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Abstract: Thermal spraying deploying liquid feedstock offers an exciting opportunity to obtain
coatings with characteristics vastly different from those produced using conventional spray-grade
powders. The most extensively investigated variant of this technique is Suspension Plasma Spraying
(SPS), which utilizes a suspension of fine powders in an appropriate medium. The relatively recent
advent of axial feed capable plasma spray systems can enable higher throughputs during SPS,
provides the possibility for spraying with longer stand-off distances, and also permit the use of
suspensions with higher solid loading. The present work investigates axial plasma sprayed coatings
produced using a mixed suspension of fine (submicron or nano-sized) powders of Al2O3 and YSZ as a
case study. Deposition of the mixed suspension using axial injection plasma spraying, comprehensive
evaluation of characteristics of the resulting coatings, and assessment of their tribological behavior
were of particular interest. Evaluation of surface morphology, microstructure, and hardness of
the coatings reveals that axial SPS of mixed suspensions provides an exciting pathway to realize
finely structured multi-constituent coatings using suspensions with as high as 40 wt.% solid loading.
The study of scratch, dry sliding wear, and erosion behavior also specifically shows that the addition
of YSZ in the Al2O3 matrix can improve the tribological properties of the coating.

Keywords: SPS; mixed suspension; axial injection; alumina; YSZ; microstructure;
tribological properties

1. Introduction

Thermal spray processes have been widely used for deposition of coatings for various industrial
applications, such as aerospace, pulp, and paper, machinery, petrochemical, biomedical, etc. [1].
Ceramic coatings are usually deposited by atmospheric plasma spraying (APS) from powder feedstock,
with the powder particle size typically varying from 20 to 50 µm, thus resulting in coarse-structured
coatings with typical splat sizes being several tens of microns. A sharp increase in the number of
recent studies on the subject reflects the growing interest in the deposition of fine-structured coatings
(i.e., with submicron and nano-sized features) with enhanced functional performance in terms of wear,
erosion, thermal barrier properties, etc. compared to corresponding conventional coarse-structured
coatings [2–10]. One of the most desirable routes for the production of such coatings involves thermal
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spraying of fine (submicron and nano-sized) particles. However, use of such fine-sized feedstock
poses significant challenges, with the difficulty in injecting nano- and submicron-sized particles
into the thermal spray plume/flame being the most dominant [4]. Another major issue related to
the injection of fine powders is their tendency to agglomerate, which can clog the delivery line
from the powder feeder or choke the plasma torch nozzle itself, thereby hindering smooth and
reliable powder flow and producing non-uniform and inferior quality coatings. The fine particles
also typically possess poor flowability and, because of their inherently low momentum, they cannot
easily penetrate the high-velocity gas streams associated with thermal spray techniques, thereby
compromising controlled powder feeding [7]. The use of high carrier gas flow rates are required
for enabling such particles to penetrate the plasma plume, and this can detrimentally perturb the
plasma jet [10]. Spraying sub-micron or even finer powders can also present a health concern at the
workplace. Although attempts to agglomerate the nano-/submicron-sized particles have been made,
inhomogeneous melting characteristics of the agglomerated particles in the plume have often been
noted [5,9].

To overcome the above challenges associated with the production of finely structured coatings,
the submicron/nano-sized powder can be suspended in an aqueous or organic solvent and such a
suspension used as the feedstock for thermal spraying. Thus, the process merely requires a stable
suspension of the powder material to be coated, prepared in a suitable aqueous or organic solvent.
Plasma spraying has been the spray technique of choice for a vast majority of suspension-based
coating efforts, due to the availability of a high-energy flux that is needed for the added step of
eliminating the solvent in case of a suspension feedstock. The above approach forms the basis for the
increasingly interesting Suspension Plasma Spray (SPS) technique, which has already been shown to
be capable of producing coatings with diverse microstructural features ranging from extremely porous
to very dense, columnar, vertically cracked, etc. [11–15]. Such unique and novel microstructures are
not usually obtained through conventional thermal spraying using powder feedstock. Such varied
microstructures are beneficial for a wide range of distinct applications, including Thermal Barrier
Coatings (TBCs) in gas turbines and aero engines [16], electrolytes for solid oxide fuel cells [17],
coatings for wear protection [18], biocompatible coatings for implants [19,20], electron-emitting
coatings [21], etc. Of course, as in the case of conventional powder-based coatings, the properties of
the SPS coatings are also governed by a host of spray process and feedstock related parameters [22].
Another variant of such liquid feedstock plasma spraying involves the use of appropriate precursor
salts in the form of acetates, nitrates, alkoxides, oxychlorides, etc., that can form particles of the coating
material of interest in situ [15].

