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Abstract

This study systematically investigates the influence of high-velocity oxygen-fuel
Received: 1 April 2026 . . . .
Revised: 22 April 2026 spraying (HVOF) parameters, with a particular emphasis on oxygen pressure, on
Accepted: 4May 2026 the microstructure and tribological performance of AlesCuxFe1s coatings. The
Published: 25 May 2026 coatings were deposited at two oxygen pressures (3.0 and 3.5 bar) while
https://dolorg/1047526/2026-1/2505-  maintaining other spraying process parameters constant. Microstructural
— characterization was performed using scanning electron microscopy (SEM) and
energy-dispersive spectroscopy (EDS), and the phase composition was analyzed
to assess the proportion of quasi-crystalline and crystalline phases. Tribological
behavior was evaluated using a ball-on-disk sliding friction test with continuous
recording of the friction coefficient. The results show that oxygen pressure
significantly affects the coating density, phase composition, and tribofilm
formation. The coating applied by spraying at 3.5 bar demonstrated the most
balanced performance, with a stable friction coefficient of 0.55-0.60 and consistent
wear, due to a higher proportion of the quasi-crystalline phase and a
homogeneous tribofilm. Thus, the analysis revealed that processing the samples at
3.5 bar oxygen pressure is the optimal process mode, ensuring the formation of a
dense microstructure and improved tribological properties of the coating.
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1. Introduction

Modern materials science places particular emphasis on the development of wear-resistant and corrosion-
resistant coatings designed for use in extreme conditions - high temperatures, abrasive loads, and exposure to
aggressive environments. Therefore, one of the pressing challenges is increasing the durability and reliability of
structural materials used in the aerospace, energy, and mechanical engineering industries [1]. To address this
challenge, coatings produced by rapid crystallization methods are increasingly being used. These methods
allow the formation of microstructures with a unique combination of crystalline, amorphous, and quasi-
crystalline phases [2]. Quasi-crystalline materials with quasi-periodic atomic order possess a combination of
exceptional properties: high hardness, low friction coefficient, excellent corrosion resistance, and stability at
temperatures up to 800 °C [3]. Among the various quasi-crystal-forming alloys, the Al-Cu-Fe system is of
particular interest , in particular the AlesCuxFeis alloy , which forms a stable quasi-crystalline phase [4].
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Coatings based on this alloy are characterized by microhardness in the range of 700-1500 HV , a low coefficient
of friction (up to 0.1 under dry friction) and high adhesion, which makes them promising for protecting
working surfaces under conditions of intense wear [5].

HVOF sprayingis the most effective [6]. It combines high particle velocity (up to 700 m/s) and relatively low
substrate temperature (100-200 °C), minimizing thermal stress and preserving the original phase structure of the
alloy. High kinetic energy and limited contact of particles with oxygen ensure minimal oxidation and high
coating density [6].

The substrate used in this study was 08Kh18Nil0T (AISI 321) stainless steel, which is widely used in
industry due to its combination of high corrosion resistance, heat resistance, and ductility. T he steel contains
approximately 18% chromium, 10% nickel, and titanium as a stabilizing element that prevents intergranular
corrosion. AISI 321 steel has a tensile strength of 530-730 MPa, a yield strength of 200-250 MPa, a relative
elongation of 40-50%, a hardness of 180 HV, and maintains structural stability at temperatures up to 800 °C[7].
Due to these properties, AISI 321 steel is widely used in the chemical, oil and gas, food, and power industries,
especially for the production of pipelines, heat exchangers, reactors, pressure vessels, and turbine components.

Despite their inherent strength, even stainless steels can be damaged by friction, erosion, and extreme
temperatures. To combat this, the application of quasi-crystalline Al-Cu-Fe coatings has proven to be a highly
effective way to extend the service life of these steels. These coatings achieve this by reducing friction and
improving protection against oxidation and wear.

