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Abstract: This study comparatively analyzed the wear characteristics and adhesion properties
of 86WC-10Co—4Cr (WC) coatings deposited using the high velocity oxygen fuel process and
75Cr3Cy—25NiCr (CrC) and Al,O3-3TiO, (Al,O3) coatings deposited using the atmospheric plasma
spray process on an A390 aluminum alloy substrate. The adhesion strength and wear test results
demonstrated that the WC coating exhibited superior wear resistance. In contrast, the CrC and
Al,O3 coatings showed lower adhesion properties and unstable frictional variations due to a higher
number of defects compared to the WC coating. The WC coating layer, protected by WC particles,
exhibited minimal damage and a low wear rate, followed by CrC and Al,O3. Ultimately, WC coating
is highlighted as the optimal choice to enhance the wear resistance of A390 aluminum alloy.
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1. Introduction

Aluminum alloys are widely used in the automotive, marine, and aerospace in-
dustries due to their high strength, excellent thermal conductivity, and corrosion resis-
tance [1,2]. These properties make aluminum alloys ideal for manufacturing lightweight
and fuel-efficient vehicles, as well as for constructing durable marine structures and high-
performance aerospace components [3-6]. The inherent light weight of aluminum, com-
bined with its ability to resist corrosion, significantly enhances the lifespan and performance
of parts exposed to harsh environments [1-6].

However, the inherently low hardness and poor wear resistance of aluminum alloys
restrict their use in extreme environments characterized by high temperatures and friction.
For instance, in automotive engines and aerospace turbines, components are subjected to
severe mechanical stresses and thermal loads that can lead to rapid wear and tear. This
necessitates frequent maintenance and part replacements, thereby increasing operational
costs and downtime. Therefore, enhancing the wear resistance of aluminum alloys through
surface treatments is essential for their use in high-performance components [4,5].

One of the most effective methods to improve surface properties is surface coating
using materials with excellent mechanical properties [7,8]. Thermal spray methods such as
flame spray, high velocity oxygen fuel (HVOF), atmospheric plasma arc spray (APS), and
wire arc spray (WAS) are primarily used for superior surface protection [8,9]. These methods
are applied across various industries by selecting materials that suit the characteristics
of each process. Among them, APS and HVOF have been the most widely used due to
their ability to generate dense coating layers using plasma at 20,000 degrees Celsius or
high-temperature supersonic gas streams. These processes allow for the use of metals and
ceramics, providing a wide range of material choices, low porosity, high wear resistance,
and strong adhesion [10-16].

Coatings 2024, 14, 853. https:/ /doi.org/10.3390/ coatings14070853

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings14070853
https://doi.org/10.3390/coatings14070853
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-8273-2197
https://orcid.org/0000-0003-0723-8524
https://doi.org/10.3390/coatings14070853
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14070853?type=check_update&version=1

Coatings 2024, 14, 853

20of9

APS and HVOF processes typically employ oxides or carbides due to their high melting
points. Oxides such as Al,O3 and carbides like WC and Cr3C; are combined with metals
like Co, Ni, and Cr to protect the substrate surface. These materials are favored in APS and
HVOF coatings due to their low oxygen content in the coating layer, short reaction times
resulting in low porosity, and excellent adhesion properties. Consequently, they are widely
used in components requiring high wear resistance and corrosion resistance [5,17,18].

Despite ongoing efforts, the inherent limitations of aluminum alloys due to their low
surface hardness and wear resistance persist [19,20]. Existing studies have attempted to
address these issues through various surface treatment technologies, but most have failed to
fully elucidate the wear resistance mechanisms of oxide and carbide coatings. For instance,
while methods such as laser cladding can enhance surface hardness and wear resistance,
they face issues such as limited application range and difficulty in maintaining consistent
quality [21].

