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Abstract 

Plasma sprayed Cr2O3 is widely used to protect industrial components against wear. The present 

study seeks to clarify how its properties can be modified by alloying with other oxides. Therefore, 

pure Cr2O3 and Cr2O3-25%TiO2, Cr2O3-16%Al2O3, Cr2O3-35%Al2O3, Cr2O3-10%ZrO2 and Cr2O3-

20%ZrO2 coatings were studied. All samples were obtained from pre-alloyed feedstock. 

Cr2O3-TiO2 and particularly Cr2O3-Al2O3 powders exhibited higher deposition efficiency than did 

pure Cr2O3 and Cr2O3-ZrO2 ones. All coatings consist of supersaturated eskolaite-based solid 

solutions and small amounts of metallic Cr. Cr2O3-ZrO2 samples also contain cubic and monoclinic 

ZrO2. 

Compared with pure Cr2O3 and Cr2O3-Al2O3 coatings, the Cr2O3-25%TiO2 and Cr2O3-ZrO2 ones 

exhibit lower Vickers microhardness but higher toughness, qualitatively assessed by scratch testing. 
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The sliding wear resistance of the coatings against Al2O3 and ZrO2 balls ranks as their hardness, 

though ZrO2 counterparts cause systematically more severe wear. Pure Cr2O3 is therefore the most 

sliding wear resistant of all samples, whilst Cr2O3-25%TiO2 suffers very severe wear.  

Dry particles' abrasion, by contrast, is controlled by toughness. The resistance to abrasive wear is, 

therefore, predicted by scratch testing. The various coatings rank almost the opposite as they did in 

sliding wear tests, with comparative lower wear losses for Cr2O3-25%TiO2 and (most of all) Cr2O3-

ZrO2 samples. 

 

Keywords: Thermal spray coatings; Engineering ceramics; Sliding wear; Two-body abrasion; 

Hardness. 
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1. Introduction 

Plasma sprayed Cr2O3 coatings find numerous industrial applications to provide protection against 

sliding and abrasive wear. Some relevant examples include papermaking rolls and blades [1], 

Anilox printing rolls [2], hydraulic seal joints, hydraulic rods and textile rolls [3,4], pump parts 

including rotors, shaft sleeves, seals, vanes and other wear parts [3,5], and components for high-

speed automatic machinery, such as packaging [6] and food processing [7] machinery. Cr2O3 is also 

among the few coating materials that are potentially suited to food-contact applications, because its 

wear and corrosion resistance minimize the release of undesirable substances into the product [8]. 

Other extant or potential applications include the protection of cylinder rings in internal combustion 

engines [9–12], sheet metal punching dies [13], ball valves and seats in hydrometallurgical 

applications [14]. 

Alloying Cr2O3 with other oxides is a way to modify the properties of the resulting coatings and, to 

overcome some of the potential limitations involved. Pure Cr2O3 coatings are known to have 

outstanding sliding wear performance [15,16], usually superior to other kind of plasma sprayed 

oxide ceramic coatings (e.g. Al2O3). They can also offer good resistance to other wear processes, 

e.g. in slurry erosion conditions [17]. However, their brittleness might be an issue, especially when 

local contact pressures become very high. Indeed, a high-load contact with a hard asperity can 

trigger wear by macro-fracture [18]. This might impair the coatings' performance e.g. under high-

load abrasion [16,19] or dry particles' erosion [20,21] conditions. 

Two different alloying strategies have been pursued in the literature and the industrial praxis: either 

small additions of one or more alloying oxides, or high-alloyed powders. 

Cr2O3 powders alloyed with small (<5 wt.%) amounts of TiO2 and/or SiO2 [22–24] are 

commercially established materials. They are offered either as fused oxide alloys, mechanical 

blends, or clad-type powders. In particular, Cr2O3 - 5wt.%SiO2 - 3 / 4wt.%TiO2 compositions are 

routinely offered along with pure Cr2O3 in the catalogues of thermal spray feedstock manufacturers, 

some examples of which can be found in [25–27]. These small additions are meant to develop a bit 
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of glassy phase with low melting point, in order to strengthen the boundary between adjacent 

lamellae in a coating. They are not supposed to alter the “intrinsic” characteristics of a Cr2O3 

composition. 

Conversely, if Cr2O3 is alloyed with a large amount of a second oxide phase, the properties of the 

resulting material can change remarkably, and open new application possibilities. A few pre-alloyed 

Cr2O3-Al2O3, Cr2O3-ZrO2 and Cr2O3-TiO2 feedstock powders are indeed available on the market. 

However, this avenue has not been explored systematically in the literature. The few extant papers 

are usually limited to the comparison between pure Cr2O3 and one high-alloy system only, the most 

frequently documented of which is Cr2O3-TiO2. The phase evolution of this system as a function of 

chemical composition is quite well known. Up to 45 wt.% TiO2, i.e. on the Cr2O3-rich side of 

interest to the present work, the system reportedly develops an eskolaite-type solid solution (i.e. Ti 

substituting for Cr in the Cr2O3 lattice) and binary phases: Cr2Ti2O7, which is thermodynamically 

stable to room temperature, and/or Cr2TiO5, which is stable at high temperature but might be 

retained in metastable conditions to room temperature [28]. Nonetheless, data on wear resistance 

and tribological performances is not abundant. L.-M. Berger et al. reviewed the available literature 

[29], which suggests that Cr2O3-TiO2 systems might not exhibit better sliding wear resistance than 

pure Cr2O3, at least at room temperature. This seems to be confirmed by the higher wear rates 

reported by L.-M. Berger et al. [30] and F.-L. Toma et al. [31] for Cr2O3-TiO2 coatings in 

comparison to pure Cr2O3 ones under ball-on-disc test conditions. This might be related to the lower 

hardness of Cr2O3-TiO2 coatings, which was independently verified for TiO2 contents up to 25 wt.% 

[32] and 32 wt.% [33]. Further, Barbezat et al. reported that plasma sprayed Cr2O3 – 10, 20 and 30 

wt.% TiO2 exhibit slightly higher wear rates than pure Cr2O3 under abrasive pin-on-disc test 

conditions (coated pin sliding against a 150-mesh SiC abrasive paper) [19]. On the other hand, 

Vernhes et al. showed a more complex picture [14]. Whilst they confirmed that plasma sprayed 

Cr2O3 is more sliding wear resistant than Cr2O3-TiO2 coatings (the composition of the latter has not 

been disclosed), they also found that one kind of Cr2O3-TiO2 coating is superior to Cr2O3 under wet 
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and dry abrasion conditions. Hence, the Cr2O3-TiO2 system deserves further investigations to clarify 

its potential. 

Even fewer data is available concerning other, potentially interesting binary systems, such as Cr2O3-

Al2O3 and Cr2O3-ZrO2. Information on thermal spray coatings belonging to the latter system is 

practically inexistent but for a few studies on Cr2O3-ZrO2-CaF2 for high-temperature applications, 

which are not pertinent to the scope of the present work [34,35]. The Cr2O3-Al2O3 system has 

mostly been studied on the Al2O3-rich side, seeking to use Cr2O3 as a means to promote the 

nucleation of α-Al2O3 instead of γ-Al2O3 [36–39], an effort which seems to have been met with only 

partial success. However, not much is known on the performance of Al2O3-doped Cr2O3 [29]. It 

should develop a single-phase, hexagonal solid solution [37], due to the complete mutual solubility 

of Al2O3 and Cr2O3 at high temperatures [29], together with the fact that Cr2O3 (unlike Al2O3) never 

forms metastable phases, even when impact-quenched. 

There is, therefore, a clear need to investigate the wear behaviour of Cr2O3-TiO2, Cr2O3-Al2O3, 

Cr2O3-ZrO2 alloys under various conditions, comparing them to pure Cr2O3, which is the goal of the 

present paper. Sliding and abrasive wear resistance have been specifically addressed through ball-

on-disc tests against different counterparts and rubber-wheel tests against quartz particles. The 

structure and microstructure of the coatings have also been analysed as a basis to understand the 

wear mechanisms. 

It should be mentioned that a very recent publication did examine the properties of plasma sprayed 

Cr2O3-Al2O3-TiO2 coatings [40]. However, that paper dealt with coatings obtained from blends of 

pure Cr2O3, Al2O3 and TiO2 powders. Apart from minor diffusion of low-melting TiO2 within the 

Cr2O3 splats, no interaction occurred among powder particles during plasma-spray processing. 

