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ARTICLE INFO ABSTRACT

Keywords: The advent of high-throughput plasma spray systems that allow axial feeding encourages the study of using
Hybrid liquid feedstock for various next-generation functional applications. The current study explores the benefit of
Axial plasma spray such a plasma spray system to deposit hybrid powder-suspension Al;03-YSZ ceramic matrix composite (CMC)
ls)zf::c‘:::“m coatings for tribological applications. The tribological performance of the hybrid processed CMC coatings was
Tribology assessed using scratch, ball-on-plate wear and erosion tests and compared with that of monolithic powder-
Erosion derived Aly0O3 coatings. As-deposited and tribo-tested coatings were characterized using Scanning Electron Mi-

croscopy, X-ray Diffraction and Energy Dispersive Spectroscopy to analyse their microstructure and phase
constitution. The results showed that the tribological performance of the hybrid powder-suspension Al;03-YSZ
CMC coating was significantly improved by enhancing the wear resistance under scratch, dry sliding ball-on-
plate and erosion tests as compared to the conventional APS deposited monolithic Al,O3 coating. About 36%
decrease in the dry sliding ball-on-plate specific wear rate and up to 50% decrease in the erosion wear rate was
noted in the hybrid powder-suspension Al;03-YSZ CMC coating as compared to the conventional APS deposited
monolithic Al,O3 coating. The study concludes that the hybrid powder-suspension route can create CMC coatings
with unique multi-length scale microstructures which can be attractive for combining different tribological at-

Scratch & wear

tributes in the same coating system.

1. Introduction

Atmospheric plasma spraying (APS) is the most widely adopted
thermal spray technology to deposit coatings for various functional
applications such as corrosion, wear, thermal barrier, fuel cells etc.
[1-4]. Deposition of a variety of feedstock materials such as metals,
ceramics, cermets, intermetallics etc. is possible using APS where coarse
powder particles (10-100 pm) are conveyed using a carrier gas such as
Argon and injected into the hot plasma plume [5-8]. The particles are
melted and accelerated towards the substrate resulting in partially or
fully molten particles which form splats, and the subsequent deposition
of splats lead to the formation of a coating. More recently, the idea of
feeding fine (<1-3 pm) powder particles into the plasma plume to create
fine-structured coatings has garnered increasing interest. This is due to
the fact that the refined microstructures have been shown to outperform

the coatings resulting from conventional coarse spray-grade powders in
various aspects such as wear, erosion, mechanical strength, thermal
diffusivity [9-12] etc. However, this has required researchers to adapt
the conventional APS technology suitably, since processing of fine par-
ticles (<1-3 pm) by the conventional APS approach, particularly when
the feedstock is injected radially, i.e., perpendicular to the direction of
the plasma plume, using traditional low power plasma torches is
immensely challenging. The challenges are primarily associated with
the inadequate momentum of the fine powder particles to penetrate the
viscous plasma plume, and agglomeration of the fine powder particles
leading to poor flowability and clogging of the injector nozzle [1].
Several attempts have been made to address the above challenges by
pre-processing the fine powder particles via agglomeration and sintering
routes [1,13,14]. However, such an approach not only requires close
process control and monitoring during agglomeration and sintering
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which are both time and resource demanding, but can also lead to the
presence of non-molten and/or semi-molten particles in the deposited
coating, leading to an adverse impact on coating performance [14,15].
An emerging alternative approach is to use suspensions where fine
powder particles are suspended in water or ethanol prior to spraying.
The processing of such suspensions using plasma spraying is termed as
suspension plasma spraying (SPS), where the suspension is fed into the
plasma plume either radially or axially. Although radial injection has
been most widely utilized in plasma spraying [9,16], the use of axial
injection is gaining more attention as it allows better thermal exchange
between the plasma plume and the injected feedstock [17,18]. The axial
injection becomes even more desirable when a suspension feedstock is
used, because a significant amount of heat is consumed in evaporating
the solvent and better thermal exchange and higher plasma power levels
allow complete melting of the fine solute powder particles despite the
above [19]. The processing of suspension via axial injection using
plasma spraying is termed as axial suspension plasma spraying (ASPS).