2. Materials and Methods

AISI 321 austenitic stainless steel (15x45x3 mm?), designed for machining and thermal spraying, was used as
the substrate. This steel is alloyed with titanium, which increases its resistance to intergranular corrosion and
thermal aging. Before coating application, the substrate was sandblasted with white corundum to increase
surface roughness and improve coating adhesion (Table 1).

Table 1. Chemical composition of AISI 321.

C Mn P S Si Cr Ni Ti Fe
0.08 2.0 0.045 0.03 1.0 17.0-19.0 9.0-12.0 0.5 Rest

Aluminum (Al), copper (Cu), and iron (Fe) powders were provided by Hebei Suoyi New Material
Technology Co., Ltd. (Handan, China) with a purity greater than 99.5%. The surface morphology of the Al-Cu-
Fe powders is shown in Figure 1. The particles have an irregular polyhedral shape, combining angular and
plate-like elements, which is typical of materials obtained by mechanical alloying. This morphology typically
results in lower flowability compared to spherical powders, but provides a large surface area favorable for
coating adhesion during thermal spraying.

Figure 1. Powder particle size before coating.
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Particle size analysis revealed a wide range, from 10 to 80 um, specifically, the 10th percentile was 18 um,
the median (50th %) was 40 um, and the 90th % was 75 um. This particle size profile is beneficial for smooth
processing and stable material feed in HVOF technology [8,9].

The observed cubic crystal structure, along with minor shifts in the diffraction peaks, indicates the presence
of both quasi-crystalline and crystalline regions in the synthesized powder. This dual nature contributes to a
favorable balance of hardness, oxidation resistance, and low friction. Therefore, the AlesCuzoFe1s composition is
promising for the development of coatings capable of withstanding high temperatures and wear [9].

This study focuses on the impact of oxygen pressure during the HVOF spraying process. This specific
parameter is critical for controlling particle velocity, temperature distribution, and the degree of oxidation
during coating formation. To ensure reliability and consistency of the results, each experiment was repeated
three times. Oxygen pressure directly affects the velocity and turbulence of the gas flow. This, in turn, affects
how well the particles melt, the energy of their impact on the substrate, and ultimately the microstructure,
density, and adhesion of the coating [10].

This experimental strategy is based on the methodologies developed by Huttunen-Saarivirta et al. and Wolf
et al. Their work showed that by holding all variables constant except the one under study, stable thermal and
kinetic conditions are achieved. This stability is necessary for accurately understanding the influence of a single
factor on the coating properties [11,12]. Spray parameters were selected based on the performance
characteristics of the HVOF process described in [25] and the key requirements for producing high-quality
coatings. A spray distance of 250 mm between the nozzle and the substrate was chosen to ensure an optimal
balance between particle temperature and impact velocity, preventing excessive overheating and preserving the
integrity of the quasi-crystalline structure. A propane pressure of 1.9 bar was used to maintain stable
combustion, ensuring uniform heating of the powder particles without complete melting. Oxygen pressure
varied between 3.0 and 3.5 bar to optimize particle kinetic energy, increase coating density, and enhance
adhesion strength. An air pressure of 2.2 bar ensured complete combustion of the propellant, effectively
reducing the risk of particle oxidation during flight to the substrate (Table 2).

The selected parameters resulted in stable combustion, uniform spray pattern, and high-quality coating.
Thanks to the optimal particle size and appropriate spray distance, the powder spent sufficient time in the
flame for effective heating and reached the substrate with the required energy, as evidenced by the uniform and
homogeneous nature of the deposited layer. Maintaining the quasi-crystalline structure was key throughout the
process. A controlled environment ensured that the unique properties of the AlesCuzoFeis alloy were preserved
in the final coating. The interaction between particle characteristics, spray parameters, and the resulting coating
microstructure was thoroughly investigated, with particular emphasis on the role of oxygen pressure in
achieving the desired performance characteristics. Consistent and reproducible results obtained in triplicate
experiments underscore the robustness of the chosen methodology and the validity of the conclusions
regarding the effect of oxygen pressure on the HVOF coating process. This systematic approach enables precise
understanding of how to optimize coating properties for challenging high-temperature, wear-resistant
applications.