Therefore, the coatings did not consist of “true” alloys. They were composites, made of the 

juxtaposition of distinct, single-oxide splats [40]. Their properties, including the resistance to 

sliding wear, were intermediate between those of the individual constituents. 
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The present work, by contrast, uses pre-alloyed feedstock powders, where each particle is made of 

two intimately mixed oxide constituents, either in the form of a solid solution, a binary compound, 

or tightly bound pure oxides. Plasma spray processing of those powders is therefore expected to 

promote even better homogenization. As the particles melt, they form a single-phase liquid, which 

is then impact-quenched; hence, segregation would be unlikely. The response of these “true” alloy 

coatings cannot be regarded as a linear combination of individual constituents. 
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2. Experimental 

2.1. Feedstock powders 

Six distinct feedstock powders were employed for the present study (Table 1). They were all 

chromium oxide-based, including pure Cr2O3 and Cr2O3 alloyed with TiO2, Al2O3 and ZrO2. Two 

main criteria guided the selection of the powders: 

(1) Their particle size distributions had to be as close as possible, to avoid introducing an 

additional, confounding effect of size distribution on the properties of the resulting coatings. 

Differences among them must be essentially due to chemical composition alone. 

(2) The constituents in binary systems must be intimately mixed, i.e. the powders must consist of a 

homogeneous solid solution or, at least, contain both oxide phases within each particle, to study 

the effect of alloyed (not composite) coatings. 

Actual particle size distributions were verified in this work through laser diffraction analysis 

(Mastersizer 2000, Malvern Instruments, Malvern, UK, equipped with a Hydro-2000 S wet 

dispersion unit) and the results listed in Table 1 corroborate the assumption that size ranges are 

sufficiently similar as to avoid a major effect of this parameter on coating properties. Only minor 

discrepancies exist between nominal and measured size distributions, with the Cr2O3-10%ZrO2 

powder being finer than the others, whilst the pure Cr2O3 is slightly coarser. 

Table 1: Nominal and measured characteristics of the feedstock powders employed in this work. 

Designation Commercial name 

Nominal 

composition 

(wt.%) 

Nominal particle 

size range 

-d90+d10 [μm] 

Measured particle 

size distribution 

d10/d50/d90 [μm] 

#1 Amperit 704.1 1 Cr2O3 -45+22 21.7 / 34.3 / 53.5 

#2 Amperit 712.074 1 Cr2O3-25%TiO2 -45+15 18.7 / 31.5 / 51.6 

#3 Ruby L TSP 2 Cr2O3-Al2O3 N/A 20.5 / 29.5 / 42.4 

#4 Ruby TSP 2 Cr2O3-Al2O3 N/A 14.8 / 27.5 / 48.6 

#5 Cr2O3/ZrO2 90/10 3 Cr2O3-10%ZrO2 -36+10 14.6 / 24.0 / 39.0 

#6 Cr2O3/ZrO2 80/20 3 Cr2O3-20%ZrO2 -45+5 15.2 / 28.1 / 49.7 
1 Manufacturer: Höganäs - H.C. Starck, Laufenburg, Germany 

2 Manufacturer: Saint-Gobain Coating Solutions, Northampton, MA, USA 
3 Manufacturer: Ceram GmbH, Albbruck, Germany 
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Scanning electron microscopy (SEM) was employed to check the morphology of the powder 

particles and their cross-sectional microstructure. Morphological observations were carried out with 

a Quanta-200 SEM (FEI-ThermoFisher Scientific, Eindhoven, NL): a small amount of each powder 

was spread onto a bi-adhesive graphite disc for this purpose. Cross-sections were obtained by 

mixing the powders in a room-temperature setting epoxy resin, which was subsequently ground 

with SiC papers (from P400 to P2500 sizes) to expose the sections of the particles, and polished 

with a polycrystalline diamond suspension (3 μm average particle size) and a silica nanoparticles 

suspension (≈60 nm average size). Cross-sectional observations were performed using a Nova 

NanoSEM 450 microscope (FEI) equipped with a Si-drift Energy-Dispersive X-ray (EDX) detector 

(Quantax-200, Bruker, Billerica, MA, USA), with prior Au sputtering (≈10 nm) on the resins to 

provide sufficient electrical conductivity. 

 

2.2. Coating deposition 

Coatings were deposited by the APS technique using a PlasmaTechnik A-3000 S 4/2 system 

(Oerlikon Metco, Pfäffikon, Switzerland) equipped with a Saint Gobain ProPlasma torch (Saint-

Gobain Coating Solution, Avignon, France). Substrates were 50x100 mm plates made by Fe37 mild 

steel. 

The plates were welded on a support and sand blasted with abrasive alumina sand having 0.35 – 0.5 

mm particle size up to an average roughness Ra ≈ 3.5 μm. 

The plasma gun was controlled by a robotic arm programmed with a horizontal meandering pattern. 

Identical process parameters were employed for all feedstock powders, as listed in Table 2. The 

average voltage recorded as a result of the chosen parameters was in the 70 – 71 V range. 
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Table 2: Plasma spray parameters employed for all powders. 

Injector Angle 90° 

Spray distance [mm] 120 

Step [mm] 4 

Traverse speed [mm/s] 850 

Current [A] 650 

Argon flow rate [SLPM] 43 

Hydrogen flow rate [SLPM] 11 

Carrier gas (Ar) flow rate [SLPM] 3.3 

Powder feeder disc rotation 15% 

 

A disc-based volumetric powder feeder was employed. Its rotation speed was keep fixed for all 

powders to achieve similar volumetric feed rates, which were converted to mass feed rates by 

weighing the amount of each powder sprayed for 2 min (Table 3). 

 

Table 3: average mass feed rates measured for each powder during the spray experiments. 

Feedstock powder Measured average mass feed rate [g/min] 

Cr2O3 24 

Cr2O3-25%TiO2 23 

Cr2O3-Al2O3 19 

Cr2O3-Al2O3 16 

Cr2O3-10%ZrO2 21 

Cr2O3-20%ZrO2 23 

 

In the choice of process parameters, two different strategies were possible. On the one hand, each 

powder, as a function of its exact size distribution, density and melting range, might require slightly 

different torch settings to provide “optimal” coatings. However, this strategy would have implied 

some notable drawbacks, too. The concept itself of “optimal” is not univocally defined. Different 

optimization targets might be set: for example, maximizing deposition efficiency, hardness, or 

cohesive/adhesive strength; or minimizing porosity; or a combination thereof. On the other hand, 

changing the process parameters for each powder would have introduced a rather uncontrolled, 

confounding factor influencing the results. Therefore, to ensure that the differences among the 
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various coatings depend on chemical compositions only, identical process parameters were 

employed for all powders, which were chosen based on prior experience. It should be noted that the 

similarity among the particle size distributions means the “optimal” parameter settings for the 

various feedstock powders (however defined) would not differ much from one another. Though the 

plasma spray process is sensitive to process parameters, it is not exceedingly sensitive to small 

changes, so the coatings which would be obtained from individualized “optimal” settings would not 

have differed much from the one shown in this study. 

 

Deposition Efficiency (DE) has been estimated considering the mass effectively deposited on the 

substrate through eq. (1): 

𝐷𝐸 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑎𝑡𝑖𝑛𝑔

𝑠𝑝𝑟𝑎𝑦𝑒𝑑 𝑚𝑎𝑠𝑠
∙ 100 =

𝑉∙𝜌

𝑚̇∙𝑛∙(
𝐿

𝑣
)∙(

𝑙

𝑑
)

∙ 100   (1) 

Where: V = volume of coating, 𝑚̇ = powder feed rate, n = number of passes, L = length of the 

substrate, v = traverse speed, l = width of the substrate, d = pitch distance and ρ = density (assuming 

ρ-Al2O3=3.987 g/cm3 [41], ρ-TiO2=4.23 g/cm3 [42], ρ-ZrO2=5.68 g/cm3 [43]) 

The overall number of torch cycles in front of the substrates was adjusted to achieve a target 

thickness of 250 – 300 µm, which was checked during the spray sessions using an electromagnetic 

induction gauge (Elcometer 300, Elcometer, Manchester, UK). 

Moreover, during the spray sessions, a thermal camera imager (Ti300, Fluke, Norwich, UK) was 

directed to the samples in order to monitor the temperature, which was always kept around 100 °C 

by interrupting the deposition process for the necessary duration. 

 

2.3. Characterization of the structure and microstructure of coatings 

The phase composition of the coated samples was assessed by XRD, using the same conditions as 

for the feedstock powders (Section 2.1). 
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Coated samples were cut using automatic or semi-automatic metallographic cutting machines to 

preserve the coating integrity. Cross-sections were cold mounted in epoxy resin, cured at room 

temperature, then ground by SiC abrasive papers from P220 to P1200 size and polished through 

diamond pastes from 9 µm to 0.25 µm average size. 