The challenges associated with spraying of fine powder particles
through APS and the latest advancement in axial feedstock injection
systems has led to exploration of a hybrid spraying approach involving
axial injection of both a conventional spray grade powder and a sus-
pension carrying a fine powder to generate different function-dependent
coating architectures and coatings with multi-length scale microstruc-
tures [20]. Despite the considerable potential of hybrid processing, there
are only few prior studies on this subject where a combination of powder
and suspension/solution is used, especially via axial injection route
[20-24]. The hybrid processing concept via axial injection route using
suspension and powder was first demonstrated by Bjorklund et al. [20]
to produce various function-dependent coating architectures. The
concept was further explored by Mistri et al. [25] and Mahade et al. [26]
to demonstrate the deposition of metal matrix Tribaloy T400 composite
coatings for wear applications. The similar concept was also utilized by
Gopal et al. [27] and Murray et al. [28] to demonstrate the deposition of
ceramic matrix alumina composite coatings for sliding wear under
bovine serum solution and dry sliding wear application, respectively.
This work is an attempt to further explore such a hybrid processing route
deposited dual phase ‘AloO3’ ceramic matrix composite (CMC) coatings
reinforced with a fine scale second phase ‘8YSZ’ under dry sliding wear,
scratch wear as well as erosive wear conditions.

Dual phase/composite coatings have been of interest in view of their
potential to provide better performance over corresponding single
constituent material coatings. Improvement in mechanical behaviour by
introduction of finely distributed second phase(s) (with the first phase
being the coating matrix) can be attributed to the action of the latter as
the crack arrestor and the crack-deviating characteristics of the inter-
laminate interfaces [29]. Fine structured composite coatings with a
multi-scale structure, i.e., presence of both micron- and fine-sized fea-
tures, in particular, have shown improved performance over conven-
tional coatings with micron-sized features [28]. A previous study on
Aly03-ZrO, fine-structured composite coating consisting of nano-sized
ZrO, dispersed in micron-sized AlyO3 matrix has shown better wear
resistance and lower friction coefficient in comparison with conven-
tional Al,O3 coating [30]. Al;03/ZrO; laminated composites produced
by Berghaus et al. [29] have shown significant increase in mechanical
and thermal performance of the composite coatings in comparison with
YSZ coating, which can be useful for a variety of applications demanding
enhanced resistance against abrasion, wear, oxygen diffusion, heat, etc.

It is also relevant to mention that zirconia toughened alumina (ZTA),
an important manufacturing ceramic, has been extensively studied for
decades both as a structural material as well as a protective coating as it
can provide a combination of high hardness and Young’s modulus of the
Aly03 matrix with an additional toughening effect resulting from the
ZrO, dispersion, thereby significantly increasing the flexural strength
and fracture toughness of AloO3 [31-33]. For instance, kern et al. re-
ported significantly higher Vickers hardness (up to 1900 HV;o) and
fracture toughness (up to 3.6 MPa\/m) in a alumina-10 vol% zirconia
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composite coating [34]. Similarly, Sommar et al., also reported a su-
perior fracture toughness i.e., up to 4.3 MPay/m in a alumina-24 vol%
zirconia composite coating [35]. Such an enhanced hardness and frac-
ture toughness was reported to be the primary reason for the improved
tribological performance of the alumina-YSZ composite coatings
[34-36]. Krishnamurthy et al., studied the influence of microhardness
on wear resistance and found that the at 5 N load, the wear rate
decreased by nearly 58% from 2.6 (x10~% mm3/Nm) to 1.1 (x1073
mm®/Nm) as the coating hardness increased by only 4.5% from
1000HV( 1 to 1045HV 1 [36]. It should be borne in mind that the above
studies have prompted the Al;03-ZrO; system to be used as a case study
to establish the possibility of depositing composite coatings by the
hybrid processing route.

Processing of CMCs comprising constituents with diverse melting
characteristics such as the Al,O3 and ZrO, is challenging to process
under conventional deposition route and the challenge alleviates even
further if an order of magnitude difference exists between the size of the
two feedstocks utilized to process CMCs. However, hybrid processing
route has shown the potential to overcome these challenges as demon-
strated in the literature [20,24,27,28].

Therefore, the current study deals with deposition of multi length
scale wear resistant Al,03-YSZ CMC coatings via hybrid processing route
using axial plasma spraying. A monolithic alumina coating was also
deposited under similar processing conditions as a reference coating.
Monolithic alumina coatings are most commonly used in industry due to
their superior tribological properties, high hardness, high strength and
high fracture toughness [37]. Both the CMC as well as the monolithic
coatings were assessed at ambient conditions using scratch test, ball-on-
disk wear test and erosion test. Furthermore, the coatings were also
characterized using scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD) to
analyse their microstructure and phases.

