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Abstract

This research examines how atmospheric plasma spraying torch power and coating thick-
ness jointly affect the adhesion strength, microstructure, porosity, and flexural behavior
of Al2O3 coatings on 100Cr6 steel substrates. Optical microscopy, SEM and EDS map-
ping, 3D surface-roughness analysis, Vickers hardness testing (HV2) on polished cross-
sections, and three-point bending of extracted beams were employed to develop a process-
ing–structure–property map. This multi-technique approach enables the cross-validation
of processing–structure–property relationships and supports a robust identification of the
optimal power–thickness condition by jointly considering porosity (densification), adhesion
strength, flexural response and failure mode. All conditions resulted in an average surface
roughness Ra of approximately 1.0 µm. Increasing torch power to 45 kW generally reduced
cross-sectional porosity, except at 500 µm, where globular pores appeared. Hardness (HV2)
increased with power and peaked at the intermediate thickness (500 µm); adhesion up
to 63 MPa was recorded for the 300 µm/45 kW coating. Flexural strength was highest at
500 µm and was consistently greater at 45 kW than at 39 kW. Fractography showed a shift
in failure mode from interface-driven delamination at 39 kW to more cohesive, tortuous
intra-coating cracks at 45 kW, aligned with improved splat bonding and crack-path de-
flection. An intermediate thickness of 500 µm deposited at 45 kW is thus identified as an
optimal condition to balance densification and crack-path tortuosity, leading to enhanced
hardness and flexural performance.

Keywords: APS; plasma spray; coating; adhesion; alumina; bearing steel

1. Introduction
100Cr6 (AISI 52100) is a high-carbon chromium bearing steel widely used for rolling-

element bearings. In the through-hardened condition, it combines high hardness, contact
fatigue strength, and wear resistance, which makes it suitable for demanding applica-
tions in the automotive, aerospace, and industrial sectors [1]. However, the martensitic
microstructure and high carbon content reduce ductility and fracture toughness so that
untempered 100Cr6 is more susceptible to brittle or premature failure under severe impact
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or stress concentrations. To obtain a suitable balance between hardness and toughness,
bearing components are typically produced by austenitizing, quenching, and tempering,
which refine the microstructure, relieve internal stresses, and reduce brittleness while
preserving the high hardness required for wear and rolling-contact fatigue resistance [1].
Nevertheless, even with optimized heat treatment, the performance and lifetime of 100Cr6
bearing components are often governed by surface-initiated damage mechanisms, which
motivates the use of surface engineering and protective coating technologies to further
enhance wear and rolling-contact fatigue resistance. Coating technologies are widely used
to enhance the service life of bearing components by forming protective layers that re-
duce substrate wear and, consequently, replacement costs [2]. The selection of a suitable
coating system and deposition process depends on several factors, including the required
layer thickness, bonding mechanism, mechanical performance, component geometry and
substrate material, process temperature, and coating service environment [3]. Among the
available methods, thermal spraying stands out for its versatility and reliability in coat-
ing and restoring parts, and it is well established in the power generation, automotive,
aerospace, marine, and petrochemical industries [4,5]. Within thermal spraying, atmo-
spheric plasma spraying (APS) is particularly suitable for depositing ceramic coatings
because the very high plasma temperatures enable melting of refractory oxides and their
subsequent deposition as a coating [6,7]. Plasma-sprayed Al2O3 and alumina composite
coatings are widely used as standard industrial materials due to their high hardness, appro-
priate strength and toughness, and excellent tribological and insulating properties [8–12].
Their properties can be tailored by adding secondary phases, applying post-treatment
processes, and selecting suitable feedstock powders; however, an essential factor is also the
adjustment of plasma spraying parameters such as torch power, gas flow rate, and stand-off
(deposition) distance [13–17]. These process parameters directly affect the mechanical and
tribological properties of the coatings, especially given the intrinsically high hardness of
ceramic alumina [1,18,19]. A characteristic feature of thermal-sprayed (TS) coatings is their
lamellar grain structure, which is formed by the flattening of molten and semi-molten
in-flight particles upon striking the relatively cold substrate surface, followed by rapid
solidification. The flattened particles are known as splats and can exhibit different mor-
phologies [20]. Several studies have investigated the effect of APS process parameters
on the microstructure and properties of alumina coatings. C. Wang et al. [15] prepared
Al2O3 coatings with plasma powers ranging from 52 to 60 kW and observed that increasing
power from 52 to 58 kW led to higher compactness, Vickers hardness, and flexural strength,
whereas a further increase to 60 kW caused the formation of cracks and a deterioration
of properties. D. Zhao et al. [21] reported that increasing torch power from 98 to 145 kW
at a short spraying distance increased coating hardness and reduced porosity due to the
improved melting of the feedstock powders. Conversely, decreasing torch power while in-
creasing the spraying distance promoted particle re-solidification in flight and the presence
of unmelted particles in the deposit. G. Sivakumar et al. [22] showed that continuous expo-
sure of in-flight particles to the plasma plume at torch powers of 35 and 46 kW produced a
heat-treatment-like effect, favouring the formation of phase-pure α-alumina coatings. To ob-
tain comprehensive insight into the behaviour of coating/substrate systems, an increasing
number of studies have employed bending tests. Compared with scratch and indentation
techniques, bending tests can provide a more global and reproducible characterization
of the mechanical response of coated components, including coating stiffness, strength,
and failure mechanisms [23]. Through controlled bending, previous works have not only
determined coating mechanical properties but also examined coating failure behaviour and
coating–substrate interface integrity; in some cases, cyclic bending has been used to assess
the fatigue behaviour of coatings [24,25]. Bending tests are often preferred over tensile
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tests for thin and thick coatings because specimen preparation is simpler and potential
coating damage caused by gripping is avoided. Such tests are essential for evaluating the
performance of coating/substrate systems across different industrial applications, where
the main objectives include assessing flexural properties, adhesion behaviour, interfacial
cracking, and fatigue performance [26]. This research examines alumina coatings applied
by APS on 100Cr6 bearing steel substrates, focusing on how plasma torch power and
coating thickness affect the microstructure, adhesion, and flexural performance of the
coating/substrate system. Unlike previous studies that often used higher torch powers,
different substrate materials, or generic bending setups, this work targets an industrially
relevant bearing steel with a Ni interlayer, exploring relatively low APS torch powers (39
and 45 kW) and three coating thicknesses (300, 500, and 1000 µm). By employing optical
microscopy, SEM/EDS analysis, porosity measurements, surface roughness testing, Vickers
hardness (HV2), and three-point bending tests on extracted beams, this study establishes
a processing–structure–property relationship for this specific coating system. It identifies
parameter combinations that optimize both adhesion and flexural performance.