The role of suspension properties in governing the quality of SPS coatings has been found to
be particularly significant [10]. Preparation of suspensions involves careful control of suspension
characteristics such as solid load, solvent type, suspension stability, viscosity, etc. For instance,
the suspension stability can be adjusted by the addition of a dispersant; however, the latter also
influences the viscosity of the suspension, which should be minimum with shear-thinning behavior [10].
The challenges associated with preparing suspensions with all desired attributes mount when dealing
with multi-constituent powder mixtures. Not surprisingly, therefore, not many studies on SPS with
mixed suspensions, have been reported in the literature [18,23,24]. However, such an approach clearly
represents a convenient pathway to realize fine-structured composite coatings.

Motivation for Axial Plasma Spraying of Liquid Feedstock

Notwithstanding the promise of liquid feedstock plasma spraying and considerable interest in
this approach as reflected in the above-mentioned studies, its low throughput and the need to employ
very short spray distances have for long remained significant hurdles in this route arousing industrial
interest. The above-perceived shortcomings have been primarily a consequence of the fact that the use
of suspensions and solution precursors demands higher thermal energy which conventional plasma
spray torches involving the radial introduction of feedstock struggle to provide. The relatively recent
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development of plasma spray systems capable of axial injection is thus clearly a potential game-changer
for liquid feedstock plasma spraying, involving the use of suspensions as well as solution precursors.

An illustrative schematic depicting radial and axial feeding in plasma spray torches is shown in
Figure 1. It should be mentioned that the particle trajectories depicted in the figure are only indicative
and can vary substantially with particle size; viz., in case of radial feeding, the very fine particles are
known to bounce off the viscous plasma plume without penetrating it at all while, depending upon the
material being sprayed, particles coarser than a certain cut-off size go right through the plasma plume.
In any event, it is abundantly clear from the schematic that axial feeding permits greater intimate
contact between the liquid feedstock and the plasma plume, thereby facilitating considerably enhanced
thermal energy transfer and far more effective utilization of the available plasma energy. This leads to
wide-ranging benefits including increasing stand-off distances and enabling the desired microstructure
control through proper selection of processing conditions [10,15]. It also considerably assuages the
above-mentioned concerns regarding low deposition rates/efficiencies associated with liquid feedstock
using radial feeding. The improved thermal energy transfer from the plasma plume to the feedstock in
the case of axial injection systems has also paved the way for deploying powder-suspension “hybrid”
feedstocks to achieve unique coatings microstructures as demonstrated elsewhere by the authors’
group [25,26]. Notwithstanding the above, there have been relatively few studies involving the use of
suspensions in tandem with an axial feed capable plasma spray system. Several of such prior reports
have originated from the authors’ group, but have been primarily focused on TBCs [6,14,16].
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Figure 1. Schematic of axial and radial feeding of feedstock.

In the present paper, axial SPS deposition of an Al2O3-YSZ mixed suspension has been used
as a case study. In this context, it is relevant to mention that Zirconia Toughened Alumina (ZTA),
an important manufacturing ceramic, has been extensively studied both as a structural material [27–29]
and as a protective coating [23]. The combination of high hardness and Young’s modulus of the Al2O3

matrix, with the additional toughening effect provided by the dispersed ZrO2, has been reported to
lead to a significant increase in the flexural strength and fracture toughness [27–29]. Thus, from a
potential application viewpoint too, the Al2O3-YSZ system was deemed to be an ideal demonstrative
model system for the present study on plasma spraying with mixed suspensions. However, it must be
emphasized that, while the Al2O3-YSZ deposition is merely an illustrative example, the versatility of
the approach is in being able to easily mix suspensions of any two individual materials A and B that
can be thermally sprayed, and pick the “composite” coating constituents A and B almost at will.
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A previous study on APS Al2O3-ZrO2 fine-structured composite coating comprising fine ZrO2

dispersed in a coarse-structured Al2O3 matrix has been shown to yield better wear resistance and lower
friction coefficient compared to a conventional coarse-structured Al2O3 coating [30]. An SPS Al2O3/

ZrO2 laminated composite coating produced by Berghaus et al. [23] yielded a significant improvement
in mechanical and thermal performance compared to Al2O3 and ZrO2 alone, which can be useful for
a variety of applications demanding enhanced resistance against abrasion, wear, oxygen diffusion,
elevated temperature exposure, etc. In the case of Al2O3-YSZ coatings produced by mixed suspensions,
very few studies have evaluated the mechanical properties of the coating systems [18,23,31]. Most of
these earlier studies have also involved radial injection of feedstock and consequently utilized solid
loads of 5–20 wt.%, as compared to the much higher 40 wt.% solid loading employed in the present
study to highlight the augmented throughput capability that can be realized with axial feeding
of suspensions.