Coating thickness was evaluated by optical microscopy (ZeissAxio Observer, Carl Zeiss 

Microscopy GmbH, Jena, Germany), the results are an average of four measurements took in 

different areas of each coating. Porosity values were estimated by digital images analysis, again 

performed on optical microscopy images taken at 200× magnification. The results are an average of 

four measurements on the same sample, carried out through the ImageJ analysis software. 

Additional observations of the coatings' cross-sectional microstructures were performed by SEM + 

EDX (Nova NanoSEM 450 with Quantax-200 EDX detector). Resin-mounted samples polished as 

described above were Au-sputtered as mentioned in Section 2.1 to ensure sufficient electrical 

conductivity of the whole surface. 

Depth-sensing Vickers micro-indentation (Micro-Combi Tester) was also performed on the same 

polished cross-sections of the coatings, using an indentation load of 3 N (≈300 gf) with 

loading/unloading rates of 6 N/min and 15 s holding time at maximum load. Tests were conducted 

in accordance with the ISO 14577 standard (parts 1 to 4). Indentation hardness (properly designated 

as HIT 3/30/15/30, hereafter HIT) and indentation modulus (properly designated as EIT 3/30/15/30, 

hereafter EIT) were calculated.  Results were the average of at least 20 indentations on each sample. 

Scratch tests (Micro-Combi Tester) were performed on polished top surfaces, prepared as described 

later in Section 2.4 for sliding wear testing. Tests were carried out with a Rockwell-C type conical 

diamond tip (120° opening) having a rounded end with 200 μm radius. Preliminary tests were 

carried out in progressive loading mode by sliding once the indenter over the sample surface with 

linearly increasing load (0.1 – 30 N). Slight damage, in the form of microcracking and chipping of 

the surface, started in all cases at loads of about 20 – 22 N. Therefore, a constant load of 24 N was 

chosen for multipass scratch tests, which were performed by sliding the indenter 4 times over the 
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same track (always in the same direction). This simulates a repeated contact with a hard, abrasive 

asperity. The chosen load setting implies that some damage is produced at every pass, but it is not 

severe enough to cause complete disruption already during the first cycle. As a result, the multipass 

test allows to check for damage accumulation effects. In all cases, the scratch length was 6 mm and 

the speed was 1 mm/min. Three progressive-load and three constant-load multipass tracks were 

performed on each sample. Scratch tracks were inspected by optical microscopy and SEM (Nova 

NanoSEM 450). 

 

2.4. Dry sliding wear testing 

Dry sliding wear tests were performed in ball-on-disc configuration at room temperature with a 

THT tribometer (Anton Paar TriTec) according to the ASTM G99 standard, using two distinct types 

of spherical counterparts: sintered alumina (nominal hardness: ≈19 GPa) and yttria-stabilized 

zirconia (5.7±0.2 wt.% Y2O3; hardness: 1232±33 HV0.3), both with 6 mm diameter. 

The specimens were surface polished using a diamond grinding disc (P220), a diamond pad with 9 

μm-size polycrystalline diamond slurry, a polishing cloth with 3 μm-size polycrystalline diamond 

slurry, and a cloth with colloidal silica suspension (≈60 nm particle size) to achieve a mirror-like 

finish (Sa < 0.1 μm) and eliminate any confounding effect due to the surface roughness of as-

deposited coatings on the friction and wear behaviour. 

During each test, the friction coefficient was measured by the instrument though a load cell attached 

to the ball-holding arm. The wear rate of the ball was determined from the worn diameter with an 

optical microscope. The wear rate of the sample was evaluated by measuring the volume loss on the 

wear track by a structured illumination profilometer (ConfoSurf, Confovis GmbH, Jena, Germany) 

attached to a Nikon Eclipse LV150N optical microscope. 

The surfaces and polished cross-sections of worn samples were further observed by SEM + EDX 

(Nova NanoSEM 450 + Quantax-200). Cross-sections were obtained by metallographic cutting, 
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cold-mounting in epoxy resin, grinding with SiC papers (from P400 to P2500) and polishing with 3 

μm-size polycrystalline diamond slurry and colloidal silica suspension (≈60 nm particle size). 

Worn surfaces and loose debris collected on the surface of the tested samples outside the wear track 

were further analysed by micro-Raman spectroscopy (LabRam, Horiba Jobin-Yvon, Longjumeau, 

France) using a 532 nm-wavelength excitation source focused through a 100× microscope 

objective. 

Some of the debris was also collected onto Cu-based grids and observed by transmission electron 

microscopy (TEM: Talos F200S G2, Thermo Fisher Scientific). 

  

2.5. Dry sand abrasion testing 

Wear behaviour was evaluated by using a modified version of ASTM G65 abrasion test standard. 

The procedure is the same as originally described by the authors in [44] and subsequent 

publications. Briefly, an equipment with 5 distinct test positions was employed, whereby each 

sample was cycled between positions every 12 min, until all samples have been tested in all 

locations for a total duration of 60 min, to eliminate any influence from inter-location variability. 

Further, coatings having different compositions were run together during each testing session, to 

avoid any systematic error between measures. 

Samples were weighed before testing and during each position change (i.e. every 12 min) with a 

±0.1 mg balance. 

Test conditions included a normal load of 23 N, a peripheral velocity of 1.64 m/s on the wheel 

surface, a total relative distance of 5904 m; SiO2 (quartz) was used as the abrasive (0.1 – 0.6 mm 

particle size range) at a flow rate of 25 g/min. 
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3. Results 

3.1. Microstructure of powders and coatings 

The cross-sectional microstructures of the mixed-oxide powders (Figure 1D,G,J,M,P) confirms that 

none is a simple blend of distinct phases. The Cr2O3-25%TiO2 (Figure 1D) particles consist of a 

homogeneous solid solution, with some needle-like secondary phases as seen in the inset 

micrograph. The two Cr2O3-Al2O3 (Ruby-L, Ruby-S) powders (Figure 1G,J) also consist of solid 

solutions, though differences in backscattered electron contrast levels show some particle-to-

particle variability in chemical composition. Especially in the Ruby-S powder, bright particles 

(Figure 1J – label 1) rich in Cr co-exist with increasingly dark ones (labels 2, 3) containing higher 

relative amounts of Al. The Ruby-L powder is more homogeneous, despite occasional dark, Al-rich 

particles (Figure 1G, see arrow). The Cr2O3-ZrO2 powders (Figure 1M,P) show comparatively more 

compositional variability, both among distinct particles and within each particle. Dark, Cr2O3-rich 

areas and bright, ZrO2-rich areas are recognizable. However, also in this case, few areas consist 

only of completely pure Cr2O3 or completely pure ZrO2. 

The chemical composition of the powders, obtained by EDX scans performed over areas imaged at 

400× on the polished cross-sections, is listed in Table 4. Very good agreement between nominal and 

actual compositions is found for the Cr2O3-25%TiO2, Cr2O3-10%ZrO2 and Cr2O3-20%ZrO2 

powders, though some of them also contain a little SiO2. Among the Cr2O3-Al2O3 (“Ruby”) 

powders, the nominal composition of which was not disclosed, it is found that Ruby-S is much 

richer in Al2O3 (on average) than Ruby-L. 

A more detailed discussion on the microstructure of the powders, including their phase composition 

and additional EDX analyses to corroborate the chemical composition, can be found in the 

Supplementary Material, section S1. The Supplementary Material also discusses the occasional 

presence of bright inclusions in the pure Cr2O3 powder, which likely consist of metallic Cr. 
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Table 4: Chemical composition of the feedstock powders (average ± standard deviation) as 

measured by EDX analyses on large-area scans, expressed in wt.% of stoichiometric oxide 

compounds. In every case, the amount of Cr2O3 is the balance to 100%. 

Powder Measured composition (wt.%) 

Cr2O3-25%TiO2 TiO2: 26.5±0.5 

SiO2: 1.7±1.3 

Ruby L Al2O3: 15.7±0.2 

Ruby S Al2O3: 35.4±0.1 

Cr2O3-10%ZrO2 ZrO2: 10.7±0.8 

Cr2O3-20%ZrO2 ZrO2: 20.0±1.2 

SiO2: 2.3±0.4 

 

Table 5: Thickness and porosity of the plasma-sprayed coatings. Average ± standard deviation. 