To date, there has been little research on the wear resistance mechanisms of ceramic
coatings on aluminum surfaces. Therefore, this study comparatively analyzed the wear
characteristics of 86WC-10Co—4Cr coatings applied using the HVOF process and 75Cr3C,—
25NiCr and Al,O3-3TiO; coatings applied using the APS process. This study presents coat-
ing materials and processes with the potential to significantly enhance the wear resistance
of aluminum alloys, providing valuable insights for the development of high-performance
components in various industrial applications and demonstrating the potential to improve
the durability of the alloys.

2. Materials and Methods

The aluminum alloy (A390) substrate was prepared by depositing all coating materials
following a solution heat treatment at 525 °C for 4 h and subsequent aging at 190 °C for
6 h. The composition of the alloy was Si (17.0 wt.%), Cu (4.5 wt.%), Mg (0.55 wt.%), Fe
(<0.5 wt.%), Ti (<0.2 wt.%), Mn (<0.1 wt.%), Zn (<0.1 wt.%), with the balance being Al.

The coating materials used in the experiment were 86 WC-10Co—4Cr, 75Cr3C,—25NiCr,
and Al,O3-3TiO;. The 86WC-10Co—-4Cr material was deposited using the high velocity
oxygen fuel (HVOF) process, while the 75Cr3C,-25NiCr and Al,O3-3TiO;, materials were
deposited using the atmospheric plasma spray (APS) process. The variables for each
coating process are listed in Table 1. For convenience, the materials will be referred to
as WC, CrC, and Al,O3, respectively, throughout this paper. Prior to coating application,
the substrate underwent cleaning and blasting for surface roughening. Subsequently, the
Al>,O3 material received a bond coating via a buffer layer of Ni-5Al to prevent delamination
from the substrate, followed by thermal spraying. The WC and CrC materials were directly
thermal sprayed without any bond coating. To ensure a uniform layer, the substrate was
rotated during the thermal spraying process, maintaining a consistent thickness.

Table 1. Process parameters of spray coating.

Spray Parameters Unit
Coating materials 86WC-10Co—4Cr Cr3Cy—25NiCr Al,O3-3TiO,
Spray type HVOF APS APS
Buffer layer - Ni-5Al -
Voltage 36V 60V 60V
Current 600 mA 600 mA 600 mA
Air pressure 40 psi 105 psi 105 psi
Spray Distance 8 inch 9 inch 9inch
Gun spraying angle 90 90 90
Gun/feed/spray rate (g/min) 25 80 80
Thickness 150 um 150 um 100 pm
Buffer layer - - Ni-5Al (50 um)

Specimens were cut and polished from #400 to #2400 grit, followed by polishing with
9,6,3,1,and 0.04 um diamond suspensions. Microstructural analyses of the cross-sections
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and surfaces of the coating layers were conducted using a field emission scanning electron
microscope (FE-SEM; CLARA, Tescan, Brno, Czech Republic) and an energy dispersive
spectrometer (EDS, EDAX, Pleasanton, CA, USA) with an acceleration voltage of 15.0 kV.
The area fraction of cross-sectional defects was measured through image analysis. The
adhesion strength between the substrate and coating layers was evaluated according to
ASTM (633, with three tests conducted per specimen [22]. The upper cylinder and coating
layer were fixed with adhesive, and a biaxial load was applied perpendicularly to the
surface to determine the bonding strength. To assess the mechanical properties of each
coating layer, a micro Vickers hardness test according to ASTM E384 [23] and a ball-on-disc
test according to ASTM G99 [24] were performed. These tests were conducted using an
HM-122 hardness test machine (Akashi Co., Tokyo, Japan) with a 0.1 kgf load applied for
10 s. Measurements were taken perpendicular to the coating layers and the substrate. Wear
tests were conducted using a room-temperature abrasion tester (R&B, Daejeon, Republic
of Korea) under the following conditions: load of 30 N, 100 RPM, 25 °C, and a radius of
gyration of 11.5 mm, with Al;Oj3 as the counterpart material. Each test was repeated three
times per sample, and the wear rate (cm®/N-m) was calculated from the weight loss after
the tests using Equation (1):

W=V/(L x5) (1)

where V is the wear loss volume (cm?) calculated from the cross-sectional area of the wear
track, L is the load (N), and S is the sliding distance (m). Post-test wear track analysis was
performed using FE-SEM and a high-resolution 3D microscope (VHX-7000, KEYENCE,
Osaka, Japan) to analyze the wear mechanisms.