Table 2. HVOF parameters

Ne Propane Oxygen Air Distance
(bar) (bar) (bar) (mm)
Sample A 1.9 3.0 2.2 250
Sample B 1.9 3.5 22 250

The phase composition of the applied coatings was analyzed by X-ray diffraction (XRD) using a Panalytical
XPert PRO diffractometer (Philips, Amsterdam, the Netherlands) equipped with a copper anode generating Ko
radiation (A=1.5406 A). All measurements were performed at room temperature (25°C) at an operating voltage
of 40kV and a current of 30 mA. Diffraction patterns were recorded in the 20 range from 20.01° to 89.99° with a
step size of 0.02° and a counting time of 2 sec per step. Phase identification and analysis were performed using
the HighScore Plus software package.

The surface morphology and elemental composition of the coatings were examined by scanning electron
microscopy (SEM) using a Tescan Vega 4 microscope (Brno, Czech Republic). Tribological performance was
assessed using sliding wear tests conducted on a TRB3 tribometer (Anton Paar, Buchs, Switzerland) in a ball-on-
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disk configuration. The tests were conducted under dry sliding conditions with a normal load of 2 N, a sliding
velocity of 1 cm/s, and a total sliding length of 30 m. A 100Cr6 steel ball with a diameter of 6 mm was used as
the counterball. The wear rate of both the coating and the counterball was determined according to ASTM G99.

Microhardness measurements were performed using the Vickers indentation method in accordance with
ASTM E384 using an HLV-1DT microhardness tester. A diamond pyramidal indenter with an apex angle of
136° was applied under a load of 0.5 kgf (4.9 N) for 10 s (HV 05). Hardness values were calculated based on the
measured lengths of the two diagonals of the indentation (d1 and d2).

3. Results and Discussion

X-ray diffraction analysis revealed the presence of AlosFeis and AlzsCuassFeis phases in samples coated with a
quasicrystalline layer deposited by the HVOF method using propane, oxygen, and air. An examination of the
diffraction patterns (Figure 2) indicates a clear correlation between the deposition parameters and the phase
composition: with varying deposition conditions, the intensity of the diffraction peaks corresponding to the
AlosFeis phase decreases, while those associated with the quasicrystalline (QC) phase become more
pronounced. Quasicrystals are inherently complex materials characterized by a lack of translational symmetry
and a virtually infinite unit cell. Structurally similar, but fully crystalline, approximant phases (AP) [14] are
considered less complex than QC phases [25]. The intermetallic compound AlosFe1s, a well-ordered solid phase
in the Fe-Al system, contains approximately 25 atomic percent aluminum. Under ambient conditions, this
compound crystallizes in the cubic space group Im-3m with a unit cell parameter of approximately a =2.91 A
[15]. The DOs arrangement of Fe and Al atoms in this structure increases the hardness and stability of the
material compared to conventional Fe-Al solid solutions. In terms of tribological performance, AlosFe1s coatings
deposited by the HVOF method exhibit a relatively high friction coefficient (u = 0.6-0.7) during dry sliding on
hard substrates such as steel [16]. This increased friction is mainly attributed to the metallic nature of the
intermetallic compound and adhesive interactions at the contact surface. Wear analysis shows that AlosFeis
coatings are predominantly subject to adhesive-abrasive wear, leading to the formation of microcracks. Despite
its increased hardness, the intermetallic compound exhibits moderate brittleness, which contributes to the
formation of cracks and chips under mechanical loads.
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Figure 2. X-ray diffraction analysis.