 Thickness [µm] Porosity [%] 

Cr2O3 253±3 7.7±0.9 

Cr2O3-25%TiO2 264±5 6.8±1.4 

Ruby-L 251±4 8.8±0.6 

Ruby-S 281±8 7.7±0.6 

Cr2O3-10%ZrO2 291±2 8.7±1.0 

Cr2O3-20%ZrO2 272±4 6.9±1.7 

 

Powder particles' morphologies can be told into two types. The dense, angular particles of the pure 

Cr2O3 (Figure 1A), e Cr2O3-25%TiO2 (Figure 1D), Cr2O3-10%ZrO2 (Figure 1J) and Cr2O3-

20%ZrO2 (Figure 1M) powders are typical of a fusing-and-crushing manufacturing method. The 

Ruby-L and Ruby-S powders (Figure 1G,J) consist of rounded and somewhat porous aggregates of 

fine, faceted grains, indicating an agglomeration and sintering process.  

Regardless of this difference in powders' morphology, microstructurally similar coatings were 

obtained. All their thickness values (Table 5) are within the desired range of 250 – 300 μm (Section 

2.2), and porosity values are practically indistinguishable, given the associated error ranges (Table 

5; also see their overviews from optical micrographs in the Supplementary Material, section S2). 

There are no major defects either in the coatings or along the interface with the substrate, and no 

notable inter-layer defects. 

 



16 

 

 
Figure 1: Cross-sections of spray powders (A,D,G,J,M,P), coatings' overviews (B,E,H,K,N,Q) and 

details (C,F,I,L,O,R): backscattered electron SEM micrographs. Cr2O3 (A-C), Cr2O3-25%TiO2 (D-

F), Ruby-L (G-I), Ruby-S (J-L), Cr2O3-10%ZrO2 (M-O), Cr2O3-20%ZrO2 (P-R). 
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Looking at the coatings in greater detail (Figure 1C,F,I,L,O,R), their porosity consists of inter- and 

intra-lamellar microcracks; irregularly shaped pores, due to imperfect stacking between adjacent 

lamellae; and rounded pores, due to gas entrainment within the molten material. All of these 

features are typical of plasma sprayed ceramics [16,45–48]. Rounded inclusions, such as are shown 

in the circled areas of Figure 1F,I, consist of partially unmelted particles. 

In terms of compositional homogeneity, each coating tends to reflect the characteristics of the 

corresponding feedstock powder (Figure 1). Long-range diffusion is, indeed, not permitted during 

plasma spraying, due to high cooling rates. Therefore, the composition of individual powder 

particles directly translates into the composition of individual splats, as anticipated in the 

Introduction. Thus, the Cr2O3-Al2O3 coating (Figure 1H,I) obtained from the Ruby-L powder 

exhibits less variability in backscattered electrons contrast among distinct lamellae than does the 

coating from the Ruby-S powder (Figure 1K,L). 

The Cr2O3-ZrO2 coatings exhibit an even wider range of backscattered electron contrast levels in 

distinct lamellae (Figure 1N,O,Q,R). However, the intra-particle inhomogeneity that existed within 

individual particles is no more present in the coatings. The compositionally distinct areas, which 

were originally distinguishable in the particles, were mixed thoroughly when the latter were melted 

during spraying. Overall, the formation of alloyed coatings can be confirmed. 

Details of the microstructure and phase composition of the coatings, including a discussion on the 

phase evolution during spraying and on the deposition efficiency, is provided in the Supplementary 

Material, Section S2. 
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3.2. Depth-sensing indentation testing 

 
Figure 2: Boxplots showing the results of depth-sensing Vickers micro-indentation experiments: 

indentation hardness (HIT), indentation modulus (EIT), and the ratios HIT/E* and HIT
3/E*2 between 

indentation hardness and plane-strain modulus E*= EIT/(1-ν2). Notches represent the 95% 

confidence intervals, dashed lines represent the entire data range except outliers (crosses), 

horizontal red and blue lines represent the median and the 1st and 3rd quartile. 

 

The coatings differ significantly from one another in terms of both hardness (HIT) and elastic 

modulus (EIT), as can be seen from the corresponding boxplots in Figure 2. Especially by 

comparing the 95% confidence intervals, graphically represented by the notches, it is seen that pure 

Cr2O3 is the hardest of all coatings. All alloying additions have the effect of reducing it to various 

extents: from a lesser decrease in case of Ruby-L, to a quite large drop for Cr2O3-25%TiO2. The 

hardest coatings, i.e. Cr2O3 and Ruby-L, are also those possessing the lowest elastic modulus. As a 

result, the parameters HIT/E* and HIT
3/E*2 vary widely from rather large values for these two 

samples to lesser (and more similar) values for all others. Further statistical analyses are provided in 

the Supplementary Material, section S3. 
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3.3. Single-asperity contact response: simulation through scratch testing  

For all coatings, the average penetration depth of the indenter during each of the 4 scratch passes is 

almost always comprised between 4 μm and 8 μm. Namely, it is not possible to differentiate among 

the coatings based on indenter penetration depth in scratch tests. This finding seems to contradict 

the differences in hardness among the various coatings (Section 3.2). 

SEM observation of scratch tracks (Figure 3) readily clarifies that brittle fracture dominates the 

behaviour of the coatings upon repeated scratching and, most importantly, that there are 

conspicuous differences among the samples in terms of failure severity. Failure was more extensive 

in the Cr2O3 (Figure 3A) and Cr2O3-Al2O3 (Ruby-L, Figure 3C, and Ruby-S, Figure 3D) coatings: 

larger areas of material are uplifted and removed from the multipass tracks (see circled areas). 

Conversely, the Cr2O3-25%TiO2 (Figure 3B), Cr2O3-10%ZrO2 (Figure 3E) and Cr2O3-20%ZrO2 

(Figure 3F) coatings exhibit less failure. 

The exact mechanisms for brittle failure during scratch testing are clarified by detailed SEM 

observations. The single-pass scratch tracks, imaged in the area where the applied load was 24 N, 

highlight the earliest stages of failure. Figure 5A shows the case for pure Cr2O3, but similar 

observations were made in every case. Failure begins through the formation of small cracks and/or 

opening of pre-existing cracks. Both interlamellar and intergranular cracks are observed. 

Interlamellar cracks proceed along the boundary between adjacent lamellae (Figure 5A: label 2); 

intergranular cracks occur between adjacent grains inside a lamella (Figure 5A: label 1). 

Both types of cracks extend conspicuously after repeated scratching. Figure 5B shows extensive 

intergranular failure on the Cr2O3 coating after a multipass test. Figure 5C shows an uplifted portion 

of material on the surface of the same coating: lamellae were detached from one another through the 

progression of interlamellar cracks (label 2) and were fragmented through intergranular cracks 

(label 1). The latter type of cracks also highlights the typical columnar microstructure within each 

splat. 
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Failure modes are qualitatively the same in all coatings: for instance, Cr2O3-ZrO2 coatings also 

show extensive intergranular failure (Figure 5D,E) and material uplifting (Figure 5F) through 

intergranular (label 1) and interlamellar (label 2) cracks. Differences reside in the extent to which 

damage progresses in different coatings. 

 

 
Figure 3: SEM micrographs of multipass scratch tracks on plasma sprayed coatings: Cr2O3 (A), 

Cr2O3-25%TiO2 (B), Ruby-L (C), Ruby-S (D), Cr2O3-10%ZrO2 (E), Cr2O3-20%ZrO2 (F). 
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Figure 4: SEM micrographs showing details of debris particles scattered on the coating surfaces 

after multipass scratch testing: Cr2O3-25%TiO2 (A) and Cr2O3-10%ZrO2 (B). 

 

 

 
Figure 5: backscattered electrons SEM micrographs showing details of scratch tracks: progressive 

single-pass track on plasma sprayed Cr2O3 in the 24 N-load area (A), and multipass tracks on Cr2O3 

(B,C) Cr2O3-10%ZrO2 (D), Cr2O3-20%ZrO2 (E,F) coatings. 

 

In the Cr2O3-ZrO2 coatings intergranular fracture seems to affect Cr2O3-rich areas (Figure 5D,E: 

label 4) more severely than ZrO2-based areas (Figure 5D,E: label 3). It would therefore look like 

ZrO2-based areas do exert a toughening action. The Supplementary Material, section S2, shows that 

ZrO2-based areas consist mainly of the cubic phase, which should not exhibit the same toughening 

mechanisms as are usually known for the tetragonal phase. Various Raman spectra (Figure 6) 

acquired on ZrO2-based lamellae inside and outside a single-pass scratch track (in the 24 N-load 

area) accordingly do not show any perceivable phase transition. Cubic zirconia is the only 
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detectable phase. Hence, transformation toughening is not taking place in this case, yet even cubic 

ZrO2 seems to be tougher than Cr2O3-based areas. 

 

 
Figure 6: Raman spectra acquired on various lamellae on the surface of the Cr2O3-20%ZrO2 

coating, inside and outside the single-pass scratch track. 