2. Materials and methods
2.1. Feedstock, coating deposition & characterization

The feedstocks used in this study were a) a commercially available
25 wt% solid loaded suspension of YSZ in ethanol (AuerCoat® YSZ
Suspension, d10 = 230 nm, d50 = 440 nm, d90 = 950 nm, Treibacher
Industries AG, Austria) and b) spray-grade powder of Al;03 (AMPERIT®
740, fused and crushed, 22/5 pm, H.C. Starck GmbH, Germany) with
morphology as shown in Fig. 1(a) and (b), respectively.

The substrate used in this study was Domex 355 steel for depositing
both the composite as well as monolithic coatings. Two types of sub-
strate geometries, i.e., round buttons (25 mm * 6 mm) and rectangular
plates (60 mm * 20 mm) were used to facilitate subsequent character-
ization and production of specimens for tribological testing, respec-
tively. Both the coatings were deposited using a Mettech Axial III high
power plasma torch (Northwest Mettech Corp., Vancouver, Canada)
equipped with Nanofeed 350 suspension feeder as well as a separate
powder feed system (Uniquecoat, model PFS50WL, Richmond, USA), as
shown in the schematic in Fig. 2. The process parameters employed were
similar (see Table 1) for both the coatings except the number of plasma
torch passes. The composite coatings were deposited using simultaneous
injection of Al;03 powder and YSZ suspension with varied suspension
feed rates corresponding to 5, 10, 15, and 20 wt% YSZ content in the
hybrid powder-suspension feedstock.

Surface roughness of both the composite and monolithic coatings
was measured using a surface profilometer (MITUTOYO SURFTEST-
301) which records the movement of a stylus as it is dragged along
the surface of the coating. Five readings were recorded for each spec-
imen and average values with appropriate standard deviation are re-
ported herein.

Polished cross-section sample preparation for microstructural
investigation was done firstly by vacuum impregnating the as-sprayed
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Fig. 1. Morphology of (a) 8YSZ powder (diluted & dried suspension) and (b) alumina powder.
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Fig. 2. Schematic showing hybrid powder-suspension spraying set-up utilized to deposit CMC coatings.

Table 1
Spray parameters used to deposit composite and monolithic coatings.
Parameters Powder feed rate Suspension feed rate Current Spray distance Operating gas Number of passes Total gas flow Power
(g/min) (mL/min) (A) (mm) (L/min) kw)
Monolithic 50 - 230 150 20H>-80 Ny 20 180 109
CMC 50 10,22,35,50" 230 150 20H,-80 Ny 12 180 109

? Feed rate corresponding to 5,10,15, 20 wt% YSZ and Al,O3 as balance in hybrid feedstock, respectively.

specimens in a low viscosity epoxy resin to avoid cracking or pull-outs
during the subsequent sectioning step. The transverse sectioning of the
specimens was then carried out using an alumina cutting blade. The
sectioned specimens were then cold mounted using vacuum impregna-
tion which was followed by semi-automatic polishing of mounted
specimens using a Buehler PowerPro 5000 (Buehler, USA) system.
Additionally, the fractured surface of the coatings was also prepared by
slicing the substrate down to 0.5 mm thickness followed by bending the
specimens to detach the free-standing films from the substrate. Finally,

the free-standing coatings were fractured to reveal the fractured surface.

Microstructural investigation of as-sprayed polished & fractured
cross-sections, the top surface morphologies of the as-sprayed and
eroded coatings was carried out through tabletop SEM (HITACHI,
TM3000) under backscattered electron (BSE) mode & a field emission
SEM (Model: S43000SE/N, Hitachi, Japan). Prior to SEM investigation,
the ceramic coated samples were gold sputtered. Porosity of the coatings
was assessed from 20 cross-sectional SEM micrographs (taken at 500x
magnification focusing throughout the coating thickness) using image
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analysis (ImageJ software).

The phase constitution of the monolithic coating was analysed using
an X-Ray diffractometer (PANalytical X’Pert PRO, Malvern Panalytical
B.V., Almelo, EA, The Netherlands) with Cu Ko radiation (A = 1.54 A).
Whereas the phase constitution of the composite coatings was analysed
using a Power D8 Discover diffractometer (Bruker AXS, Germany) with
Cu-Ka radiation. In addition, Electron Dispersive X-ray Spectroscopy
(EDS) analysis of the composite coatings was performed using a Leo
1550 Gemini SEM equipped with an X-Max 20 mm Silicon Drift Detector
and Oxford Instruments Aztec software (Oxford Instruments, UK).