This work aimed to showcase axial feed suspension plasma spraying as a versatile coating pathway
representing one of the emerging and industrially relevant applications of plasma techniques, given its
potential to realize diverse functional coatings with refined microstructures. The focus was on studying
the processing of mixed suspensions using axial plasma spraying and comprehensively analyzing
the resulting coatings. Individual suspensions of Al2O3 and YSZ powders, each with 40 wt.% solid
loading, were mixed in appropriate portions and sprayed using an axial-feed plasma torch and the
obtained coatings were extensively characterized for surface morphology, microstructure, porosity,
micro-hardness, scratch behavior, wear properties, and erosion behavior.

2. Materials and Methods

2.1. Materials

The suspension used for this study was prepared using powders produced by Treibacher Industrie
AG (Althofen, Austria). The two powders used for making the mixed suspension were: (a) Al2O3

(refer Figure 2a) with d10 = 0.51 µm, d50 = 2.20 µm, and d90 = 4.93 µm and (b) YSZ (8 wt.% Y2O3-ZrO2,
see Figure 2b) with d10 = 230 nm, d50 = 440 nm, d90 = 950 nm. Here, d10, d50, and d90 respectively
indicate values of particle diameters below which 10, 50, and 90 vol.% of particles lie in the powders
constituting the mixed suspension. The mixed suspension was manufactured by combining individual
water-based suspensions of Al2O3 and YSZ in the required amounts to yield a solid mass ratio of 80%
Al2O3 to 20% YSZ. The final solid content was then adjusted to 40 wt.%.
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YSZ powder constituting the mixed suspension.

Domex 355 steel in the form of buttons (25 mm diameter and 6 mm thickness) was used as a
substrate to facilitate coating characterization and erosion studies. Rectangular plates (60 × 20 × 6 mm)
of the same substrate material were used for generating specimens for scratch and wear studies.
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2.2. Coating Deposition

The substrate surface was degreased to remove dirt and the surface was grit blasted before
coating deposition using alumina grit size of 80 µm. Average surface roughness of approximately
Ra = 3 µm was obtained after grit blasting and substrates were preheated to ~150 ◦C using the plasma
torch. A high-power axial-feed capable plasma torch (Axial III, Northwest Mettech Corp., Vancouver,
Canada) equipped with Nanofeed 350 suspension feeder was used to deposit the suspension feedstock.
The suspension feedstock was axially injected into the spray torch and coatings were deposited on
an HVAF CoNiCrAlY bond coated substrate. The process parameters are specified in Table 1. It is
pertinent to note that the plasma current mentioned in the table corresponds to the input value for
each of the three electrodes of the spray torch. By employing the process parameters mentioned in
Table 1, the number of passes was controlled to achieve ~300 µm thickness of the ceramic layer.

Table 1. Spray parameters employed for coating deposition.

Plasma Spray Parameters Value

Operating gases, vol.% Ar, N2, H2 (45,45,10)
Gas flow rate, L·min−1 220
Spray Distance, mm 100
Current, A 220
Suspension feed rate, mL·min−1 40
Power, kW 122
Number of passes 16