 

3.4. Wear behaviour under sliding and abrasive conditions 

3.4.1. Analysis of wear rates 

A comparison between the specific wear rates observed after the various sliding and abrasive wear 

tests (Figure 7A) highlights some very interesting trends. Abrasive wear rates are more severe than 

sliding ones; indeed, all abrasive wear rates are ≥3×10-4 mm3/(N·m) whereas dry sliding wear rates 

are <10-4 mm3/(N·m) except for the Cr2O3-25%TiO2 coating, whose sliding wear rates are ≈1.5×10-4 

mm3/(N·m). Most remarkably, the ranking among the coatings is almost the opposite under sliding 

or abrasive wear conditions. 

Against both Al2O3 and ZrO2 counterparts (Figure 7A), the ranking of the coatings in order of 

increasing sliding wear rates (decreasing sliding wear resistance) is Cr2O3 < Ruby-L < Ruby-S ≈ 
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Cr2O3-10%ZrO2 < Cr2O3-20%ZrO2 < Cr2O3-25%TiO2. The excellent sliding wear resistance of 

plasma sprayed pure Cr2O3 has long been known [15]. The higher sliding wear rate of Cr2O3-

25%TiO2 coatings compared to pure Cr2O3 at room temperature has also been observed in the few 

extant studies on similar systems [14,30,33], as anticipated in the Introduction. Toma et al. also 

reported higher sliding wear rates of Cr2O3-15%TiO2 coatings compared to pure Cr2O3 under 

reciprocating sliding conditions against an Al2O3 counterpart [31]. 

 

 
Figure 7: specific wear rates measured on all coatings after sliding wear tests against Al2O3 and 

ZrO2 balls and after dry sand-rubber wheel abrasive wear test (A), and average steady-state friction 

coefficients measured in the sliding wear tests (B). 

 

Though the ranking in terms of wear rates is basically the same in tests against both Al2O3 and ZrO2 

balls, values tend to increase in the latter case (Figure 7B), and the increase is proportionally greater 

for the most wear-resistant samples. As a result, coatings' performances are more levelled against 

ZrO2 than they are against Al2O3. Namely, although the specific wear rates of pure Cr2O3 are the 

lowest against both counterparts, the wear rate against ZrO2 is 60 times higher than it is against 

Al2O3. The increase in specific wear rate when changing from Al2O3 to ZrO2 counterpart is 
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progressively smaller for the Ruby-L, Ruby-S, Cr2O3-10%ZrO2 and Cr2O3-20%ZrO2 coatings: in 

the latter case, it is only 2.4 times higher against ZrO2 than it is against Al2O3. Cr2O3-25%TiO2 

suffers the most severe wear rate, but its value is approximately the same against both ZrO2 and 

Al2O3. 

It is further observed that the sliding wear response does not seem to be affected by chemical 

affinity between the coatings and the counterparts. Namely, in the case of ductile materials (e.g. 

metals), is well known that self-mating couplings are often inadvisable, because they can trigger 

severe adhesive wear due to chemical affinity [49]. Had the same been true for the present samples, 

sliding against either Al2O3 or ZrO2 counterparts should have respectively put the Ruby or Cr2O3-

ZrO2 coatings at an especial disadvantage, due to greater chemical affinity. This, however, seems 

not to be the case. Against the Al2O3 counterpart, the Ruby-L coating wears down less than do the 

Cr2O3-ZrO2 coatings, despite the compositional affinity. Its wear rate also increases proportionally 

more than that of the Cr2O3-ZrO2 coatings when changing to a ZrO2 counterpart, which is the 

opposite of what would be expected, had chemical affinity been relevant to the tribological results. 

Further, the friction coefficient against each counterpart seems to be mostly independent of the 

coating material. Except for the Cr2O3-25%TiO2 coating, all other samples exhibit average steady-

state friction coefficient (i.e. excluding the initial run-in stage) of 0.5 – 0.6 against Al2O3 and 0.7 

against ZrO2, which means there is no specific adhesion effect in contacts between chemically 

similar materials. 

 

Under abrasive conditions, by contrast, the Cr2O3 and Cr2O3-Al2O3 (Ruby-L and Ruby-S) coatings 

exhibit the highest wear rates. Cr2O3-25%TiO2 has somewhat lower abrasive wear rates, which was 

also reported in [14], although that finding pertained to a coating obtained from a nanostructured 

feedstock, different from the present one. The Cr2O3-ZrO2 coatings have the lowest abrasive wear 

rates. 
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The sliding wear resistance of the coatings against both counterparts tends to rank according to their 

hardness (Figure 2). Cr2O3 and Ruby-L are indeed the hardest among the samples; Ruby-S, Cr2O3-

10%ZrO2 and Cr2O3-20%ZrO2 have intermediate hardness (with Cr2O3-10%ZrO2 being harder than 

Cr2O3-20%ZrO2); Cr2O3-25%TiO2 is the softest one and indeed suffers by far the highest sliding 

wear rates. The most sliding wear resistant coatings are also those with the highest HIT/E* and 

HIT
3/E*2 ratios. The abrasive wear resistance, to the contrary, ranks according to the extent of 

damage observed after multipass scratch testing (Section 3.3). 

To corroborate these considerations, the principal component analysis (PCA) [50] was performed to 

check for linear correlations between mechanical properties and specific wear rates under sliding 

and abrasive wear conditions. PCA is a dimensionality reduction technique whereby a dataset 

consisting of measurements of n different properties is linearly transformed into a new set of 

variables, the principal components, computed in such a way that the first component explains the 

maximum possible amount of the overall variance of the dataset, and every subsequent component 

explains the maximum fraction of the residual variance. The principal components have no physical 

meaning per se, but through their use it is possible to describe most of the variance in the system by 

focusing solely on the first two or three components. The problem is thus reduced to a 2- or 3-

dimensional system, amenable of graphical representation, with minimal loss of information. By 

plotting as vectors the contributions of each original variable to the chosen components, it is 

possible to determine which variables have close linear correlations (parallel/antiparallel vectors) 

and which are linearly unrelated (orthogonal vectors). This technique has already been employed by 

the authors to study the correlations between properties and tribological performances of thermal 

spray coatings [51,52]. The reader is directed to these references for a summary description of the 

PCA method. Its implementation in MATLAB R2018b was employed here. 
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Figure 8: results of the principal component analysis correlating wear rates to micromechanical 

properties. Blue vectors represent the contributions of each property to the first three principal 

components; red asterisks represent the coordinates of coating in the new space of the principal 

components. 

 

Specifically, the first three principal components explain almost 98% of the overall variance of the 

current dataset. The corresponding plot (Figure 8) shows that the vectors representing the sliding 

wear rates of the coatings tested against Al2O3 and ZrO2 counterparts are antiparallel to the hardness 

vector, implying a close correlation (wear rates decrease as hardness increases), confirming the 

previous qualitative observations. The HIT/E* and HIT
3/E*2 ratios are somewhat less closely 

correlated to sliding wear rates, compared to hardness alone. The vector representing the abrasive 

wear rate, on the other hand, is almost perpendicular to all others, which means it does not correlate 

well with either the sliding wear rates or all micro-mechanical properties quantified by depth-

sensing micro-indentation. This corroborates the previous observation that abrasive wear resistance 

correlates well only with the qualitative results of scratch tests. 

 

3.4.2. Identification of wear mechanisms: sliding wear tests against Al2O3 ball 

Under sliding wear conditions against an Al2O3 counterpart, wear is associated with localized 

spallation of the coating surface (Figure 9A,C,E,G,I,K: some spalled areas are circled). Detailed 
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views show that spallation is due to the detachment of lamellae (Figure 9B,D,F,H,J,L). Indeed, the 

gently curved shape of individual lamellae, or fragments thereof, can be recognized in the SEM 

micrographs, implying that the lamellae directly above them were detached along the boundary and 

removed. 

Cross-sectional views consistently highlight the formation of microcracks along the lamellar 

boundary, or the propagation of pre-existing interlamellar defects (Figure 10: some of those 

interlamellar cracks are marked by arrows). Cracks only occur in the immediate vicinity of the outer 

surface, without affecting deeper areas, and their lateral extension covers one or two lamellae at the 

most. More severe wear is therefore associated with more frequent occurrence of lamellar 

spallation. 

These mechanisms seem to straddle the edge between the two main wear regimes of ceramics as 

they have been described in [53,54]: mild wear, with minimal loss and smooth surfaces, and severe 

wear, involving brittle fracture and surface roughening. A specific wear rate of ≈10-6 mm3/(N∙m) is 

regarded as the threshold between these two regimes [53,54]. Pure Cr2O3, with its very smooth 

surface, where brittle detachment of lamellae is restrained to a minimum, accordingly exhibits a 

specific wear rate below the threshold against the Al2O3 counterpart (Figure 7A). When coatings 

exhibit a mix of smooth areas and roughened pits, the wear rate raises slightly above the 10-6 

mm3/(N∙m) threshold. The Cr2O3-TiO2 coating, with a wear rate well above the threshold, exhibits 

an extensively roughened surface. 