In coatings obtained by the HVOF method, the quasicrystalline structure can be formed either directly from
the original powder, which is pre-crystallized into a quasicrystalline state by rapid cooling of the melt, or in situ
during high-speed sputtering and subsequent rapid solidification of the particles upon impact with the
substrate. In the studied Al-Cu-Fe coatings with a composition in the range of Aleze3Cuz2sFeiz1s, the
predominant phase is the icosahedral quasicrystalline phase [17]. The identified Al7sCussFeis phase has a cubic
crystalline structure with the space group Pm-3 and the unit cell parameter a=12.3120 A, reflecting the complex
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atomic arrangement characteristic of ordered intermetallic compounds in the Al-Cu-Fe system. The presence of
such a phase contributes to an increase in the hardness and structural stability of the coating due to the dense
atomic packing and strong interatomic interactions within the lattice. One of the most notable features of the
quasicrystalline phases of Al-Cu-Fe is their high hardness. The literature indicates that the microhardness of the
icosahedral quasicrystalline phase in Al-Cu-Fe can reach approximately 10 GPa [18], which corresponds to
approximately 1000 HV on the Vickers scale. Experimental measurements show that the microhardness of Al-
Cu-Fe coatings deposited by HVOF spraying exceeds that of the widely used 6061-T6 aluminum alloy by 4-6
times [19]. It has been shown that the main properties of these coatings are highly dependent on their phase
composition. The degree of quasi-crystallinity in sprayed coatings depends on deposition conditions, which
affect the stability region of the quasicrystalline phase in the Al-Cu-Fe phase diagram as a function of
temperature [20]. Coatings with higher aluminum and lower iron contents exhibit different stages of
development of the final stable structure. With increasing temperature, their diffraction patterns indicate a
phase transition from an icosahedral quasicrystalline phase to a crystalline approximant [21].

The polyhedral morphology of Al-Cu-Fe powder, which combines angular and plate-like shapes, can
significantly impact the HVOF spraying process. First, this particle geometry can reduce powder flowability,
which in turn can lead to uneven powder feed into the HVOF gun and promote agglomeration [25]. This can
lead to instability in the spraying process, especially in systems using propane as a fuel, where stable
combustion and uniform particle acceleration are highly dependent on uniform powder injection. Second, the
complex particle shape can lead to uneven heating during flight. An increase in the specific surface area of
fragmented Al-Cu-Fe particles increases their susceptibility to oxidation, especially at elevated oxygen pressure.
Third, irregular morphology can affect coating formation: sharp edges can improve mechanical adhesion to the
substrate, but can also result in a rougher surface topography and promote the formation of localized defects
such as microcracks or unmelted particle residues.

In this study, two combustion modes were considered using propane at a constant pressure of 1.9 bar, with
oxygen pressures varying to 3.0 and 3.5 bar. The air pressure was maintained at 2.2 bar, and the spray distance
was 250 mm. The HVOF process is characterized by short particle residence times in the flame and the limited
thermal conductivity of Al-Cu-Fe alloys. As a result, larger or irregularly shaped particles may not reach full
thermal equilibrium in flight, which reduces their deformability upon impact with the substrate and contributes
to the formation of microstructural heterogeneity in the coating.

Figure 3 shows the dependence of the friction coefficient on the sliding distance. 100Cr6 steel, a standard
bearing material, was used as the counterweight, ensuring the practical relevance of the results. Increasing the
oxygen pressure from 3.0 to 3.5 bar promotes more complete heating of the particles, improves their plastic
deformation, and forms a denser and more uniform coating microstructure.

Tribological tests (5 N, 5 cm/s, 90 m) showed that sample B (3.5 bar) exhibited superior wear resistance: the
wear area was 5764.3 um?, and the wear rate was 2.414-104 mm?3/N m. For sample A (3.0 bar), these values were
11,987.6 pum? and 5.021-10+ mm?3/N m, respectively. Thus, an oxygen pressure of 3.5 bar ensures optimal
tribological properties of the Al-Cu-Fe coatings.
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Figure 3. Friction coefficient versus friction path.