Hardness was measured by Vickers micro-hardness testing (HMV-2,
Shimadzu Corp., Japan) on the polished cross-section of the coatings
using 100 g constant load applied for 15 s. The measurements were
carried out in ambient conditions and the hardness values were aver-
aged over 8 recorded indents for each coating. Fracture toughness of
both the coatings were experimentally measured in an earlier work and
the details can be found here [28].

2.2. Coating wear performance

The as-sprayed CMC (alumina with 20 wt% YSZ) and Monolithic
(alumina only) coatings showed different surface roughness, i.e., 11 + 1
pm and 8 + 2 pm, respectively. To study the tribological response of the
inherent CMC and Monolithic coatings without the surface roughness
effects influencing the results, the coating surfaces were grinded and
polished prior to testing to obtain an average similar surface roughness
of <1 pm (Ra). Three different types of tribological tests were performed
to ascertain their tribological behaviour as described below, where
scratch and dry sliding wear tests were conducted on polished surface
whereas the erosion test was conducted on the as-sprayed surface.

2.2.1. Scratch test

A commercial automated scratch tester, CSEM Revetest, equipped
with a Rockwell C diamond stylus (cone apex angle 120°, tip radius 200
pm) was used for scratch testing the polished coating specimens at
ambient air condition. Linear scratches were made under progressive
loading condition. The load was varied from O to 130 N. The loading rate
was 100 N/min, with the stylus scanning the coating surface at a speed
of 10 mm/min. A sensor mounted on the indenter holder was used to
monitor and record the acoustic emission signal from the scratching
action and subsequently relate it to damage in the coating. Post scratch
examination of the coatings was done using Optical Microscopy (OM)
(Nikon, Tokyo, Japan) and Stereo Microscopy (SM) (Nikon SMZ8O0ON,
Sweden).

2.2.2. Sliding wear test

A ball-on-plate tribometer (VTT, Finland) was used in dry sliding
contact conditions to assess the dry sliding friction and wear resistance
of both the CMC as well as Monolithic coatings studied in this work using
a dense sintered 6 mm diameter Al,O3 sphere as the counter-surface.
The test was performed at 10 N normal load with a sliding speed, total
sliding distance, and radius (r), of the wear track as 0.1 ms~!, 157 m, and
2.5 mm, respectively. Post wear analysis was done by determining the
surface topography using Wyko NT1100 optical profiling system which
was also used to create a 3D profile and corresponding 2D profile of the
transverse section of the wear track. Calculation of the worn area was
based on this 2D profile. Measurements were recorded at two diamet-
rically opposite locations on each wear track after removing wear debris
using an air jet. The worn areas at the two locations were determined
from the wear track profiles and these were then averaged to ascertain
the ‘mean worn area’. The total volume loss of the wear track was then
calculated as the product of the mean worn area and circumference of
wear track (2nr). The wear rate of the coatings was then evaluated using
the following formula:

Surface & Coatings Technology 409 (2021) 126907

mm? Total volume loss of the wear track (mm®)
Wear rate =

Nm Force (N)*Total sliding distance (m)

2.2.3. Erosion test

Erosion tests were carried out at room temperature using dry sand
erosion test rig designed as per ASTM G76. Silica particles of mean
particle size 200 £+ 10 pm with angular morphology were used as ero-
dent media. The test was carried out under similar conditions on both
the coatings where the erodent feed rate, nozzle to sample distance and
test duration were 4.5 g/min, 10 mm and 1 min, respectively. Erosion
behaviour of the coatings were evaluated under two different erodent
particle velocities (48 ms™! and 108 ms™!) and two impact angles (30°,
90°). Such study is also expected to provide possible insights about the
ductile/brittle behaviour of the coatings. The erosion rate (which is the
ratio of mass loss of the coatings to the erodent mass used to promote the
erosion) was calculated. The weight loss was measured before and after
testing using a weighing scale having a resolution of 0.01 mg (Model:
Sartorius, Germany).

3. Results & discussion
3.1. Coating characterization

3.1.1. Microstructure and porosity analysis

The polished cross-sections of all the coatings studied in this work
are shown in Fig. 3. The micrographs clearly reveal incorporation of
white (YSZ) features in a grey (Al;03) matrix. The reason for depositing
coatings with varied YSZ content was primarily to demonstrate the
successful utilization of the hybrid plasma spraying concept where a
second phase having very fine size can be successfully incorporated in a
coarse matrix. By simply adjusting the suspension feed rate during
coating deposition, the hybrid processing route can produce composite
coating with varied amount of second phase. As demonstrated in this
work and shown in Table 1 the suspension feed rate was varied as 10, 22,
35 & 50 (mL/min) along with Al;O3 powder (feed rate 50 g/min) to
produce 5, 10, 15 & 20 wt% YSZ reinforced Al,O3 composite coatings,
respectively.