With specific regard to plasma sprayed Cr2O3, Kitsunai et al. [55] distinguished mild wear, in the 

form of  “ploughing and powder formation”, and two severe wear modes: crack and powder 

formation, and flake formation. The latter are characterized by increasing degree of wear severity 

and differ in the extension of cracks (note that similar regimes are also found for bulk ceramics 

[56]). Based on this classification, Cr2O3 can be regarded as being in the ploughing wear regime 

under the present conditions, whilst the addition of alloying elements shifts the samples (to different 

extents) towards a crack and powder formation regime. Flake formation never occurs under the 
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present conditions, as it would imply crack propagation over a wider range than it is seen in Figure 

10. This assignment can be tested against the typical ranges of the dimensionless wear coefficient 

(Kad) for each regime, which are given as ≤10-4, ~10-3, 10-2 – 10-1, respectively [55]. Since Kad = 

K×H, the dimensionless wear coefficients of the present samples are computed as 1.4×10-6, 1.8×10-

3, 2.4×10-5, 6.5×10-5, 2.9×10-5, 2.5×10-4 for pure Cr2O3, Cr2O3-25%TiO2, Ruby-L, Ruby-S, Cr2O3-

10%ZrO2 and Cr2O3-20%ZrO2, respectively. It is therefore confirmed that Cr2O3 is within the mild 

wear (ploughing) regime, Cr2O3-25%TiO2 is in the crack and powder formation regime, whilst the 

other samples are approaching or slightly exceeding the threshold between the two. 

According to the literature, both the ploughing regime and the crack and powder formation regime 

are characterized by the release of micrometric or sub-micrometric debris [55,56], which is also 

consistent with the debris observed in all the present tests (Figure 11B shows the debris released by 

the Cr2O3-25%TiO2 coating, but identical considerations hold in all cases). Detailed observations of 

these particles by high-resolution TEM imaging (Figure 11C) show that they usually consist of very 

fine-grained polycrystals. Selected area diffraction patterns (such as the one shown in Figure 11D) 

can usually be indexed to an eskolaite-type hexagonal structure. Digital magnification of some of 

the crystalline areas in Figure 11C also show atomic layers with a spacing of ≈2.5 Å and ≈3.6 Å, 

matching with the interplanar spacing of the (110) and (012) lattice planes of eskolaite, respectively. 

It means these are fragments of the coatings, which did not undergo any tribochemical interaction 

during the sliding contact, as their phase composition is essentially the same as the original 

coatings. The fine crystallite size is also probably the same as it originally existed in the coatings, 

and it is a consequence of impact-quenching during spraying. 

Debris particles trapped in the contact zone can be compacted back onto the worn surface. 

Discontinuous surface layers can indeed be identified on all samples, as exemplified by Figure 

10B,D, and the detailed view of Figure 11A confirms that they consist of compacted debris 

particles.  
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Figure 9: SEM micrographs of worn surfaces after ball-on-disc testing against Al2O3 ball: Cr2O3 

(A,B), Cr2O3-25%TiO2 (C,D), Ruby-L (E,F), Ruby-S (G,H), Cr2O3-10%ZrO2 (I,J), Cr2O3-20%ZrO2 

(K,L). Overviews (A,C,E,G,I,K) and details (B,D,F,H,J,L). Circled areas are local spallation events. 

 
Figure 10: SEM micrographs (backscattered electrons) showing the cross-sections of worn coatings 

after ball-on-disc testing against Al2O3 ball: Cr2O3 (A), Cr2O3-25%TiO2 (B), Ruby-L (C), Ruby-S 

(D), Cr2O3-10%ZrO2 (E), Cr2O3-20%ZrO2 (F). Arrows indicate interlamellar failure. 
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Figure 11: SEM micrograph (backscattered electrons) showing compacted wear debris on the cross-

section of the worn Cr2O3-20%ZrO2 coating (A) after ball-on-disc testing against Al2O3 ball, TEM 

micrographs of loose debris particles collected after the same test type onto the Cr2O3-25%TiO2 

coating (B: overview, C: high-resolution detail with digitally enlarged insets and indications of the 

corresponding spacings between atomic layers), and corresponding SAED pattern indexed to the 

eskolaite structure (JCPDF 38-1479). 

 

3.4.3. Identification of wear mechanisms: sliding wear tests against ZrO2 ball 

SEM observations of worn surfaces (Figure 12A,C,E,G) show that spallation becomes more 

extensive in tests against ZrO2 counterparts than it was against Al2O3. Cross-sections accordingly 

show that lamellar spallation is widespread across the entire width of the wear track (Figure 

13A,B), even in the case of pure Cr2O3 (Figure 13A), which explains why its wear rate increased by 

almost two orders of magnitude, compared to the tests against Al2O3 (Section 3.4.1). 
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Figure 12: SEM micrographs of worn surfaces after ball-on-disc testing against ZrO2 ball: Cr2O3 

(A,B), Cr2O3-25%TiO2 (C,D), Ruby-S (E,F), Cr2O3-10%ZrO2 (G,H). Overviews (A,C,E,G) and 

details (B,D,F,H). 
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Figure 13: Cross-sectional SEM micrographs (backscattered electrons) of worn coatings after ball-

on-disc testing against ZrO2 ball: Cr2O3 (A,C,E), and Cr2O3-20%ZrO2 (B,D,F). Overviews (A,B) 

and details at intermediate (C,D) and high (E,F) magnifications. Arrows in panels C, D, F show 

fragmented splats on the worn surface and interlamellar cracks just below them. The arrow in panel 

E marks a debris layer onto the worn surface. 

 

The dimensionless wear coefficients of the Cr2O3, Cr2O3-25%TiO2, Ruby-L, Ruby-S, Cr2O3-

10%ZrO2 and Cr2O3-20%ZrO2 samples are 8.5×10-5, 1.7×10-3, 1.5×10-4, 3.4×10-4, 4.5×10-4, 6.0×10-

4, respectively. It is therefore confirmed that all samples approach the conditions for the crack and 
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powder formation regime according to the classification by Kitsunai et al. [55]. However, no long-

range crack propagation, i.e. no flake formation, occurs. 

 

 
Figure 14: optical micrographs of worn ball surfaces: Al2O3 (A,C,E) and ZrO2 (B,D,F) balls after 

testing against Cr2O3 (A,B), Ruby-S (C,D), Cr2O3-10%ZrO2 (E,F). 
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In the most severely worn samples, such widespread spallation process degenerated into the 

formation of large and deep grooves (Figure 12C and G in case of Cr2O3-25%TiO2 and Cr2O3-

20%ZrO2, respectively). Spallation is still clearly due to interlamellar failure. Individual lamellae or 

their fragments are identifiable on worn surfaces (Figure 12B,D,F,H). Splats next to the surface are 

accordingly seen to have been broken up into fragments, part of which have been removed by the 

extension of interlamellar cracks. As highlighted by cross-sectional observations (Figure 13C,D,F: 

fragmented splats and related interlamellar failures are marked by arrows). 

Irregular debris layers are also found across the worn surface (Figure 13C,E,F), once again built up 

by the compaction of particles of micrometre or (mostly) sub-micrometre size, characteristic of the 

powder formation regime. Figure 13E especially highlights a portion of a debris layer (marked by 

arrows) that has been compacted on its very surface by the normal and tangential stresses exerted by 

the pin as well as the local flash heating, whilst the underlying part still consists of individual, non-

compacted particles. Figure 13F, on the other hand, shows a more uniformly densified portion of a 

debris layer. 