2.3. Coating Characterization

For microstructural investigation, the specimens were first sectioned using an alumina blade,
and the transverse sections were cold mounted using a low viscosity epoxy resin. The mounted
specimens were polished using a semi-automatic polisher/grinder (PowerPro 5000, Buehler, Lake Bluff,
IL, USA) system. The polished cross-sections were examined under a Scanning Electron Microscope
(SEM) (TM3000, HITACHI-High Technologies Corporation, Tokyo, Japan). Gold sputtering (2–3 atomic
layers of Au) was done on the samples prior to SEM analysis to ensure electrical conduction between the
ceramic coating and the SEM holder. For porosity (pores and cracks) quantification using image analysis
(ImageJ software, Open source, National Institute of Health, Bethesda, MD, USA), over 20 micrographs
at ×1000 magnification were analyzed. To allow minimum plausible noise, only pores ≥1 µm in any
dimension (2D) were taken into consideration. The constitution of crystalline phases present in the
starting powders as well as in the coating were investigated by X-ray Diffraction (XRD) (PANalytical
X’Pert PRO, Malvern Panalytical B.V., Almelo, EA, The Netherlands) with CuKα radiation. The powder
sample used was derived by drying a small quantity of the mixed suspension while the coating specimen
was analyzed in an as-sprayed condition. The data was collected using Data Collector 5.1a and analysis
performed with HighScore PLUS 4.1 software (PANalytical X’Pert PRO, Malvern Panalytical B.V.,
Almelo, The Netherlands). Rietveld refinement was performed on the XRD data to determine the phase
quantities present. Electron Dispersive Spectroscopy (EDS) analysis of the coating was performed
by using the INCA x-act EDS module (Oxford Instruments, Abingdon, UK) embedded into a Field
Emission Scanning Electron Microscope from Zeiss, SIGMA series (Jena, Germany). The EDS spectra
were analyzed with AZtec software (Oxford Instruments, Abingdon, UK).

2.4. Microhardness

Vickers micro-hardness testing (HMV-2, Shimadzu Corp., Tokyo, Japan) on the polished
cross-section of the coatings was performed using 100 g constant load applied for 15 s.
The measurements were carried out in ambient conditions and 8 indents were made on the specimen
to report representative hardness value.
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2.5. Tribological Behavior

The tribological behavior of the SPS deposited Al2O3-YSZ coatings was comprehensively
investigated by subjecting the coatings to scratching, ball-on-disc sliding tests, and erosion testing.
To minimize the influence of topography, the surfaces of all specimens were polished to a roughness of
~1 µm Ra prior to scratch and sliding wear test. The thickness of the Al2O3-YSZ layer after polishing
was at least 150 µm. The conventional metallographic polishing protocol was used for surface polishing
and the specimens were ultrasonically cleaned in ethanol prior to testing. For erosion testing, φ25 mm
samples were used in the as-coated condition.

2.6. Scratch Testing

A commercial automated macro scratch tester CSEM Revetest equipped with Rockwell C diamond
stylus (cone apex angle 120◦, tip radius 200 µm) was used for scratch testing on the polished coating
surface. The stylus tip was made of diamond to avoid influence from wear or deformation of the
tip [21]. Linear scratches were made under a progressive loading rate of 10 N·mm−1, with the stylus
axis scanning normal to the coating surface at 10 mm·min−1 scratching speed. Three scratches were
performed under ambient conditions, and the stylus tip was cleaned with ethanol before every scratch.
The progressive damage in the coating was detected using an acoustic emission (AE) sensor mounted
on the stylus holder and the signals were recorded in the computer attached to the testing unit.
The sensitivity of the AE sensor was capable of detecting the signals (from cracking and fracture of
splats) released from the coating while scratching [33]. Post scratch examination of the scratches was
done using Optical Microscopy (OM) (Nikon, Tokyo, Japan) to observe the extent of damage to the
coating at different normal loads, after removing the scratch debris using an air jet.

2.7. Dry Sliding Wear Testing

The friction coefficient and dry sliding wear properties were assessed by a rotational ball-on-disc
tribometer (VTT, Espoo, Finland). A sintered and polished α-alumina ball of 6 mm diameter was used
as the counter-surface and the behavior of the coating was evaluated at the following test conditions:
a 5 mm diameter contact track, 10 N and 20 N normal loads at a constant sliding speed of 0.1 m·s−1,
and a total of 157 m sliding distance. During the experiment, the frictional heating was negligible since
the sliding speed was low. Since the duration of the test was very short, tribological reaction, if any,
was also presumed to be negligible.

Post wear analysis involved measurement of the depth profile of the transverse section of the
wear track using Wyko NT1100 optical profiling system. The two-dimensional profile so measured
was also used for evaluation of the wear volume. Two diagonally located measurements were recorded
on each wear track after removing wear debris using an air jet. The wear rate of the coatings was
evaluated using the following formula [34,35]:

WR =
V

L× l

where WR stands for wear rate (mm3 N−1 m−1), V is the wear volume (mm3), L represents normal
load (N), and l corresponds to sliding distance (m, product of number of test cycles and circumference
of the wear track (2πr), i.e., the total distance traversed by the Al2O3 ball relative to the specimen).
Three-dimensional visualization of the wear tracks was performed using a Filmetrics Profilm3D 3D
optical profilometer.