The friction curves (Fig. 3) reflect differences in the tribological behavior of the samples. Sample A (3.0 bar
O2) is characterized by a smooth running-in phase and a steady-state friction coefficient of 0.70-0.72 + 0.02. The
small oscillation amplitude indicates the formation of a stable friction film. The increased friction is due to the
predominance of the intermetallic Fe2Al (AlosFe1s) phase, which forms a more metallic contact layer and
enhances adhesion to the 100Cr6 counterface.

Sample B (3.5 bar Oz) demonstrates a decrease in the friction coefficient to 0.55-0.60 + 0.05 with a more stable
curve. The improved performance is due to the increased proportion of the quasi-crystalline Al-Cu-Fe phase
and a more homogeneous microstructure. Low surface energy and limited dislocation mobility of quasicrystals
contribute to reduced adhesion and the formation of a stable slip film [25]. Furthermore, optimal thermal
treatment increases coating density and reduces the number of wear-initiating defects.

A clearly defined interface is observed at the interface between the coating and the steel substrate (Figure 4).
The coating thickness varied from 40.87 to 115.41 um and was 43.97 + 3.0 um for sample A and 101.89 + 13.5 um
for sample B. No signs of chemical interaction or the formation of intermetallic phases at the interface were
detected, indicating a predominantly mechanical adhesion. This adhesion is due to the high kinetic energy of
the particles during spraying and the developed roughness of the substrate surface after sandblasting.

R

L2=47.08 ym

n 100 pm
998 x 280 pm 15.21 mm

SE, BSE 30 keV 998 x
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Figure 4. Thickness micrographs of Al-Cu-Fe coatings. Samples (a-b).

Furthermore, SEM micrographs of wear scars are shown in Figure 5. Analysis of the wear zone morphology
revealed significant differences in scar width between samples (a-b), reflecting variations in wear mechanisms
and material removal rates. The measured wear scar widths for the three coatings ranged from approximately
640 to 745.41 um, indicating that surface degradation was primarily driven by abrasive wear, as evidenced by
the presence of distinct parallel striations. The calculated wear index (WI) for the coatings ranged from
0.0002414 to 0.0005368 mm?3/Nm, with a larger wear scar area corresponding to reduced wear resistance, as
expected. SEM observations revealed that sample A, which exhibited the lowest friction, had the narrowest
wear scar among the three coatings. In this wear zone, the surface was relatively smooth and partially covered
by a thin tribofilm formed during sliding. The absence of extensive delamination or cracking suggests that the
dominant wear mechanism was gradual abrasive removal of the surface layer, facilitated by the formation of a
stabilizing tribolayer. This behavior is consistent with the lower friction values recorded during tribological
testing.

In contrast, sample B, characterized by the highest friction coefficient and pronounced fluctuations, exhibited
a significantly wider wear band. Scanning electron microscope images revealed more intense material removal,
accompanied by localized microcracks and partial delamination of the lamellae. These features indicate a
decrease in wear resistance and a wear mechanism dominated by a combination of abrasive wear and
microcrack propagation.

Figure 5. Micrographs of wear traces on Al-Cu-Fe coatings.

Figures 6, obtained in secondary electron (SE) and backscattered electron (BSE) modes, show characteristic
areas of the coatings of samples a and b (oxygen pressure 3.0 bar and 3.5 bar), selected for local and linear EDS
analysis.
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Figure 6. SE and BSE images in oxygen modes, sample: a) 3.0 bar b) 3.5 bar

To further evaluate the structural homogeneity of the coatings, a linear EDS analysis was performed on the
cross-section of samples A (3.0 bar O2) and B (3.5 bar Oz). The resulting element distribution profiles reveal
phase formation features and the nature of the interface with the AISI321 substrate.