For detailed assessment of such hybrid processed composite coatings
and evaluation of their tribological performance, the coating with the
highest YSZ content (Al;03-20YSZ), which is henceforth referred to as
‘CMC’ coating, was selected for further detailed investigation along with
a coating without YSZ referred to as ‘Monolithic’ coating. The reason for
selecting the composite coating with the highest YSZ content (20 wt%)
was because of its significance in achieving superior tribological prop-
erties. As reported in the literature by Gafur et al. [38], the incorpora-
tion of YSZ in alumina can decrease the coating hardness but it can
increase the facture toughness. Although the incorporation of YSZ in
alumina can decrease the coating hardness, the resultant increase in the
facture toughness of the composite coating can have a remarkable
improvement in the tribological properties of the coating [35].Fig. 4
shows the SEM pictures of the top-surface (a), polished-cross-section (b)
and fractured cross-section (c) of the CMC coating. The top-view image
clearly shows the presence of white coloured YSZ splats (marked with
the black arrows) and the grey coloured alumina splats (marked with the
white arrows) which can also be observed in the polished as well as the
fractured cross-section micrographs. Moreover, the polished and frac-
tured cross-sections also show the presence of porosity (marked with
dotted circles). Typical lamellar structured grains which are character-
istic of conventional powder feedstock plasma sprayed coatings can also
be seen from the fractured cross-section image (marked with white ar-
rows). An important point to be noted is the size difference between the
white YSZ splats and grey alumina splats from all the SEM micrographs
shown in Figs. 3 and 4. The white YSZ splats/features appear to be
several orders of magnitude smaller than the grey splats/features, which
is consistent with the original mean particle size difference between the
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Fig. 3. Cross-section SEM images of the as-sprayed (a) Monolithic and CMC coatings with (b) 5 wt% YSZ, (c) 10 wt% YSZ, (d) 15 wt% YSZ and (e) 20 wt% YSZ in
alumina matrix, respectively.

(d)

J 7

YSZ-AL,0; Interface * |

Fig. 4. SEM micrographs of the 20 wt% YSZ reinforced alumina matrix CMC coating: (a) top surface morphology, (b) polished cross-section and (c) fractured cross-
section (white arrows: alumina splats/features, black arrows: YSZ splats/features, white dotted circles: pores and cracks).

two feedstocks, i.e., the Al,O3 powder (d50 ~ 17 pm) and the YSZ sus- potentially advantageous feature of coatings derived using a powder-
pension (d50 =~ 400 nm). The presence of two dimensionally very suspension hybrid feedstock. Very high magnification secondary elec-
distinct types of “building blocks” (splats) is indeed the key inherent and tron SEM images were also captured to study the interface of the Al,O3
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and YSZ splats. A smooth interface between the Al,O3 and YSZ splats can
be observed from Fig. 4(d) suggesting a good cohesion within the CMC
coating.

The thickness and the porosity of both the Monolithic as well as the
CMC coatings are reported in Table 2. The porosity in the CMC coating
was slightly higher as compared to the Monolithic coating. This was is
due to the relatively less specific energy available in the plasma plume
while depositing CMC coating because of considerable energy being
consumed in evaporating the solvent from the suspension feedstock.
Despite of the lower specific energy in the plasma plume, the molten
splats for alumina are a clear indicator for complete melting as observed
in top surface morphologies from Fig. 4(a) ((marked by white arrows).
However, the fine YSZ feedstock with higher melting point than alumina
could have experienced significant less specific energy to form molten
splats resulting in the formation of unmelted YSZ particles as evident
from the fractured cross-section which could have contributed to the
increased porosity.

Significant higher material deposition rate was achieved through the
hybrid route as seen from the coating thicknesses per pass. The higher
thickness per pass in case of the CMC coating was not surprising as an
additional feedstock i.e., YSZ suspension was fed with 50 mL/min
feeding rate along with 50 g/min alumina powder. On the contrary,
during deposition of the Monolithic coating only 50 g/min alumina
powder was fed under similar spray conditions. Despite of lower mate-
rial deposition rate as demonstrated by the thickness per pass (see
Table 2), the Monolithic coating was significantly thicker due to the
significantly higher number of plasma torch passes (20) used to deposit
the coating (see Table 1) compared to the CMC coating (12 passes, see
Table 1).