Observation of worn counterparts explains why lamellar spallation has become much more frequent 

and widespread in tests against the ZrO2 ball (Figure 14). Al2O3 balls, indeed, wear less, and they 

develop a smoother surface (Figure 14A,C,E). ZrO2 balls wear down comparatively more, because 

of their lower hardness, and they develop deep abrasive grooves (Figure 14B,D,F). Although a worn 

trace with larger diameter means the average contact pressure between the ball and the coating is 

lower than it happens with the Al2O3 counterbody, this has little practical significance. More 

important is the fact that the sharp ridges on the grooved surface cause localized spikes of contact 

pressure and contact stress. Indeed, matching grooves can be produced onto the coating surface 

through frequent spallation of lamellae, as observed previously. The conditions, therefore, become 

more severe than they are against Al2O3, whose smoother surface does not cause analogous stress 

concentrations. 
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3.4.4. Identification of wear mechanisms: rubber wheel abrasion samples 

In rubber-wheel abrasion by quartz sand, worn surfaces again exhibit the shape of individual 

lamellae and fragments thereof (Figure 15A-D), implying brittle interlamellar failure; however, the 

situation is different from the ball-on-disc tests. Indeed, cross-sectional observations clarify that, 

especially in the most severely worn samples (Figure 16A,B show the example of pure Cr2O3), 

interlamellar cracks (arrows) extend much longer than it was reported after sliding wear (compare 

to Figure 10 and Figure 13). They propagate over long distances, affecting multiple lamellar 

boundaries, and they can be located deep below the surface (especially see the crack marked in 

Figure 16A).  Tong et al. indeed observed similar, long-range crack propagation in plasma sprayed 

Cr2O3 subjected to comparable, high-load abrasion conditions [57]. In addition to those larger 

cracks, the detail of Figure 16B shows generalized decohesion of the lamellar boundaries for at least 

half of the residual thickness of the coating. 

 

 
Figure 15: SEM micrographs of worn surfaces after dry sand-rubber wheel abrasion testing: Cr2O3 

(A), Cr2O3-25%TiO2 (B), Ruby-S (C), Cr2O3-10%ZrO2 (D). 
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Samples with lower abrasive wear rates, such as the Cr2O3-ZrO2 ones, do not exhibit those large 

cracks (Figure 16C in case of Cr2O3-10%ZrO2). Lamellar decohesion is also confined to a region 

closer to the worn surface (Figure 16D). Obviously, these samples also exhibit a greater residual 

thickness, consistent with the smaller wear rate (compare Figure 16C for Cr2O3-10%ZrO2 and 

Figure 16A for pure Cr2O3). 

Rubber-wheel abrasion therefore occurs well within the severe wear regime [53,54], approaching a 

fully developed flake formation regime according to Kitsunai et al. [55]. Dimensionless wear 

coefficients are indeed comprised between 3.6×10-3 (Cr2O3-10%ZrO2, Cr2O3-20%ZrO2) and 

6.7×10-3, thus coming increasingly close to the flake formation range proper (10-2 – 10-1). 

 

 
Figure 16: SEM micrographs (backscattered electron images) of the cross-sections of worn samples 

after dry sand-rubber wheel abrasion testing: Cr2O3 (A,B) and Cr2O3-10%ZrO2 (C,D). Arrows 

indicate extensive sub-surface cracks. 
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4. Discussion 

As stated in the Introduction and in Sections 2.1 and 2.2, the whole samples' manufacturing process, 

from feedstock selection to spraying, aimed to achieve truly alloyed coatings, as chemically 

homogeneous as possible, and minimize the influence of factors other than composition on their 

mechanical properties and tribological behaviour. 

The chosen feedstock powders can be regarded as being truly pre-alloyed, based on the results 

presented in Section 3.1 as well as the additional information provided in Section S1 of the 

Supplementary Material. Their diverse morphologies might have entailed a risk of introducing 

differences among the resulting coatings, though that risk was unavoidable, because the 

agglomerated “Ruby” powders are the only pre-allowed Cr2O3-Al2O3 feedstock available 

commercially. However, the coatings (Figure 1B,E,H,K,N,Q) do exhibit very similar 

microstructures. The stated goal of minimizing any influence from the manufacturing conditions 

can therefore be regarded as having been mostly achieved. 

 

Considering, more specifically, the tribological results, it must preliminarily be remarked that the 

findings are strictly valid only for the chosen experimental conditions. However, sliding tests 

against two distinct counterparts (Al2O3 and ZrO2) returned analogous rankings in terms of wear 

resistance, despite the differences in the properties and wear behaviour of these counterbodies. This 

lends some more generality to the discussion. 

The tribological results presented in Section 3.4, including data, statistical elaborations (Section 

3.4.1), and microstructural analyses (Sections 3.4.2, 3.4.3, 3.4.4), indicate that the coatings' 

response to sliding or abrasive contacts are controlled by distinct mechanical properties. 

Sliding wear tests against the Al2O3 counterbody entail a condition where contact is concentrated on 

very fine asperities: either the asperities on the ball, which, after an initial run-in, develops a smooth 

worn surface (Figure 14A,C,E), or the equally fine debris (Figure 11B). Their penetration depth into 

the coating surface is probably not greater than the size of the asperity and/or debris particle itself, 
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i.e. ≈1 μm. Ashby et al. indeed argued that the contact between hard materials involves asperity of  

≈1 μm radius [58]. This penetration depth is comparable to the thickness of a lamella. Therefore, the 

asperities bend the material before them as they plough through the coating, and “sap” and dislodge 

lamellae from the surface. With harder coatings, asperities penetrate even less. Indeed, Figure 9B 

shows that a couple of grooves on the Cr2O3 coating after sliding against the Al2O3 ball are 

extremely shallow. The penetration depth and bending strain associated with these shallow grooves 

is extremely limited and becomes insufficient to dislodge a lamella. The advancing asperities rather 

induce compression below and before them, which helps keeping the lamellae together, so that the 

negative influence of the more frequent interlamellar defects in the Cr2O3 coating (Section 3.1) is 

compensated and minimized. As a result, coatings move increasingly towards a mild (ploughing) 

wear regime as detailed in Section 3.4.2. 

This explains why sliding wear resistance primarily correlates with hardness (Section 3.4.1 and 

Figure 8). Secondarily, it also correlates with the HIT/E* and HIT
3/E*2 ratios. The latter parameters 

are often employed to interpret the tribological behaviour of coatings and materials [59]. The 

former is related [60] to the plasticity index (ψ) in the contact between rough surfaces, defined as 

𝜓 = (𝐸∗ 𝐻⁄ )√𝜎 𝛽⁄  [61], where σ is the standard deviation of the composite roughness profile and β 

is its average curvature radius. The HIT
3/E*2 parameter is related to the normal load at the onset of 

plasticity in a sphere-on-flat contact, 𝑊 ∝  𝑅2 𝐻3 𝐸∗2⁄  (with R = radius of the sphere), calculated 

using Hertz's relations and assuming H ≈ 3σy [62]. Therefore, both parameters are related, in 

different ways, to the ability of the material to sustain contact without plasticization or failure. With 

the mechanism described above, based on the detachment of individual lamellae (or fragments 

thereof) by advancing asperities of micrometric size, improved elastic compliance can be an 

additional benefit, provided that the material is hard enough to limit the overall penetration depth 

below the size of a splat. More in general, the results of ball-on-disc tests correlate well with 

indentation testing because the latter probes the same short-range interlamellar cohesion involved in 
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sliding wear. Beneath a micro-indentation mark in a plasma sprayed ceramic, cracks are formed or 

opened [63] that are not too different from those leading to the detachment of an individual lamella 

in Figure 9 and Figure 10. 

Irregular layers of compacted debris also form on worn surfaces. These layers do not look much 

protective against sliding wear: indeed, they were more abundant on the Cr2O3-25%TiO2 coating, 

which suffers the most severe wear. Pure Cr2O3 does not develop a visible tribo-layer, also because 

it releases very little debris, but a favourable tribological interaction might have occurred. Although 

TEM analysis only showed eskolaite-based wear debris from this coating, a nanometre-thin surface 

layer based on higher oxidation states of chromium (e.g. CrO2, CrO3) might have been formed, as 

suggested in [24] based on XPS analysis. This layer might contribute to enhance the wear resistance 

of the sample. It would explain why pure Cr2O3 has much lower wear rate than Ruby-L in dry 

sliding against Al2O3 (Figure 7A) despite their similarity in hardness and HIT/E*, HIT
3/E*2 ratios 

(Figure 2). 

Another possible reason why the sliding wear performances of the pure Cr2O3 and Ruby-L coatings 

differ more than their hardness and hardness/modulus ratios would have suggested might reside in 

their residual stress state. Whilst it is not the purpose of the present work to provide a detailed stress 

analysis of all samples, X-ray residual stress measurements were performed on pure Cr2O3 and 

Ruby-L. Experimental methods and results are provided in the Supplementary Material, section S4. 

Residual stresses on polished Cr2O3 and Ruby-L were below the detection limit of the technique, 

i.e. not more than a few tens of MPa at the most. The extant stress state is, therefore, not a factor 

behind the observed sliding wear performances. However, it is possible that the Cr2O3 coating could 

develop a thin, compressively-stressed layer during sliding, as previously observed by the authors 

[64]. A surface layer under compressive stress would also contribute to the especially good sliding 

wear resistance against Al2O3. 
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Dry particles' abrasion entails completely different contact conditions. In this case, indeed, the 

coating is indented not by micrometric asperities, but by angular, hard particles of some hundreds of 

micrometres in size. Resisting this kind of wear is not a matter of preventing micrometric incursions 

of fine asperities, as it was under sliding wear conditions against Al2O3. Abrasion by dry particles 

causes a long-range brittle failure process that involves the removal of rather large portions of 

material (Section 3.4.4, Figure 15, Figure 16), i.e. flake formation [55,56]. 