2. Materials and Methods
This research comprised two sets of experiments designed to characterise the bending

behaviour and adhesion of thermally sprayed alumina coatings on 100Cr6 bearing steel
substrates. As specified by the supplier, the nominal chemical composition of 100Cr6
(wt.%) is C 0.93–1.05, Si 0.15–0.35, Mn 0.25–0.45, P ≤ 0.025, S ≤ 0.015, Cr 1.35-1.60, Cu
≤ 0.30, Al ≤ 0.05, and Fe. In the first set of experiments, six cylindrical disk specimens
were coated with alumina and then characterized. These disk specimens were used to
assess the as-sprayed surface condition of the coatings. For the second set of experiments,
rectangular beam specimens were used for three-point bending tests to quantify coating
adhesion properties.

2.1. Materials

In both experimental setups, the substrates were coated with high-purity (99.5%) α-
Al2O3 powder supplied in a fused and crushed form, a morphology known for its excellent
flowability and thermal performance during thermal spray applications. Before deposition,
the powder’s characteristics were evaluated. The particle size distribution was measured
using a particle size analyser, and the microstructural features of the powder were analysed
through scanning electron microscopy (SEM). Images were taken with backscattered elec-
tron (BSE) detectors at magnifications ranging from 200× to 1000×. The SEM micrographs
are shown in Figure 1. In Figure 1a, non-spherical particles display a uniform size distri-
bution. This morphology supports the formation of dense coatings because of favourable
splat behavior and particle-mitigation properties. The alumina powder’s particle size
distribution (PSD) was also examined and is shown in Figure 1b. The curve reveals a
narrow distribution centered around a D50 value of 24.86 µm, which is ideal for stable
powder feeding and effective melting during the plasma spray process. In the first set of ex-
periments, six cylindrical disk specimens were coated with alumina and then characterized.
These disk specimens were used to assess the as-sprayed surface condition of the coatings
through optical microscopy and 3D optical profilometry. Figure 2 shows the disk specimens.
For the second set of experiments, rectangular specimens (beam shape) were obtained by
cutting disk specimens. Rectangular beam specimens were used in three-point bending
tests to quantify coating adhesion properties. Table 1 lists the coating process parameters
for each disk, including coating thickness, APS plasma power, axial length of the substrate,
and diameter. In the second set, six coated rectangular beam specimens were used for
microstructural and porosity analysis, Vickers hardness measurements, and three-point
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bending tests. Table 2 presents the coating process parameters for these beam specimens
along with their dimensions.

Figure 1. (a) SEM micrographs of alumina powder at 200×, 500×, and 1000×; (b) particle
size distribution.

Figure 2. Disk samples: (a) coated surface and (b) side view.

Table 1. Coating process parameter and dimensions for disk specimens.

Specimen ID Coating
Thickness (µm)

APS Plasma
Power (kW)

Total Axial
Length (mm) Diameter (mm)

Disk 1 300 39 88.3 33
Disk 2 300 45 88.3 33
Disk 3 500 39 88.5 33
Disk 4 500 45 88.5 33
Disk 5 1000 39 89.0 33
Disk 6 1000 45 89.0 33

https://doi.org/10.3390/jmmp10020068

https://doi.org/10.3390/jmmp10020068


J. Manuf. Mater. Process. 2026, 10, 68 5 of 23

Table 2. Coating process parameter and dimensions for beam specimens.