3.1.2. Phase analysis by EDS and XRD

The EDS spot analysis of the CMC coating, as shown in Fig. 5, con-
firms the predominant presence of mainly zirconium in the white region
(Spot 2) and aluminium in the grey region (Spot 1), attributable to the
YSZ and alumina, respectively.

X-ray diffraction was carried out to identify the presence of the
phases in the monolithic as well as CMC coatings and the corresponding
XRD plots are shown in Fig. 6. In addition, the XRD plot for the alumina
powder feedstock used for depositing Monolithic as well as CMC coating
is also shown in Fig. 6(a) as a reference. The as-sprayed CMC coating
contained a mixture of alpha (a) and gamma (y) alumina phases, along
with the presence of tetragonal zirconia (t-ZrO;) and negligible (only
one small peak) cubic Y203 phases. The alpha (a) phase is attributed to
unmelted/partially melted alumina powder particles or to the molten
powder particles which cooled at lower rate, whereas the nucleation of
the metastable gamma (y) as well as the formation of amorphous phase
is associated with the rapid cooling of the molten splats at the substrate
surface [39].

Since the starting alumina powder feedstock was pure alpha ()
alumina as shown in Fig. 6(a), the presence of gamma (y) alumina phase
in the CMC coating suggests that not all the powder particles were fully
molten retaining some alpha () phase from the feedstock. Literature has
shown that conventional plasma sprayed alumina coatings deposited
under similar spray conditions consist of mainly gamma (y) alumina
phase due to the complete melting of the alumina powder particles
which, upon rapid quenching transform from alpha () alumina into
gamma (y) alumina or amorphous phase [28]. Similar behaviour was

Table 2
Coating characteristics of the Monolithic and CMC coatings studied in this work.
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also noted for the Monolithic coating deposited in this work where
mainly the presence of gamma (y) alumina phase peaks can be seen (see
Fig. 6(a)). Nevertheless, in this study, the CMC coating was processed
using a hybrid route which involved an additional feedstock (YSZ) in the
form of a suspension along with the alumina powder feedstock. There-
fore, as explained earlier the availability of the plasma energy exclu-
sively for heating the pure alpha («) alumina powder feedstock was
significantly reduced due to the usage of a substantial amount of the
available plasma energy to evaporate the solvent (ethanol) from the
suspension feedstock. Moreover, for both the Monolithic as well as the
CMC coating studied in this work peaks of amorphous phase (between
40° to 70°) were observed, which has also been previously reported in
literature especially for the conventional Monolithic plasma sprayed
coatings where it is believed that extremely fast quenching rates in the
plasma spray process allows the formation of such an amorphous phase
in these coatings [16]. Although the energy available for melting
alumina for producing CMC coating is reduced compared to producing
Monolithic coating, significant energy was available for the case of CMC
coating by virtue of employing a high energy Axial III plasma torch. This
is evident from the reasonably low porosity and presence of mostly
gamma phase in the CMC coating. Therefore, it should be further
mentioned that the present hybrid route is promising while capitalizing
on the high-power capability of the advanced plasma torch used in the
present study.

3.2. Mechanical properties

The hardness and fracture toughness values of the CMC coating are
reported in Table 2 and compared with those of the Monolithic coating.
Rapid solidification of the molten corundum (a-Aly03) alumina particles
leads to the formation of meta-stable y-Al;O3 in plasma sprayed alumina
coatings, which exhibit lower hardness as compared to the coating
comprising of pure corundum (a-AlyO3) [40,41]. As discussed earlier,
the extent of melting of the corundum (a-Al;O3) alumina powder par-
ticles while depositing the CMC coating was not as significant as in case
of depositing the Monolithic coating due to the use of plasma energy
consumed for evaporating the solvent during CMC deposition. This
allowed to retain larger traces of the harder corundum (a-Al;O3) phase
in the CMC coating as compared to the Monolithic coating which was
mainly consisting of the softer y-Al;O3 and amorphous AloO3 phases.
Despite of this, the hardness of the CMC coating was found to be lower
(1096 HV) than the monolithic coating (1361 HV). This could primarily
be caused by the presence of higher porosity as well as the softer second
phase (YSZ) in the CMC coating as the inherent bulk hardness of the
porosity as well as the YSZ is significantly lower than alumina [42]. In
addition, the presence of YSZ splats in the CMC coating resulted in
numerous alumina-YSZ interfaces which could have also reduced the
coating hardness since these are typically the weaker regions present in
a coating.