2.8. Erosion Testing

Erosion wear characteristics of the coatings were evaluated using a room temperature dry sand
erosion test rig designed as per ASTM G76. The test conditions employed for assessing the erosive
wear resistance are shown in Table 2. The erodent particle velocity was controlled using compressed
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air maintained at a pressure of 1 and 3 kg cm−2, which corresponds to velocity values of 48 and
108 m s−1, respectively. The weight loss experienced by the samples during a test cycle of 1 minute was
measured with a high precision electronic balance with an accuracy of 0.01 mg (Sartorius GmbH, Model:
Cubis®II, Gottingen, Germany), and the experiments were repeated till the erosion rate (defined as the
weight loss experienced by the specimen, normalized with the weight of the erodent causing the loss)
reached a steady-state value. Following the erosion studies at different impact angles and velocities,
the eroded specimens were observed under SEM to understand the deformation mechanism of mixed
suspension coatings.

Table 2. Erosive wear test conditions.

Nomenclature Value

Erodent Silica
Erodent particle size, µm 190–210
Particle velocity, ms−1 48, 108
Erodent feed rate, g min−1 4.5
Duration of each run, min 1
Total number of runs Repeated until steady state
Erodent impact angle, ◦ 30, 90
Nozzle to sample distance, mm 10
Test temperature, ◦C 32 ± 5

3. Results

3.1. Surface Morphology

The typical as-deposited surface morphology of the axial suspension plasma sprayed Al2O3-YSZ
coatings is presented in Figure 3. The relatively finer splats arising from the deposition of
sub-micron sized suspension are evident from the surface micrograph. The micrograph clearly
shows homogeneously distributed grey (Al2O3) and white (YSZ) features, for EDS refer Section 3.2.
It can be seen from the micrograph that the white regions are finer than the grey splats, which is
consistent with the fact that the Al2O3 feedstock powder particles constituting the suspension were
approximately 5 times larger than the YSZ particles.
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3.2. Microstructure

Cross-sectional micrographs of the mixed suspension coatings recorded in BSE mode are shown
in Figure 4a–c. A low-magnification transverse-section micrograph of the Al2O3-YSZ coating is shown
in Figure 4a and reveals homogeneously distributed YSZ in the Al2O3 matrix. This was further
confirmed through a high magnification micrograph as shown in Figure 4b,c. The predominantly
lamellar microstructure corroborates nearly complete melting of both feedstock particles. EDS results
obtained using point analysis, shown in Figure 5, reveal that the white regions (Spectrum 2, Figure 5c)
correspond to YSZ. It may be pointed out that, due to the extremely small feature size of the YSZ
splats, the EDS analysis only shows the white regions as (Y, Zr) rich due to the inevitable simultaneous
detection of the predominantly present Al in the adjoining grey regions. It should also be mentioned
that an EDS area map shown in Figure 4d revealed no evident “contamination” in the coating and,
within the resolution constraints, confirmed a good distribution of the YSZ in the Al2O3 matrix.
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3.3. Phase Constitution

XRD pattern of the Al2O3-YSZ powder used to prepare the suspension and the coatings deposited
therefrom are depicted in Figure 6. In the graph, some of the peaks have multiple indexing since peaks
for gamma (γ) and alpha (α) Al2O3, and tetragonal (t) YSZ were overlapping. The quantitative phase
composition analysis clearly indicates the relative amounts of the identified phases. The Rietveld
analysis revealed that the starting powder contains a mix of alpha-alumina (80.2%), tetragonal YSZ
(19.0%), and monoclinic (m) zirconia (0.8%). The presence of the monoclinic phase in the feedstock
material is expected due to the manufacturing route adopted for producing the YSZ sub-micron
material, as mechanical milling induces a reversible phase transformation in the YSZ from tetragonal
to monoclinic. The phase composition also confirms that the ratio of 80:20 Al2O3/YSZ was achieved in
the mixed suspension before plasma spraying.