For this reason, it does not depend much on hardness or any other quantitative parameter obtained 

by depth-sensing indentation testing, which reflects mostly short-range cohesion. 

The abrasive wear mechanism is somewhat similar to what was observed in multipass scratch 

tracks, where large coatings flakes were also detached by long-range brittle failure (Section 3.3, 

Figure 3 - Figure 5). Scratch testing indeed simulates an abrasive contact with a hard asperity of 

size comparable to the silica particles (diamond tip with 200 μm radius). Accordingly, coatings 

which exhibited fewer spalled areas in the multipass scratch tracks, such as the Cr2O3-ZrO2 ones, do 

not exhibit the large cracks (Figure 16C,D in case of Cr2O3-10%ZrO2) which were seen after 

abrasion testing of samples with poorer scratch response, such as pure Cr2O3 (Figure 16A,B). 

It is especially interesting to note that the resistance to long-range fracture in scratch testing and 

abrasion testing stands in stark contrast not only with their ranking in hardness, but also with the 

HIT/E* and HIT
3/E*2 values (Figure 2). Pure Cr2O3 and Ruby-L, which possess by far the highest 

HIT/E* and HIT
3/E*2 ratios, are among the coatings with the most severe damage in both scratch and 

abrasion tests. It is therefore inferred that scratch tests provide a qualitative ranking of the fracture 

toughness of the coatings under conditions relevant to tribological (mainly, abrasive) contacts, 

whilst the HIT/E* and HIT
3/E*2 ratios do not. Chen et al. [60] have also recently argued that HIT/E* 

and HIT
3/E*2 ratios are no substitutes for fracture toughness of a material, and provided examples of 

literature data showing  no relation, or even an inverse relation, between those parameters and KIC. 

The examples notably included a thermal spray coating. 
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An attempt was made to measure indentation fracture toughness quantitatively on the present 

coatings, to verify the above assumption that scratch testing is closely correlated to this property. 

However, due to the pre-existing defects in the samples, high-load Vickers indentations produced 

unusable cracking patterns, a problem which was accordingly reported by Xie and Hawthorne [18] 

on other plasma sprayed ceramics. The present coatings showed multiple cracks ranging from both 

the corners and the sides of the indentations, as well as uplifting of material. Such behaviour is 

incompatible with the fundamental assumption of Palmqvist or half-penny cracking patterns behind 

all extant indentation fracture toughness models [65–67]. 

 

Sliding against the ZrO2 counterpart seems to effect an intermediate condition between sliding 

against Al2O3 and dry particles' abrasion. The ZrO2 counterparts wear more severely than do Al2O3 

ones, and they develop a rougher surface (Section 3.4.3). The ridges on the worn ZrO2 surface exert 

a more severe abrasive action than does the smooth Al2O3 surface discussed previously, though it is 

not as severe as that by the coarse quartz particles in the rubber-wheel test. Therefore, lamellar 

spallation becomes more frequent on the coatings' surface. The wear regime thus shifts more 

markedly towards crack and powder formation [55] in all cases, though cross-sectional views 

(Figure 13A,B) do not show the long-range macro-cracks that were found in rubber wheel-tested 

samples (Figure 16A,B), i.e. no flake formation. Interlamellar cracks do not affect more than one 

splat at a time (Figure 13C,D,F: arrows) and the material further below the surface is unaffected, i.e. 

pre-existing defects were not opened up (Figure 13C-F), thus being still somewhat similar to the 

mechanisms encountered against Al2O3 (Figure 16). Therefore, the coatings still rank the same 

against both counterparts, but toughness starts playing some role. Harder but more brittle coatings 

like pure Cr2O3 and Ruby-L still perform better than do the others, but their performance is 

proportionally more impaired. It has accordingly been reported that the linear wear rate of Cr2O3 

coatings increases by two orders of magnitude when the actual contact pressure increases [15]. 

Moreover, any functional tribofilm or compressively loaded layer that might tend to form on the 
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surface of the Cr2O3 coating (as discussed previously) would be readily removed by the abrasive 

action of the rough ZrO2 ball. This would contribute to the comparatively greater impairment of the 

performance of pure Cr2O3, although it is still the most sliding wear resistant of all samples. 

 

5. Conclusions 

Coatings based on binary alloys with Cr2O3 with either TiO2, Al2O3 or ZrO2 were obtained by 

plasma spraying to characterize how alloying additions affect the resistance to sliding and abrasive 

wear, in comparison to pure Cr2O3. 

Specifically, pure Cr2O3, Cr2O3-25%TiO2, Cr2O3-16%Al2O3 (Ruby-L), Cr2O3-35%Al2O3 (Ruby-S), 

Cr2O3-10%ZrO2 and Cr2O3-20%ZrO2 were considered. All binary feedstock powders did not 

consist of mechanical blends of pure oxides, but of pre-alloyed materials. Therefore, “truly” alloyed 

coatings were obtained. Their porosity and microstructure were similar enough, that their 

mechanical properties and tribological behaviour can reasonably be expected to depend primarily 

on their composition. 

The following conclusions could be drawn: 

• Compared with pure Cr2O3, the Cr2O3-25%TiO2 and Cr2O3-ZrO2 coatings are less hard (as 

measured by indentation testing) but tougher (as qualitatively assessed by multipass scratch 

testing). The Cr2O3-16%Al2O3 coating has similar hardness and toughness as pure Cr2O3; 

Cr2O3-35%Al2O3 is softer, though not tougher. The latter effect, however, might also be a 

consequence of the greater chemical inhomogeneity (particle-to-particle variability in 

Al2O3/Cr2O3 ratio) and broad particle size distribution of this feedstock, rather than of its higher 

average Al2O3 content. 

Pure Cr2O3 and Cr2O3-16%Al2O3 coatings also have lower elastic modulus than all other 

samples and, therefore, much higher H/E and H3/E2 ratios. 

• Under the present test conditions, sliding wear resistance against ceramic counterparts (Al2O3 or 

Y2O3-stabilized ZrO2 balls) seems to be primarily controlled by hardness. This parameter seems 
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to be more relevant than the H/E and H3/E2 ratios. Hence, pure Cr2O3 is the most sliding wear 

resistant, whilst Cr2O3-25%TiO2 suffers very severe wear rates of ≈1.5×10-4 mm3/(N·m) in both 

cases. 

• Sliding wear under the present test conditions occurs in either mild (ploughing) or severe (crack 

and powder formation) regimes according to the frequency with which individual lamellae are 

spalled off the surface. This correlates well with the results of micro-indentation testing because 

the indentation response of a ceramic coating is affected by short-range cohesion. 

The counterpart also has a significant effect on sliding wear rates. For example, as the softer 

ZrO2 balls wear down by abrasion, they develop sharp ridges, which, in turn, cause contact 

stress concentrations on the surface of the coatings. This increases the extent of lamellar 

spallation, especially in harder but less tough coatings, such as Cr2O3 and Cr2O3-16%Al2O3. 

Though they are still more sliding wear resistant than other coatings, their wear rates against 

ZrO2become more severe and closer to those of the other samples than it happened against the 

Al2O3 counterpart. 

• Under dry particles' abrasion conditions as they are effected in this work, on the other hand, 

wear occurs through a flake formation mechanism and it is controlled by long-range 

propagation of interlamellar cracks. The ranking among the various samples is almost the 

opposite as it was under sliding wear conditions: Cr2O3 and Cr2O3-Al2O3 coatings wear more 

severely, whereas Cr2O3-25%TiO2 and (most of all) Cr2O3-ZrO2 coatings have comparatively 

lower wear loss, though all wear rates are ≥3.5×10-4 mm3/(N·m). 

• As depth-sensing micro-indentation probes a short-range mechanical response, parameters 

obtained from this test, including hardness, elastic modulus, and their ratios, are not good 

predictors for abrasion resistance. Toughness, instead, becomes the controlling property. 

Abrasive wear mechanisms can be mimicked through scratch testing. By simulating the sliding 

of a large, hard asperity on the coating surface, this test elicits the same flaking as it happens in 
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particles' abrasion. Therefore, the qualitative damage extent observed after a multipass scratch 

test correlates well with the abrasive wear response. The scratch test provides a qualitative 

evaluation of toughness in a case where quantitative measurements by indentation fracture 

toughness methods turned out to be inapplicable. 
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