3. Results

Figure 1 shows the cross-sectional microstructure and EDS mapping results of the
coating layers and substrates for different materials. In Figure 1a, the WC coating layer
exhibits a uniformly distributed Co—Cr binder matrix (grey areas) with rounded WC
particles (light grey areas), as revealed by quantitative EDS analysis. The coating layer
displays very low porosity and high density due to the high impact velocity of the coating
particles. The small WC particles within the coating layer were formed by the fracture of
relatively faster and larger particles impacting the substrate during spraying [22]. The CrC
coating in Figure 1b displays the typical lamellar structure of plasma-sprayed coatings,
consisting of a Ni-Cr binder matrix (grey areas) and Cr carbide (light grey areas). It shows
a lamellar structure parallel to the substrate, including porosity and splats. This lamellar
structure is a characteristic microstructural feature of arc spray coatings, occurring when
the coating material particles do not completely melt before application to the substrate or
react with oxygen in the atmosphere to form oxides that mix with unmelted particles [22].
The Al;O3 coating in Figure 1c consists of the coating material and a Ni-5Al buffer layer
that includes compounds formed between the coating material and NiAl metal, along with
the substrate. The buffer layer shows splat boundaries, and microcracks were observed at
the bonding interface with the substrate.

Based on the cross-sectional images, the interfacial cross-sectional defect (porosity
and cracks) area fraction analysis using Image J software (https://imagej.net/ij/) showed
defect area fractions of 0.101 for WC, 0.255 for CrC, and 0.351 for Al;O3. The WC coating
layer exhibited relatively fewer interfacial defects compared to the other coating layers,
which is expected to result in the highest bonding strength. This is followed by CrC and
then Al,O3 in terms of expected bonding strength.

The actual bonding strength results between the substrate and coating materials are
shown in Figure 2. The WC coating, which exhibited the fewest defects at the interface,
demonstrated the highest bonding strength at 72.90 MPa. This was followed by CrC at
34.94 MPa and Al,O3 at 17.92 MPa. These results are consistent with the interfacial defect
area fraction analysis. The lower bonding strengths of CrC and Al,O3; compared to WC are
attributed to the presence of microcracks and splat boundaries in the coating layers and
at the interface between the coating materials and the substrate. Lower bonding strength
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in a wear environment can lead to reduced durability of the coating, resulting in the
separation of the coating layer from the substrate when subjected to forces exceeding the
bonding strength. This, in turn, can compromise the protection of the substrate and cause
deformation. Therefore, WC is deemed the most suitable coating material for protecting
the A390 substrate.
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Figure 1. Cross-sectional SEM images of the coatings on A390 substrate: (a) WC, (b) CrC, and
(c) Al O3 coatings, along with EDS qualitative analysis results of the points marked with red crosses.
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Figure 2. Adhesion strength between the substrate and the coating layers.
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Figure 3 shows the micro Vickers hardness values measured in the depth direction
from the surface of the coating materials to the substrate. The average hardness values
of the WC, CrC, and Al,O3 coating layers were 1081.39 HV, 685.40 HV, and 314.31 HV,
respectively. The higher hardness value observed in the WC coating layer compared to
other coating materials is attributed to the high-hardness tungsten carbide particles found
in Figure 1. The Al,O3 coating layer exhibits an average micro hardness of 194.26 HV in
the buffer layer, similar to the substrate. All coating materials were uniformly applied to a
certain extent, overcoming the characteristic uneven thickness of thermal spray coatings,
and no deformation of the substrate due to exposure to high temperatures during the
process was observed.
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Figure 3. Vertical distribution of micro Vickers hardness from the top surface of the coating layers to
the substrate.

