
packed deformed particles of the matrix alloy with uniformly distributed carbon nanos-
tructures and ceramic particles throughout their volume. Figure 3c presents a typical
SEM image of coatings reinforced with 0.3 wt.% Cgy and 30 wt.% AIN along with EDS
mapping data. Occasional pores were observed within the body of the coating, with sizes
not exceeding ~8-10 um. This allows for a qualitative assessment of the low porosity of
the coatings. Thus, the analysis of SEM images of the coating microstructure leads to the
conclusion that under the employed temperature-speed deposition conditions, the kinetic
energy for the particle compaction of the matrix alloy remains sufficient for the effective
formation of coatings with low porosity despite the formation of a nanocrystalline structure
in the AIMg6 matrix alloy. Furthermore, it is worth noting that there is a minor alteration
in the microgeometry of the substrate during the CGDS process, which is attributed to the
erosive impact of the sprayed powder mixture on the substrate.

In the inset of Figure 4, macrograph images are presented, depicting cone-shaped
coatings of varying heights. As previously mentioned, the deposition of a monodispersed
powder composite scarcely resulted in the formation of a coating on the substrate and was
confined to a monolayer.

A comparative analysis of the heights of formed cones reveals that an increase in AIN
content in the mixture from 10 to 30 wt.% contributes to an approximately 19% increase
in cone height achieved during the same deposition time, increasing from 4.7 to 5.8 mm.
A further increase in the AIN content in the mixture to 50 wt.% results in a decrease in
cone height to 5.5 mm. This may be attributed to the predominance of erosion processes
by ceramic particles as well as a reduction in the particle size of the powder composition.
Figure 4 also presents the results of microhardness measurements of coatings with varying
AIN content in the powder mixture. For instance, the microhardness of a single-layer
coating obtained by depositing AIMg6/Cgy powder was 181 & 12 HV. Increasing the Cgg
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content is likely to lead to additional microhardness enhancement, but it may affect the
coating growth efficiency negatively. The optimal Cgy content for this purpose requires
further investigation as varying the powder composition and deposition temperature—
speed conditions can be utilized to control both the coating properties and its growth
efficiency. The incorporation of AIN into the powder composition from 10 to 50 wt.%
has led to an increase in the microhardness of the coatings from 259 + 10 to 306 £+ 12 HV.
Comparing the microhardness data of mono- and multi-reinforced powders allows us
to conclude that the high microhardness of the coating is primarily achieved through
the elevated microhardness of the AIMg6/Cgp nanocomposite material and secondarily
due to the presence of hard ceramic microparticles of AIN in the forming coating. It is
evident that the microhardness of AIMg6/Cg is significantly influenced by grain boundary
strengthening, which is dependent on the grain size of the AIMg6 matrix alloy and is
described by the Hall-Petch relationship. Simultaneously, nanoscale particles primarily
enhance the microhardness of the aluminum matrix, impeding dislocation movement;
i.e., Orowan strengthening is realized. While all these factors positively contribute to the
increased microhardness of the coatings, they adversely affect their growth capability. The
presence of Cg in the aluminum alloy restricts the deformation of the matrix material or at
the very least demands greater kinetic energy for particle compaction.

Macrograph images of coatings

400 H

w

o

o
|

200

Microhardness (HV)
——

100

0 10 30 50
wt.% AIN

Figure 4. Effect of AIN content on the microhardness of the coating. The inset shows macrograph
images of the sprayed coating along with their respective height measurements.

Figure 5 shows the summary data reflecting the dependence of the change in micro-
hardness of the coating based on aluminum and its alloys on the content of reinforcing
ceramic particles.
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Figure 5. Dependence of microhardness of cold sprayed coatings based on aluminum and its alloys
on the volume fraction of reinforcing ceramic particles in the coating [26,32,35,39-47].

A comparative analysis shows that the multi-reinforced coatings obtained in this work
provide the best microhardness values among other powder compositions based on alu-
minum and its alloys used for cold gas dynamic spraying. This concerns the reinforcement
of powder compositions with various nano- and microparticles, which were obtained both
by simple mechanical mixing [26,32,35,39-43] and high-energy ball milling [44-47]. By
analyzing the data presented in Figure 5, it is evident that the use of ball milling tech-
niques for preparing composite powders generally allows for the production of powder
mixtures that facilitate the formation of harder CGDS coatings. The hardness of coatings
from composite powders obtained by blending techniques is slightly lower. This can be
explained by the formation of a homogeneous structure of the composite material with
ultra-dispersed grains of the matrix alloy during ball milling, effectively increasing the
microhardness of the composite coating. However, in most cases, the successful deposition
of such powder mixtures requires higher values of gas pressure or temperature. Conversely,
multi-reinforced powder mixtures synthesized in this study were successfully deposited us-
ing the LPCS technology with air as the carrier gas. The presented results demonstrate that
the use of multi-reinforced powders for CGDS can be an effective strategy for the formation
of coatings and bulk materials based on aluminum and its alloys with high microhardness.

4. Conclusions

Through a two-stage high-energy ball milling process, powders based on the alu-
minum alloy AIMg6 that were multi-reinforced with fullerenes (0.3 wt.%) and aluminum
nitride (10-50 wt.%) were synthesized. These powders represent a complex mechanical
mixture comprising agglomerates and micro-sized ceramic particles of AIN. The agglom-
erates consist of particles of the nanocomposite material AIMg6/Cgg with embedded, as
well as surface-located, micro-sized ceramic particles of AIN. The concentration of AIN
ceramic particles on the surface of the agglomerates and within their volume increased
with the increase in the weight fraction of ceramic particles in the initial mixture. The
average particle size of the synthesized powders, depending on the ceramic concentration
in the initial powder mixture, ranged from 8.2 to 16.4 um. Cold gas dynamic spraying of
multi-reinforced powders onto 1008 steel substrates was performed. It was demonstrated
that the resulting coatings exhibit a relatively homogeneous microstructure with evenly



J. Manuf. Mater. Process. 2023, 7, 203 10 of 12

distributed reinforcing particles throughout their volume. According to the XRD data, the
fraction of transferred ceramic particles into the coating did not exceed ~65%. Cold gas
dynamic spraying of a mono-reinforced powder composite AlMg6/Cg practically did
not result in the formation of a coating on the substrate and was confined to a monolayer.
The microhardness of the monolayer coating obtained by depositing AIMg6/Cgy powder
was 181 £ 12 HV. The incorporation of AIN into the powder mixture from 10 to 50 wt.%
contributed to an approximately 1.4-1.7 times increase in the microhardness of the coatings.
A comparison of the microhardness of the obtained coatings with data from the literature
reveals that these coatings exhibit superior microhardness performance when compared
with other powder compositions based on aluminum and its alloys commonly used in cold
gas dynamic spraying.
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