Specimen ID Coating
Thickness (µm)

APS Plasma
Power (kW)

Total Axial
Length (mm)

Dimensions
(Lxhxb, mm)

Beam 1 300 39 2.75 24.5 × 9 × 2.75
Beam 2 300 45 2.55 23 × 11 × 2.55
Beam 3 500 39 3.20 28 × 9 × 3.20
Beam 4 500 45 2.75 29 × 8.5 × 2.75
Beam 5 1000 39 2.00 27 × 10 × 2
Beam 6 1000 45 2.50 29 × 8 × 2.5

2.2. Coating Deposition

Alumina ceramic coatings were applied to cylindrical 100Cr6 steel substrates by means
of the Atmospheric Plasma Spraying (APS) technique. Before deposition, the surfaces of the
substrates were sandblasted with alumina to enhance mechanical interlocking. A Ni-based
interlayer, approximately 100 µm thick, was initially deposited under optimized condi-
tions to improve adhesion between the ceramic topcoat and the steel substrate. Coating
thicknesses of approximately 300 µm, 500 µm, and 1000 µm were obtained by controlling
the number of spray passes (≈12.4 µm/pass) under otherwise fixed deposition settings.
For all alumina topcoats, the powder feed rate was 31 g min−1, and for the Ni interlayer, it
was 21 g min−1 (Table 3). Coatings of each thickness were deposited at both 39 and 45 kW
power levels. An epoxy-based sealant was applied to the coated surfaces and was also
present during three-point bending tests to reduce open porosity and improve environmen-
tal durability. All coatings were applied under stationary spray geometry, meaning that the
substrate was kept fixed and that the spray angle and stand-off distance were kept constant
throughout each deposition run (90◦ relative to the surface and 120 mm, respectively).
A complete summary of the process parameters for both the nickel-based interlayer and
the alumina coating can be found in Table 3.

Table 3. Coating process parameters for nickel based interlayer and alumina coating.

Parameter Description Ni Interlayer Alumina Coating

Arc Power (kW) Plasma generation power 43 49

Plasma gas Plasma-generating gas Argon-H2 Argon-H2

Carrier Gas Powder-transporting gas Argon Argon

Powder Feed Rate (g/min) Rate of powder feeding 21 31

Spray Angle Relative to the surface 90◦ 90◦

Thickness per pass
(µm/pass)

Thickness deposition per
spray pass - 12.4

Stand-off Distance (mm) Nozzle-to-substrate
distance - 120

APS Plasma Power (kW) Power setting during
coating - 39.45

2.3. Surface and Microstructure Analysis

Surface morphology and integrity of the plasma-sprayed Al2O3 coatings on disk spec-
imens were assessed by digital optical microscopy (VHX-7000, Keyence, Itasca, IL 60143,
USA) to examine coating continuity and screen for surface-connected defects (e.g., open
pits, pull-outs, cracks). Complementary surface topography was quantified using a Zygo
NewViewTM 3D optical profilometer. For each processing condition (six disks), five non-
overlapping regions per disk were scanned to ensure adequate spatial coverage and statis-
tical representativeness of the roughness data.
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Pre-Bending Observations: Cross-sections of the coated beams were examined by a
Keyence microscope to document layer architecture, thickness uniformity, and coating
integrity and to screen for defects such as cracks, delamination, or other interfacial dis-
continuities between the alumina coating and the steel substrate. Following bending tests,
the specimens were re-examined both in the cross-section and on the top surface to iden-
tify damage and failure modes (e.g., crack initiation, propagation, interfacial debonding,
chipping, and spallation) attributable to mechanical loading. Cross-sectional features of
the coated beam samples were examined using a Jeol SEM instrument. The SEM analysis
of the coated beam specimens’ cross-sections aimed to assess the integrity and uniformity
of the coating at the interfaces between the alumina topcoat, the Ni bond coat and the
steel substrate and to identify cracks or other imperfections. SEM observations were then
performed using a JEOL scanning electron microscope equipped with an EDS system
under high-vacuum conditions using backscattered-electron imaging (BSE; BED-C detector).
Overview SEM micrographs were acquired at 100× magnification to document coating
morphology and layer structure, and the Al2O3/Ni and Ni/steel interfaces were system-
atically inspected along the cross-section by acquiring multiple adjacent fields of view.
Cross-section positions were selected from the mid-region of the coated beam specimens.
At low magnification (100×), the Al2O3/Ni and Ni/steel interfaces were systematically
inspected along the cross-section by acquiring multiple adjacent fields of view to assess
coating continuity, interfacial integrity, and the presence of cracks or other imperfections.
Higher-magnification SEM images were acquired at 1000× to inspect interface continuity,
and SEM–EDS elemental maps were collected on representative interfacial regions to docu-
ment material distribution across the coating system. For surface microstructural features,
SEM micrographs were acquired at 2000×. SEM was operated at an accelerating voltage of
20 kV with a working distance in the range of 7.7–12.7 mm.