The XRD pattern of the deposited SPS sample is given in Figure 7. As stated previously, some of the
peaks were overlapping and hence left unmarked. The XRD shows the appearance of the gamma phase
of alumina (74.4%), which is known to form from high-temperature quenching [36]. The alpha-alumina
phase content is found to be reduced to approximately 14.0% of the total. As reported widely for
plasma-sprayed YSZ coatings, the as-deposited coatings exhibit a tetragonal phase alone, even though
the starting powder had the minor presence of monoclinic ZrO2. The high solidification rates achieved
during non-equilibrium plasma spraying of YSZ usually results in metastable t- ZrO2 alone. However,
the total content of YSZ is reduced to 11.3% of the total.
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The loss in YSZ from the final coating relative to the feedstock may be due to the loss of some
portion of the very fine YSZ particles in overspray (non-deposited material) from the plasma jet due to
Stoke’s effect for fine-sized particles [37]. Alternatively, some of the YSZ may partially constitute the
glassy phase present within the coating.

3.4. Porosity and Hardness

The porosity and micro-hardness of the coating were 3.5 ± 1.2% and 934 ± 42 HV0.1, respectively.
The effect of porosity on coating hardness has been previously studied elsewhere [31]. A comparison
with results from a previous study by the authors on axial plasma spraying of Al2O3 suspension
coatings reveals that there is no significant change in the hardness of the coating after the addition of
YSZ. It is also pertinent to note that the hardness may not be the direct indicator of wear resistance and
hence, detailed studies on mechanical performance are essential to understand the functionality of
these coatings.

3.5. Tribological Behavior

Since the as-sprayed coating exhibited significant surface roughness, the samples were polished
prior to conducting two tribological tests to study the behavior of the coating and also to enable



Appl. Sci. 2020, 10, 5140 11 of 18

comparison with other similar plasma sprayed coatings without the surface asperities being an
influencing factor. The results ensuing from three different tribology tests, i.e., scratch, ball-on-disc
wear, and dry sand erosion, are discussed below.

3.5.1. Scratch Tests

A surface scratch test on the coating can be considered as a single point abrasive wear test [38].
It essentially involves a diamond stylus scratching the coating at a progressively increasing load to
determine the “critical loads” at which fracture within the coating occurs or the coating is detached
from the substrate to signify its failure. In the present study, as the coating thickness and the diameter
of the stylus tip were of comparable magnitude, detachment of coating from the substrate was not
possible. However, the extent and nature of damage in the coating with increasing load were tracked,
with an AE sensor also continuously picking up the number of signals from the indenter to aid in
the assessment of cohesive strength between successive splats. The analysis of the test also involved
a qualitative comparison of the scratch track width (observed through an optical microscope) with
increasing load, which can be correlated with the cohesive strength of the coatings.

Figure 8 shows the OM images of scratches at intermediate normal loads. With an increase in
normal load, the edges of the scratch track clearly show increasing damage in the form of larger
pull-outs from the coating. One plausible reason for such pull-outs can be initiation and subsequent
propagations of cracks in the coating due to an increase in tensile stresses induced by the motion
of the scratch tip with increasing load [39]. This crack propagation could cause the linking of pores
which could lead to detachment of the material from the coating. This microscopic observation is also
supported by the increasing intensity of acoustic emission signals with an increasing normal load on
the coating, as shown in Figure 9.Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 19 
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Figure 8. Optical microscope images of the residual scratch track on the SPS Al2O3-YSZ coating.
The normal load in Newton (N) is indicated and the arrow depicts the scratch direction.

A closer examination of the scratch and the acoustic emission signal reveals that the critical load
corresponding to the onset of noticeable damage in the coating is around 75–80 N for these Al2O3-YSZ
coatings. It may also be noted that, at loads beyond the above-mentioned critical load, local regions
with more pull-outs in the vicinity of the scratch are observed. Such an instantaneous increase in
scratch width can be caused not only by local defects such as pores but are also attributable to the
accumulation of stresses and their relief upon cracking. This is also apparent from the sudden rise and
fall in the intensity of acoustic emission signals (Figure 9). The effect of internal stress and cracking
on acoustic emission signals has been previously reported [40]. The observed instantaneous change
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in intensity of signals, together with the sizes of the fractured areas, reveals that the cohesion of the
coating is high. If cohesion was low, the damages would be much smaller, correlated to the splat sizes,
and located very close to the track.
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3.5.2. Ball-on-Disc Wear Tests