Figure 4a,b show the wear rate based on the volume loss and the varying friction
coefficient of the specimens after the wear test. The wear test results indicate that the
wear rate follows the same order as the hardness results, with Al,O3z, CrC, and WC
showing decreasing wear rates, respectively. The variations in the friction coefficient
graph are attributed to the increase (decrease) in the friction coefficient caused by wear
debris (porosity). As shown in area fraction analysis, the WC material, which has fewer
defects, exhibits uniform variations of microhardness. The average friction coefficients for
the WC, CrC, and Al,O3 materials are 0.548, 0.710, and 0.742, respectively. The friction
coefficients of the WC and CrC materials stabilize over time, indicating increasing friction
resistance [25]. The CrC and Al,O3 materials exhibit rapid fluctuations compared to WC
due to the significant number of cross-sectional defects, such as pores and cracks, which
trap wear debris generated during the wear process and affect subsequent wear cycles.
Notably, AlO3 shows a continuously increasing variation in the friction coefficient.

Figure 5a,b show the 3D and 2D profiles of the wear track width and depth. The depth
and width of the tracks increase in the order of WC, CrC, and Al,Oj3, correlating with the
increase in wear loss rate. The 3D profile results in Figure 5a reveal that the surface of the
CrC and Al,Oj3 coatings was indented by the counter material, whereas the WC surface
appeared to be healed and convex. The analysis of the wear track depth (D) and width
(W) using the 3D profiles in Figure 5b shows that the WC, CrC, and Al,O3 materials have
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wear track depths and widths of 7.7 um (D) and 626.6 um (W), 42.4 um (D) and 2120.6
um (W), and 24.0 pm (D) and 1472.1 um (W), respectively. The WC material exhibits the
least damaged wear track, suggesting it is the most effective coating layer for protecting
the substrate.
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Figure 4. (a) Friction coefficient and (b) wear rate of the coating layers.
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Figure 5. (a) 3D profiles and (b) 2D profiles showing the width and depth of the worn track on the
coating layers.

To analyze the wear modes of each coating material, the microstructure of the wear
track surface and EDS mapping results are shown in Figures 6 and 7. Figure 6a—c, respec-
tively, display the wear track surfaces of WC, CrC, and Al;O3;. The wear marks on the
protruded WC coating layer indicate adhesive wear behavior, where material from the
counter face adheres to the coating layer. The microstructure shows evidence of abrasion
and microcracks, and the EDS results in Figure 7 depict the presence of (a) Al and (b) O,
which are components of the counter material. Typical features of abrasive wear, such as
abrasion and microcracks, were observed. In the CrC coating, abrasion, microcracks, and
craters were also identified, while the Al,O3 coating exhibited scuffing in the wear track
due to the propagation of spalling pit cracks under repeated loading. The wear marks along
the grooves in the Al,O3 and CrC wear tracks suggest the occurrence of adhesive wear in
the coating layers. It is evident that both abrasive and adhesive wear modes occurred in all
coating layers.
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Figure 6. Wear track microstructures of WC, CrC, and Al,O3 analyzed by (a,c,e) 3D optical microscopy
and (b,d,f) SEM.
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Figure 7. The element mapping of (a) Al and (b) O detected in Figure 6b.

4. Conclusions

This study confirms that the WC coating is the most effective option for enhancing
the wear resistance of the A390 aluminum alloy, providing superior adhesion strength,
hardness, and wear resistance. While the CrC and Al,O3 coatings showed higher defect
densities and wear rates, the WC coating’s dense microstructure and minimal defects
contribute significantly to its robust performance. Overall, the findings underscore the
WC coating’s potential to markedly enhance the durability of the A390 alloy in various
industrial settings, offering a clear advantage over other tested coatings.
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