Post-Bending Observations: Cross-sectional SEM (BSE) and SEM–EDS analyses were
performed on selected damaged regions to identify crack initiation/propagation paths,
characterize failure modes, and assess potential interfacial degradation. The surface and
cross-sectional porosity of the APS Al2O3 coatings on beam specimens was quantified by
SEM-based image analysis. For cross-sections, the region of interest was restricted to the
Al2O3 topcoat (excluding the Ni interlayer and steel). Images were calibrated in ImageJ 1.54p.
Images were normalized and binarized with a global threshold (Otsu); masks were denoised
and edge-touching features were excluded before calculating areal porosity (%).

2.4. Vickers Hardness (HV2) and Adhesion Tests

The cross-sectional Vickers hardness (HV2) of the coated beams was measured using
an Innovatest Vickers hardness tester following the ISO 6507-1 Standard [27]. A test force
of 2 kgf with a dwell time of 6 s was applied. For each sample, five indents were made
within the coating near the coating–substrate interface, positioned at a distance of at least
2.5 times the diagonal length (d) from the interface and at least 3d apart from each other.
The results are reported as the average of five measurements. The adhesion strength of
plasma-sprayed alumina coatings was assessed using a pull-off tensile test, according to
the ASTM C633 Standard [28]. In this method, two cylindrical specimens (coated and
uncoated) were bonded together with a high-strength epoxy adhesive, as shown in Figure 3.
The bonded assembly was mounted in a tensile testing machine, and a load was applied
perpendicular to the coating–substrate interface until failure occurred. For a 300 µm coating
applied with a 45 kW APS gun, an adhesion strength of 63 MPa was measured. Data are
available only for the 300 µm/45 kW coating, while the remaining pull-off results cannot
be disclosed due to industrial confidentiality.
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Figure 3. Pull-off adhesion (ASTM C633) test configuration.

2.5. Bending Test

Three-point bending tests were performed at room temperature on six coated beam spec-
imens using a MTS Qtest10 universal testing machine with a three-point fixture. The coated
surface was positioned to undergo tensile stress. Figure 4 shows the test setup. Tests were
conducted in displacement control at a crosshead rate of 0.02 mm min −1 with a support span
of L = 16 mm. Mid-span deflection δ was recorded by the machine software and used for strain
calculations. Force-deflection curves were acquired, and then, data were processed to obtain
the stress that detaches the coating from the substrate or the stress that breaks the coating
in a bending condition. Nominal equivalent maximum flexural stress (σf ) and maximum
flexural strain (ε f ) were evaluated from classical beam theory (Equations (1) and (2)), where F
is the maximum load at fracture, b is the specimen width, h is the specimen thickness, δ is
the displacement of the crosshead and D is the distance between the supports during testing.
By means of a bi-layer composite model, the stress distribution was calculated in the two
layers as a function of applied force and specimen bending and central displacement. These
results allowed the estimation of the interface’s shear stress. The model was parametrized in
specimen dimensions and layer thicknesses. The experimental bending test data allowed us
to correctly calibrate the elastic modulus of the coating layer.

Figure 4. Three-point bending test setup.

σf =
3FD
2bh2 (1)

ε f =
6δh
D2 (2)

https://doi.org/10.3390/jmmp10020068
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3. Results
3.1. Surface Morphology and Microstructural Characterization

Figure 5 shows representative 10× optical micrographs of the as-sprayed Al2O3-coated
disk surfaces for the six processing conditions (a–c: 39 kW; d–f: 45 kW; increasing thickness
from 300 to 1000 µm). Within the inspected fields of view at this magnification, no macro-
scopic surface cracks, bare-substrate exposures, or large delaminated/spalled regions were
observed. Isolated dark specks/open pits are visible on all surfaces. Since the disks (and
the derived beams) were in the sealed condition, the epoxy sealant may partially fill some
surface-connected pores; therefore, the ’open-pit’ features visible at 10× and the SEM/ImageJ
surface-porosity values should be interpreted as representative of the sealed surface state.
Upon zooming, faint linear marks attributable to surface preparation/handling are also visible
and are not interpreted as coating cracks. Because 10× imaging cannot resolve sub-micrometre
defects, differences among conditions at this scale are reported qualitatively; micro-defects
below the optical resolution are assessed via SEM/ImageJ surface-porosity quantification
together with roughness measurements (Table 4).

Figure 5. Keyence 10× micrographs of Al2O3 coatings: 39 kW (a–c) vs. 45 kW (d–f).

Figure 6 shows cross-sectional images of the six beams (1–6) taken with the Keyence
microscope. A continuous, well-bonded interface is visible from the top ceramic layer
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through the Ni-based interlayer to the steel substrate. The steel–interlayer interface appears
uniform and straight, indicating consistent adhesion. The interface between the ceramic
and interlayer exhibits a more uneven, interlocking pattern, likely due to the increased
surface roughness and porosity of the ceramic layer, which helps mechanically anchor the
interlayer [29]. No observable cracks, delamination, or significant defects suggest that the
overall coating remains intact. These six beam samples were then embedded in resin and
gradually ground and polished to create a flat cross-sectional surface for SEM and EDS
analysis. The SEM images captured at 100× magnification in Figure 7 provide an overview
of the coating’s morphology and layer structure. The alumina coating appears continuous
and well-adhered, with no significant delamination or macroscopic defects visible at this
scale. The lamellar structure of the plasma-sprayed coating is evident and consistent with
the rapid solidification of molten ceramic splats during deposition. The coating thickness
varies across the observed cross-section.