Figure 10 shows the measured friction coefficient µ during dry sliding for two different loads.
Three distinct regions are identified in the plotted graph. The first and third regions are called
running-in and stabilization regimes. In the running-in regime, the friction coefficient increases
rapidly because of particle generation between the mating surfaces. Thereafter, lowering of friction
coefficient could be due to filling up of pores by the wear debris at a very fine scale before the system
reaches a steady-state, known as a stabilization regime. The estimation of the friction coefficient value
corresponds to the stabilization regime. It can be seen from the figure that the friction coefficient
of the coating was ~0.45, regardless of the applied load. A comparison with the friction coefficient
of pure Al2O3 suspension based coating ~0.61, previously reported by the authors [32], reveals the
lowering of friction coefficient with the addition of YSZ. In the case of APS Al2O3 coating, the addition
of nano-sized YSZ has been to reduce the friction coefficient of the coating [30]. Apart from the use
of YSZ material, the addition of TiO2 has also been shown to reduce the friction coefficient of Al2O3

suspension based coating [41].
The wear rates for the two conditions tested are listed in Table 3 and the wear tracks are visualized

in Figure 11. The mean worn area used for calculation of wear rate is the area of the cross-sectional
profile of the wear track, below the original unaffected coating surface. The stated depth is the average
of the maximum depth of the wear track measured at two diametrically opposite locations of the track.
The wear rate of SPS Al2O3 previously reported by the authors [32] was significantly higher than that
of the composite Al2O3-YSZ coating investigated in the present study (~4 × 10−5 mm3 N−1 m−1 as
compared to ~1.45 × 10−5 mm3 N−1 m−1 at 10 N load). The presence of the metastable tetragonal-ZrO2

phase is known for its enhanced wear resistance characteristics due to higher fracture toughness [42].
The above results reflect the improvement in wear behavior of Al2O3 by the addition of YSZ, both in
terms of friction coefficient and wear loss. It is also pertinent to point out that the previous study
had already shown the refined microstructure enabled by SPS Al2O3 to yield much better properties
than the usual plasma-sprayed Al2O3 coatings deposited using conventional spray grade powder.
The above result provides ample added incentive for conveniently utilizing mixed suspensions to
achieve further property enhancement.
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Figure 10. Friction coefficient evolution with sliding distance for different applied loads during
ball-on-disc wear testing of SPS Al2O3-YSZ coating.

Table 3. Depth, worn cross-section area, and wear rate of the coatings.

Load
(N)

<Depth>
(µm)

<Area>
(µm2)

Wear Rate
(10−5 mm3 N−1 m−1)

10 3.5 1450 1.45
20 5 3300 1.65
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3.5.3. Erosion Tests

The potential applicability of mixed suspension coatings for erosion resistance applications is
exciting because of the inherent design of the coating microstructure. The erosion rate of thermally
sprayed coatings, in general, is influenced by many factors such as porosity, the lamellar interface
bonding ratio, splat boundaries, relative hardness, etc. [43–45]. Although the suspension-based coatings
are known for their plentiful splat boundaries, the higher inter-splat bonding (as reflected in the scratch
testing results) promises to yield better resistance to the impacting erodent compared to conventional
micron-sized powder sprayed counterparts. As observed in Figures 4 and 5, the distributed presence
of sub-micron and nano-sized tetragonal-ZrO2 within the Al2O3 matrix is expected to toughen the
microstructure, which in turn bears the promise to improve erosion performance.

The ratio of erosion rates at impact angles of 90◦ and 30◦, E90/E30, is an indicator of the nature
of erosion, with values less than 0.5 being suggestive of ductile behavior and values greater than
1 implying brittle behavior [46,47]. Compared to pure Al2O3 coatings which are known to exhibit
E90/E30 ratio greater than 2 [22], the E90/E30 values for the SPS Al2O3-YSZ coatings were found to be
in the range of 1.2–1.4. This indicates the lower degree of brittle deformation in the coating by virtue of
the reinforcement provided by YSZ. The lower material removal intensity at 30◦ and greater intensity
of damage at 90◦ can be seen from Figure 12; the unit of erosion wear rate is g per g erodent. It has
been reported in the literature that hard and brittle coatings perform better at low impact angles and
maximum wear rate is reached at a 90◦ angle [48]. The slightly higher relative hardness of the coating
(9 GPa, refer Section 3.4) compared to the erodent silica particles (8 GPa) can also be a determining
factor and could have contributed to its reduced impairment due to erosion damage. Notwithstanding
the prevailing damage mechanisms that require a more elaborate investigation, the above studies do
provide ample evidence that the composite Al2O3-YSZ coating can provide better erosion resistance
than pure alumina ceramic coatings by virtue of the reinforcement provided by the distributed YSZ in
the Al2O3 matrix.Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 19 
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Figure 12. The erosion wear rate of SPS Al2O3-YSZ coating (g·g−1 of erodent).