In contrast to the hardness, the mean fracture toughness values of the
CMC coating as shown in Table 2 were found to be significantly higher
(about 4-fold) than in the Monolithic coating. Such a drastic difference
in fracture toughness despite the higher porosity and larger traces of
harder and brittle (a-A1203) phase in the CMC coating can mainly be
attributed to the incorporation of a tougher second phase (YSZ) which
successfully arrest the crack propagation.

Coating ID Surface roughness (as-sprayed, Ra) Porosity Thickness Thickness per pass Hardness Fracture toughness” Specific wear rate
(pm) (% area fraction) (pm) (pm/pass) (HVO0.1) (MPa~m°'5) (106 pmsN’l)

Monolithic 8+2 2.2+0.3 374.50 + 13.65 19 1361 + 100 2 0.55

CMC 11+1 3.3+05 356.92 + 8.10 30 1096 + 136 9 0.35

# Fracture toughness values are taken from earlier work performed on similar coatings [28].
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Gamma (y) alumina, Alpha (o) alumina, Tetragonal (t-ZrO) & cubic Y20s3.
3.3. Wear performance

3.3.1. Wear resistance during scratch test

The acoustic emission signals from the scratch test are plotted
against the load and shown in Fig. 7(a). The significant increase in the
acoustic emission signal at a lower load (around 60 N and onwards)
suggests that the Monolithic coating experienced damage at a lower load
compared to the CMC coating which showed an increase in the signal at
a higher load (around 100 N and onwards). The optical micrographs of
the wear tracks between 73 N to 83 N after the scratch tests, shown in
Fig. 7(b and c) reveal that the width of the scratch track including the
damage in its vicinity was less than half for the CMC coating (~200 pm)
compared to the Monolithic coating (~500 pm), thereby supporting the
acoustic signal observation. Similar observation was made in the 3D
topography SEM pictures around the same region as shown in Fig. 7(d
and e) as well as in the back scattered 2D SEM images as shown in Fig. 7
(f and g). Furthermore, Fig. 7(d, e, & g) also reveal the extent of damage
after scratch test where extensive damage near the scratch track in the
Monolithic coating can be observed as compared to the CMC coating.

As discussed by Bull et al. [43] the coating damage can show either
brittle or ductile or both behaviours during scratch testing which can be
easily distinguished from one another with the help of post facto image
analysis. During the ductile behaviour the area of damage is confined
primarily in the vicinity of the scratch track whereas during the brittle
behaviour the damage extends far beyond the scratch track resulting in
wider damage area. Moreover, the recorded acoustic emission signal
curve during the scratch test is also used to distinguish between these
two damage behaviours where a smooth curve suggests ductile whereas
noisy curve with larger peaks suggests brittle behaviour. As can be seen
from Fig. 7(a), the failure in the Monolithic coating was mostly brittle at
all the loads whereas in case of the CMC coating, it was mixed of brittle

and ductile with brittle failure dominating only at higher loads (>100
N). Furthermore, as can be seen from Fig. 7(b, d & f) and (c, e & g), the
damage area can be seen to be extending far wider than the shiny white
scratch track in case of the Monolithic coating as compared to in the
CMC coating which suggests a reduced brittle failure around this load in
the CMC coating. This can be understood when remembering that the
CMC coating is many times tougher which enhances the overall wear
resistance as compared to the more brittle and harder Monolithic
coating.

To further understand the mixed failure mode in the CMC coating,
the high magnification SEM image was captured within the damaged
area around 100 N which is shown in Fig. 8(a). Few among several
damage modes proposed by Bull et al. [43] during scratch testing of the
coatings for both brittle as well as the tensile failure behaviours are
observed in case of the CMC coating which are shown in the SEM
micrograph (Fig. 8(a)) as well as in the schematic (Fig. 8(b)). These
damage modes are spallation, tensile cracking, and conformal cracking.
The large area spallation occurs due to the poor cohesion within that
region which can be due to the presence of higher localized porosity and
delaminations. Conformal as well as tensile cracks also tend to be
associated with the cohesive failure of the coating. Since the coating
deforms with the ductile substrate, large bending stresses are induced at
the sides of the scratch track, resulting in conformal and tensile cracks
emerging from the edges of the scratch [43]. The conformal cracks
follow semi-circular trajectories parallel to the leading edge of the
indenter which form as the indenter deforms the coating and the un-
derlying substrate. This results in tensile bending moments within the
coating as it is pushed down underneath the indenter. Although, the
tensile cracking failure mode appears seemingly like the conformal
cracking, the semi-circular crack traces are parallel to the trailing edge
of the indenter in tensile cracking, i.e., mirror images of the conformal
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Fig. 7. Acoustic emission signals of scratches on the Monolithic and hybrid CMC coating (a) and 2D as well as 3D scratch tracks using optical microscopy & SEM in
the load range 78-83 N normal load for (b, d & f) Monolithic (c, e & g) CMC coating. (The loading direction is shown by the black arrows.)