Figure 6. Keyence 100× micrographs of beam cross-sections: 39 kW (a–c) vs. 45 kW (d–f).

Figure 7. SEM micrographs of beam cross-sections: 39 kW (a–c) vs. 45 kW (d–f).

Figure 8 shows cross-sectional SEM images at 1000× magnification for Beam 3 (a) and
Beam 4 (b). The images reveal that both the coating–interlayer and interlayer–substrate
interfaces are continuous and display excellent adhesion [29], with no visible gaps or
signs of delamination. A mechanical interlock forms between the Al2O3 topcoat and the
Ni interlayer when molten splats adhere to the roughened metal surface and engage its
asperities [30,31]. Adding a Ni interlayer helps balance CTE mismatch strains at the coating–
substrate interface and reduces interfacial cracking during cooling and operation [32]. EDS
maps of the Beam 3 cross-sections at 1000×, shown in Figure 9, confirm the compositional
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separation between the alumina topcoat, Ni interlayer, and 100Cr6 steel substrate. The Al-K
map not only exhibits a strong aluminium signal in the ceramic layer but also detects traces
of alumina beneath the Ni-rich region, suggesting local infiltration or splat penetration
into surface imperfections of the interlayer. The Ni-K signal clearly delineates the metallic
interlayer, while Fe-K and Cr-K signals are limited to the steel substrate. The partial
presence of alumina below the Ni interlayer supports the role of mechanical interlocking at
the ceramic–metal interface. It may also indicate areas of incomplete interlayer coverage
during spraying.

Figure 8. Micrographic cross-sectional SEM images at 1000× magnification for Beam 3 (a) and Beam 4 (b).

Figure 9. Qualitative EDS maps for Beam 3 (500 µm, 39 kW). Color/brightness represents relative
EDS signal intensity (brighter = higher counts), and the colors are used for visualization.

Figure 10 presents a 2000× SEM image of the surface of Beam 3 (500 µm, 45 kW).
The surface shows larger splats with a typical cauliflower-like structure. This morphology
was compared with earlier studies and found to be very similar [33,34].

Table 4 and Figure 11 relate to roughness measurements. Each scanned area measured
0.861 mm by 0.861 mm on the disk samples, and the arithmetical mean surface roughness
(Ra) was recorded. The average values from these five scans were calculated and are
shown in Table 4 for all samples. Additionally, 3D topographic maps and surface profiles
were created for each sample to visually assess the surface morphology, as shown in a
representative image of disc 1 in Figure 11.
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Figure 10. SEM micrograph: surface morphology of Beam 3 (500 µm, 45 kW).

Table 4. Roughness values of the coated cylinders.

Samples Disc 1 Disc 2 Disc 3 Disc 4 Disc 5 Disc 6

Thickness (µm) 300 500 1000 300 500 1000

Plasma Power (kW) 39 39 39 45 45 45

Average Ra (µm) 1.0708 1.1180 1.0750 0.9601 1.1836 0.9252

Figure 11. 3D topographic map and line profile of Cylinder 1 (300 µm and 39 kW) surface. Optical
profilometry surface-height map (a) and corresponding intensity image (b) for an APS Al2O3-coated disk.

Table 4 and Figure 11 summarize the roughness results of the coated disk surfaces. The mea-
sured Ra values fall within a narrow range (0.93–1.18 µm) across all six conditions, and no
monotonic dependence on coating thickness (300–1000 µm) or torch power (39 vs. 45 kW) is
evident within the investigated window. Minor, non-monotonic variations are observed among
conditions; however, the 3D maps/line profiles show faint unidirectional surface-preparation
marks across all samples, indicating that the post-coating surface finishing process was per-
formed by the coating company. In APS alumina coatings, torch power can influence roughness
through changes in particle melting and splat formation; for example, Šuopys et al. reported a
decrease in roughness with increasing torch power (29.4 to 45.1 kW) for plasma-sprayed Al2O3

coatings [35]. Moreover, thermally sprayed coatings are frequently subjected to post-spray
finishing (e.g., grinding/turning) to achieve a target surface quality, which can reduce the ap-
parent sensitivity of roughness to deposition parameters in the final prepared surface state [36].
Additionally, the 3D profiles showed surface height differences of approximately 5–10 µm,
indicating a notable increase in surface roughness compared to the original steel substrate
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before coating. The obtained roughness values of the coated cylinders show no significant trend
related to coating thickness or plasma power. The roughness values suggest that, under the
chosen spraying conditions, the surface topography was mainly influenced by the inherent
APS deposition characteristics and subsequent surface finishing, rather than by changes in
parameters such as thickness or power level. Qualitative analyses of the surface topographies
also revealed unidirectional polishing marks across all samples, as shown in the 3D height
maps and line profiles (Figure 11). These linear streaks are likely caused by the post-coating
surface finishing process performed by the coating company. Porosity was evaluated from
SEM images using ImageJ. Polished cross-sections were imaged in BSE mode, and as-sprayed
surfaces in SE2 mode at 2000× magnification. Two size-based metrics were reported for each
condition: (i) total porosity (Size = 0–∞ µm2) and (ii) macro-porosity (size ≥ 0.0707 µm2; equiv-
alent diameter ≥ 0.30 µm). For surfaces, five independent fields were analysed and averaged.
For cross-sections with only one available field, porosity was averaged over a 3 × 3 grid of ROIs
across the coating thickness and reported as the mean. Figures 12 and 13 display the results of
the porosity analysis.