The investigation of eroded surfaces (after 30 min of erosion) can provide insights into the
erosion mechanism. The damage caused to the individual splats can be seen at a 30◦ impact
(Figure 13a,b), resulting in lower material removal compared to complete removal of splats at a 90◦

impact (Figure 13c,d).



Appl. Sci. 2020, 10, 5140 15 of 18

Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 19 

 427 

Figure 12. The erosion wear rate of SPS Al2O3-YSZ coating (g∙g-1 of erodent). 428 

The investigation of eroded surfaces (after 30 min of erosion) can provide insights into the 429 
erosion mechanism. The damage caused to the individual splats can be seen at a 30° impact (Figure 430 
13ab), resulting in lower material removal compared to complete removal of splats at a 90° impact 431 
(Figure 13cd). 432 

 433 
Figure 13. Surface morphologies of Al2O3-YSZ coatings after erosion studies at (a) 30° impact at 48 434 
m∙s-1, (b) 30° impact at 108 m∙s-1, (c) 90° impact at 48 m∙s-1, and (d) 90° impact at 108 m∙s-1. 435 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

1 bar 3 bar

Er
os

io
n 

w
ea

r r
at

e,
 x

10
-3

Pressure

90 deg
30 deg

Figure 13. Surface morphologies of Al2O3-YSZ coatings after erosion studies at (a) 30◦ impact at
48 m·s−1, (b) 30◦ impact at 108 m·s−1, (c) 90◦ impact at 48 m·s−1, and (d) 90◦ impact at 108 m·s−1.

In summary, this study has demonstrated the ease of mixing two independent suspensions
(of Al2O3 and YSZ, in this case) to conveniently realize “composite” coatings. It was observed that,
by virtue of employing axial feeding of the suspension feedstock into the plasma plume, stand-off

distances significantly greater than those reported earlier in case of SPS Al2O3-YSZ coatings deposited
via radial feeding are possible, i.e., 100 mm in the present work compared to 30 mm for radial feeding
previously employed for such coatings [18]. Moreover, due to improved thermal energy transport
possible in case of axial feeding compared to radial feeding, a much higher feed rate could be deployed
in this study (3.4 kg·h−1 of a 40 wt.% solid load suspension, corresponding to 1.36 kg·h−1 of Al2O3-YSZ
compared to 2.9 kg·h−1 of a 25 wt.% solid load suspension which represents less than 0.75 kg·h−1 of
injected powder [18]). In this context, it is also worth mentioning that another earlier reported work
even on axial SPS employed a feed rate of only up to 1.8 kg·h−1 for a suspension with solid loading
similar to that used herein. The feed rates employed in this study also surpass by more than a factor of
five, the 0.24 kg·h−1 feed rate employed in APS deposition of a similar coating. Further comparison
of the axial SPS deposited Al2O3-YSZ coatings with the conventional powder-derived APS coatings
revealed significantly lower porosity in the present case compared to the latter [30]. The typical values
of coating porosity observed in the present study and other reported SPS coatings is 1–4 vol.% [31],
whereas APS spraying resulted in 20 vol.% porosity [30]. For tribological applications, for which these
composite coatings are commonly considered, the processing and economic benefits suggested by the
present study are significant and also supported by good wear properties.
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4. Conclusions

The present study deals with the preparation of a mixed Al2O3-20 wt.% YSZ suspension,
its deposition using axial plasma spraying, characterization of resulting coatings, and evaluation of
their tribological behavior employing diverse wear tests. It demonstrates that mixed suspensions with
distinct ceramic constituents can be successfully prepared for plasma spraying. A suitable processing
window enables the deposition of dense, finely structured coatings with uniform distribution of YSZ
in an Al2O3 matrix. Scratch testing reveals good inter-splat cohesion. The presence of distributed YSZ
in the Al2O3 coatings leads to a lowering of friction coefficient and improvement in wear resistance of
the coating. The erosion test, too, reveals a lower degree of brittle deformation in the coating by virtue
of the reinforcement provided by YSZ.
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