Linear scanning shows that the main peaks correspond to Al (Ka = 1.49 keV), Fe (Ka = 6.40 keV), and Cu (Ka
= 8.04 keV), reflecting the basic composition of the Al-Cu-Fe system. However, the distribution profiles are
characterized by pronounced intensity fluctuations, especially for Al and Cu, without the formation of clear
plateaus within the layer. This indicates microstructural heterogeneity associated with incomplete melting of
particles at reduced oxygen pressure [26]. Near the interface, a gradual increase in the Fe signal is observed,
which may be due to both the contribution of the substrate and the formation of a transition zone involving Fe-
Al intermetallic compounds [27]. The oxygen signal (O Ka = 0.52 keV) is distributed unevenly, indicating the
presence of local oxide inclusions along the interlamellar boundaries [28]. Overall, the profile indicates a less
dense and more defective coating structure (Figure 7 and 8).



Int. ]. Energy Appl. Sci 2026, 1(1) 37 of 55

a) 3 7 Total spectrum of the map
50— R E i I
> f I
S I
g - | E
N |
g* - | |
oA L '
- w a a E N Realized with the help of Tru-Q®
0_| O O LT R E ﬁ| 1 O TEIE S [ © 1 1 1 PP e e —r
0 5 10 15 x3B
I( - Vad.
Xy SN
RN F] ]
, } 37X B
. ' ‘x
. ’. 5
\ K 1%
’ .‘
' - v
Ffal® ‘

All elements

~ CKal2
~ OKal
" Fe Kal
Al Kal
Cu Kol
- CrKal
-~ NiKal

Figure 7. EDS analysis of sample A at 3.0 bar oxygen.

In this case, the Al, Cu, and Fe distribution profiles show distinct plateaus within the coating and a sharp
drop in intensity at the interface with the substrate, indicating high chemical homogeneity of the layer. The Cu
distribution is uniform throughout the entire thickness, indicating the stability of the quasi-crystalline Al-Cu-Fe
phase and the absence of segregation. The oxygen signal is moderate and relatively uniform, without
pronounced local maxima, confirming limited oxidation under optimal thermal conditions. Near the interface, a
clear Fe gradient is observed, caused by the transition to AISI321 steel, with no signs of deep diffusion into the
coating. This element distribution pattern indicates the formation of a dense, structurally intact layer with
minimal porosity and a stable interphase boundary.
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Figure 8. EDS analysis of sample A at 3.5 bar oxygen pressure

Thus, linear EDS analysis confirms that increasing the oxygen pressure to 3.5 bar promotes the formation of
a more homogeneous and chemically stable microstructure compared to 3.0 bar, which correlates with the
improved tribological properties of sample B.

4. Conclusion

Thus, the HVOF method successfully formed quasi-crystalline AlesCuxFeis coatings on an AISI 321 steel
substrate with a thickness of 43.97 + 3.0 um at 3.0 bar oxygen pressure and 101.89 + 13.5 um at 3.5 bar. Coating
formation was accompanied primarily by mechanical adhesion to the substrate without the formation of a
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pronounced diffusion zone. X-ray diffraction analysis revealed the presence of the FeisAlos intermetallic phase
and the quasi-crystalline phase of the Al-Cu-Fe system. With an increase in oxygen pressure to 3.5 bar, an
increase in the proportion of the quasicrystalline component and a decrease in the relative intensity of the Fe-Al
phase peaks are observed. SEM and EDS studies showed that at 3.5 bar, a denser and more chemically
homogeneous structure with a minimal content of oxide inclusions is formed, whereas at 3.0 bar,
microstructural heterogeneity and local porosity are observed. Tribological tests revealed that increasing the
oxygen pressure from 3.0 to 3.5 bar leads to a decrease in the friction coefficient from 0.70-0.72 t0 0.55-0.60 and a
more than twofold reduction in the wear rate. The improved performance is associated with an increase in the
proportion of the quasicrystalline phase and the formation of a stable tribofilm. Thus, an oxygen pressure of 3.5
bar is the optimal HVOF spraying mode for producing dense and wear-resistant AlssCuzFeis coatings on AISI
321 steel, designed for operation under conditions of intense friction and increased mechanical loads.
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