Figure 12. Cross-section porosity analysis of coatings vs. thickness and plasma power.

In cross-sectional porosity analysis, increasing plasma power from 39 to 45 kW generally
reduces internal (interlamellar) porosity and correlates with the observed rise in hardness,
except at 500 µm, where porosity is higher at 45 kW. The main trend aligns with higher particle
temperatures at increased torch power, which promotes splat melting and bonding, thereby
decreasing voids and increasing hardness [37–39]. The exception at 500 µm is not attributed
to a unique origin. One plausible explanation reported for APS ceramics is that, under higher
particle temperatures and rapid solidification, limited outgassing may promote a shift in pore
population (e.g., more rounded pores), which can increase the measured 2D area fraction
even if inter-splat porosity is locally reduced [40]. However, additional factors may also
contribute to this phenomenon, including local deposition/reheating history at intermediate
thickness, variability in splat stacking/inter-splat bonding, and the sensitivity of 2D image-
based porosity to specimen preparation and thresholding; therefore, the interpretation is
discussed as a hypothesis rather than a single definitive mechanism. These mechanisms, along
with the inverse porosity–hardness relationship in APS ceramics, are well documented [40].
In surface porosity analysis, open-pit surface porosity exhibits a different pattern: at 300 µm, it
is higher at 45 kW (more and larger pits), whereas at 500 and 1000 µm, it is lower at 45 kW [39].
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SEM surface imaging emphasizes topographic features; therefore, surface-connected cavities
(open pits) associated with splat impact/splashing or local outgassing can be prominent
on the surface, even when the bulk cross-section appears to be less porous. SE2 highlights
topography; therefore, open cavities caused by hot splat splashing or volatile release are
prominently captured on the surface, even when the bulk section appears denser.

Figure 13. Surface porosity analysis of coatings vs. thickness and plasma power.

3.2. Mechanical Properties and Failure Modes

Hardness tests were performed on polished cross-sections of the coated beam spec-
imens to evaluate the hardness of the alumina coatings. The samples were embedded
in resin and gradually ground and polished to achieve a smooth cross-sectional surface
(Figure 14). This method was chosen to eliminate any influence from the steel substrate
and to facilitate hardness measurements near the coating–substrate interface. Vickers
indentations were made using a load of 2 kg (HV2); lower loads produced indents that
were too small to be reliably distinguished on the dark, porous coating microstructure.
The hardness measured values are reported in Figure 15. These values were consistently
lower than those typically reported in the literature for dense sintered alumina, approx-
imately 18–20 GPa (≃1800–2000 HV) [41]. The low particle velocity in the APS process
resulted in poor interlamellar adhesion and significant splat fragmentation. Consequently,
splat fragmentation creates interlamellar gaps and increases porosity, ultimately reducing
the coating’s hardness [42].

The 500 µm coatings reached the highest hardness (≃783 HV at 45 kW, 752 HV at
39 kW). Thinner (300 µm) coatings are softer (698–752 HV), likely due to incomplete lamella
overlap and higher surface-connected porosity. Thicker (1000 µm) coatings also show
reduced hardness (711–731 HV), attributed to higher residual stresses, microcracking and
pore coalescence with increasing thickness. At all thicknesses, 45 kW consistently yields
higher hardness than 39 kW, owing to higher particle melting, better splat flattening and a
denser microstructure. However, at 1000 µm, the power effect diminishes (723 vs. 711 HV),
since thickness-driven stresses and defects dominate over plasma conditions [37].
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Figure 14. Hardness measurement: (a) the embedded coated beam specimen (cross-section);
(b) Vickers indentations on the ceramic coating.

Figure 15. Hardness values of cross-sectioned coated beams (HV2).

3.3. Bending Tests

Figure 16 summarizes the three-point bending load–displacement curves grouped by
coating thickness and deposition power. The maximum peak corresponds to the detach-
ment and brittle cracking and failure of coating. Curves for 45 kW reach higher maximum
forces and display a broader, rounded post-peak, indicating greater energy absorption
(work of fracture) before instability, consistent with a tortuous, cohesive crack path marked
by deflection and branching along splat boundaries [39]. In contrast, 39 kW curves show
earlier, sharper drops, characteristic of unstable Mode-II interfacial delamination along
the Al2O3-Ni interface in layered beams [43,44] (Mode-II-like is used here qualitatively,
inferred from the bending geometry and the observed planar interfacial crack path; mode
mixity was not quantified). Small initial knees on some curves suggest contact-induced
lateral cracking beneath the loading nose; these subsurface cracks can feed nearby interfaces
but, at 45 kW, typically remain localized and do not trigger immediate global failure [45].

Figure 17 shows the maximum flexural stress–maximum flexural strain response
depending on coating thickness and plasma power. Across all thicknesses, specimens
deposited at 45 kW exhibit higher peak flexural stress and greater failure strain than
those deposited at 39 kW; the initial slope (apparent modulus) remains similar or slightly
higher at 45 kW. The 1000 µm coatings tend to deviate from linearity earlier and show
lower peak stress compared to the 500 µm coatings, indicating that thickness influences
residual stresses and defects. Curves with a broader post-peak, especially 500/45 and
1000/45, suggest cohesive intra-coating growth with deflection or branching along splat
boundaries, which increases energy dissipation. Conversely, sharp drops at low strain,
typical of the 39 kW samples, indicate Mode-II interfacial delamination along the Al2O3-Ni
interface [46]. The results suggest a practical upper bound on coating thickness for fully
exploiting the benefits of the 45 kW condition. While 45 kW promotes densification and
higher flexural strength at 300–500 µm, thickness-driven damage mechanisms become
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increasingly dominant at 1000 µm (residual-stress-assisted cracking, interlamellar defect
networking, and easier linkage to the interface), leading to diminishing returns. Although a
universal critical thickness cannot be defined from the current dataset, the trend indicates
that this upper bound is approached near the upper end of the investigated range (between
500 and 1000 µm) for the present coating/interlayer/substrate system.

Figure 18 summarizes the maximum flexural strength across different thicknesses and
plasma powers. Flexural strength peaks at 500 µm and decreases at 1000 µm; for each
thickness, 45 kW exceeds 39 kW. Consistent with the idea that higher torch energy enhances
particle melting, wetting, and reduces porosity, defects are observed in APS alumina [35,38].
The lower strengths at 39 kW align with Mode-II interfacial delamination, characterized by
long planar cracks along the Al2O3-Ni interface, and broad surface spallation. At 45 kW,
failure involves short, tight interfacial segments with increased crack deflection and branch-
ing within the alumina (cohesive-leaning), resulting in a tougher, more energy-absorbing
crack path and higher strength [46,47]. The 1000 µm drop reflects thickness-related residual
stresses and more interlamellar defects, which promote early crack networking and easier
linkage to the interface [38,48].

Figure 16. Load–displacement curves, grouped by thickness and power.

Figure 17. Flexural stress–strain curves vs. thickness and plasma power.
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Figure 18. Flexural strength vs. thickness and plasma power.

Fractographic Analysis After Bending Test

Microscopy post-bending micrographs (Figure 19) show that coatings deposited at
39 kW (a–c) display tortuous cracking with areas of surface delamination and spallation,
which are typical of APS lamellar microstructures where pores promote crack branching and
lamellar interfaces deflect cracks [46,49]. Large peeled regions are indicative of adhesive
failures at the coating–interlayer interface, while fragmented areas within the ceramic
suggest cohesive failure within the topcoat. Conversely, coatings deposited at 45 kW (d–f)
appear more intact; higher torch power increases particle flattening, generally decreases
porosity, and enhances inter-splat bonding, which improves resistance to bending-induced
fracture [35]. Panel (d) shows a localized, non-linear crack with limited delamination
(mixed mode), (e) displays a more transverse, nearly linear crack without delamination,
and severe chipping is observed only in (f) [50].

Figure 19. Keyence 100× micrographs of beam surfaces after bending: 39 kW (a–c) vs. 45 kW (d–f).

After evaluating the beam surfaces following the bending test, this section presents
cross-sectional SEM micrographs of the beams’ microstructure after post-bending. Figure 20
illustrates crack propagation in beam 1 (300 µm, 39 kW). (Top): The top shows optical
images of the cross-section used to identify damage; colored circles highlight regions
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of interest. (Bottom): The bottom shows targeted SEM-BSE views of the same regions.
In Region A, crack propagation mainly occurred adhesively along the alumina–Ni interface
(interfacial delamination), with secondary branching into the ceramic (indicated by the
pink rectangular area). Region B exhibits mixed-mode behavior: short adhesive segments
at the interface combined with cohesive crack deflection within the lamellar alumina.

Figure 20. SEM cross-section after bending; Beam 1 (300 µm, 39 kW); regions A—C. Crack initiation
at the coating–substrate interface (a); interfacial crack propagation / local debonding (b); crack
branching with secondary cracks (c).

Region C is mostly cohesive, with the interface remaining bonded and damage limited
to small intra-coating microcracks [46]. Figure 21 shows the EDS analysis of Region A
(Figure 20). Region A displays interfacial (adhesive) delamination at the Al2O3-Ni boundary
after bending, while the Ni-steel interface remains intact.

Figure 21. EDS map: Region A in Beam 1 (300 µm, 39 kW).

Figure 22 shows the crack growth in beam 2 (300 µm, 45 kW). Cross-sectional SEM
analysis reveals a mixed-mode crack path: (i) a shallow lateral crack layer nucleated beneath
the contact and (ii) segments of interfacial delamination along the Al2O3-Ni interlayer
caused by high interfacial shear (Mode II). As the crack exits the contact zone, it transitions
to cohesive propagation within the alumina, with visible deflection along splat boundaries
and occasional branching, forming a tortuous, energy-dissipating path [46,51–53].
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Figure 22. SEM cross-section after bending; Beam 2 (300 µm, 45 kW).

Figures 23 and 24 show the crack growth in Beams (3 and 4) with a thickness of
500 µm and powers of 39 kW and 45 kW, respectively. Figure 23 shows a Mode-II (shear)
interfacial delamination running along the Al2O3-Ni boundary with tight crack faces and
no continuous resin-filled gap. The local crack opening is smaller than 45 kW, and it remains
confined to a narrow band beneath the loading span, consistent with an interface-controlled
path and the broader spalled region seen in the top-view image (Figure 19). Figure 24 shows
that the crack path is likewise interfacial (Mode-II dominated); however, a localized wedge-
shaped opening is observed immediately under the loading nose, with crack opening
larger than 39 kW. The crack remains tight from the contact zone and does not evolve into
wide-area delamination, in agreement with the top-view image (narrow scuff and no large
spall). Because crack opening is a local quantity that can be amplified by contact/buckling
effects and sectioning geometry, we interpret it together with surface evidence and the
limited spatial extent of the debond [46,51–53].

Figures 25 and 26 show crack growth in Beam 5 and in Beam 6 that are 1000 µm thick,
exposed to power levels of 39 kW and 45 kW, respectively. In Figure 25, damage begins
under the loading nose and spreads across a wide, rough, spalled area. Adhesive interfacial
delamination along the Al2O3-Ni interlayer is mainly Mode-II shear-dominated. The broad
peel indicates that the interface is the weakest pathway. SEM reveals a branched network of
cohesive cracks (interlamellar or splat-boundary) that periodically connect to the interface.
These connections feed the delamination front, allowing the spalled region to expand.
At this thickness and power, high residual contact-induced shear plus a defect-rich lamellar
structure favour interface-controlled failure with extensive peeling. In Figure 26, a narrow
scuff band forms beneath the loading nose; the surrounding surface remains largely intact
with limited local peel. Still, interfacial segments are present (Mode-II shear), but they are
short and intermittent. SEM shows a long lamella-parallel (interlamellar) crack within the
alumina, with deflection and occasional branching; these cohesive paths dissipate energy
and confine the damaged zone. Although the crack touches the interface, the failure is
less prone to delamination than at 39 kW. Higher torch power improves splat wetting and
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cohesion, so the fracture becomes more cohesive with limited adhesive segments and less
delaminated area [46,51–53].

Figure 23. SEM cross-section after bending; Beam 3 (500 µm, 39 kW).

Figure 24. SEM cross-section after bending; Beam 4 (500 µm, 45 kW).
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Figure 25. SEM cross-section after bending; Beam 5 (1000 µm, 39 kW).

Figure 26. SEM cross-section after bending; Beam 6 (1000 µm, 45 kW).

4. Conclusions
• Increasing torch power to 45 kW generally reduced cross-sectional porosity; the

500 µm condition showed globular pores, consistent with gas entrapment at higher
thermal input.

• Surface roughness stayed near 1.0 µm (Ra) for all conditions and did not drive the
observed mechanical responses.

• Vickers hardness (HV2) increased with torch power and peaked at approximately 500 µm;
the reduced values at 300 µm were attributed to incomplete lamellar overlap and open
porosity, while those at 1000 µm were attributed to residual-stress-assisted microcracking.

https://doi.org/10.3390/jmmp10020068

https://doi.org/10.3390/jmmp10020068


J. Manuf. Mater. Process. 2026, 10, 68 21 of 23

• Flexural strength was maximized at 500 µm and was higher at 45 kW than at 39 kW;
fractography showed a shift from interface-dominated delamination to cohesive,
tortuous intra-coating cracking at 45 kW.

• For adhesion, 63 MPa was measured for 300 µm/45 kW; additional statistics are not
disclosed under industrial confidentiality.

• In this study, a coating thickness of 500 µm and a torch power of 45 kW are sup-
ported for Al2O3 coatings on 100Cr6 steel with a Ni interlayer. Densification and
crack-path deflection are balanced under these conditions, improving hardness and
flexural properties.

Future work will (i) expand mechanical durability assessment through cyclic three-
point bending on coated beam specimens and (ii) investigate tribological performance
by conducting wear tests (e.g., ball-on-disk/pin-on-disk) on coated disks to link rough-
ness/open pits to friction and wear mechanisms. In parallel, adhesion will be quantified
with increased statistical coverage (multiple replicates) and complemented by fracture-
based metrics where possible. Finally, XRD will be employed to determine the Al2O3 phase
composition (α/γ) and to assess residual stresses, enabling a more complete interpretation
of the power- and thickness-dependent microstructure and failure behavior.
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