cracking. These cracks form because of the tensile frictional stresses
present behind the trailing edge of the stylus balancing the compressive
frictional stresses ahead.

3.3.2. Wear resistance under ball-on-plate dry sliding wear test

The specific wear rate for both the coatings is reported in Table 2. A
significant reduction in the specific wear rate of the CMC coating
compared to the Monolithic coating clearly demonstrates the benefit of
the addition of YSZ as second phase on the wear performance of the
coating. The 3D profiles and the corresponding 2D line scan at the centre
of the 3D profile of the wear tracks for both the Monolithic and CMC
coatings are also shown in Fig. 9(a and a-1) and (b and b-1), respectively,
where about 30% lower maximum depth of the worn-out region in the
CMC coating as compared to the Monolithic coating further confirms the
CMC coating’s superior wear behaviour. The superior wear resistance of
the CMC coating can be related to the enhanced fracture toughness of
the CMC coating due to the incorporation of the tougher second phase

(YSZ).

Post facto SEM images were also captured for both the Monolithic
(Fig. 9(a-2)) as well as the CMC (Fig. 9(b-2)) coatings to better under-
stand the wear mechanisms under dry ball on-plate wear test. Both the
coatings showed mixed tensile and brittle/abrasive failure behaviour
resulting due to the plastic flow as well as splat pull-out fracture,
respectively. The predominant wear mechanism in the Monolithic
coating can be seen to be of the brittle/abrasive type causing the ma-
terial to delaminate/pull-out owing to the high pressure exerted by the
alumina ball on the coating. However, the extent of brittle/abrasive
failure can be seen to be lower in the CMC coating as evident from its
rather smooth worn-out surface as compared to the Monolithic coating
where the worn-out surface looks rather rough. The presence of porosity
and delaminations play a significant role in aggravating the splat to
delaminate or pull-out encouraging the brittle fracture by providing
viable locations with higher stress concentration for crack initiation.
However, the presence of tougher YSZ splats assist in inhibiting the
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marked in the 3D profiles and SEM images of the wear tracks ((a-2) and (b-2)) for the Monolithic and CMC coatings, respectively.
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crack propagation receding the brittle fracture as well as the overall
wear damage of the CMC coating.

3.3.3. Erosion wear resistance

The erosion behaviour of both the coatings was analysed and the
results are summarized in Fig. 10. It is evident from Fig. 10(a) and (b)
that the CMC coating had a better erosion resistance at both impact
angles (90° & 30°) as well as at different erodent particle impact ve-
locities (48 m/s & 108 m/s). The extent of erosion for both the CMC as
well as the Monolithic coating can be seen to increase with the increase
in the impact velocity at both impact angles. Moreover, the extent of
erosion at different impact angles which is demonstrated by the ratio
(see Fig. 10(c)) of erosion rate at higher impact angle to the erosion rate
at lower impact angle can be seen to increase with the increase in the
impact velocity in case of Monolithic coating. Because both constituents
of the coatings being brittle ceramic, it is interesting to observe the
extent of brittleness increases with increase in erodent velocity for
Monolithic coating. However, the CMC exhibited similar brittle behav-
iour even at higher impact velocities exhibiting better integrity under
harsh conditions too. The marginal increase can be noted for the CMC
coating implying better toughness of the CMC coating as compared to
the Monolithic coating.

To further understand the coating failure behaviour due to the
erosive wear, post facto SEM images of the damaged regions were
captured and are shown in Fig. 11. The SEM micrographs clearly reveal
an uneven/rougher damaged surface attributable to the brittle failure in
case of the Monolithic coating as compared to the CMC coating which
shows a rather smoother damaged surface, and the difference is even
more obvious at higher impact velocity. Such a difference in the
damaged surface regions among two coatings is because of the higher
hardness and lower toughness of the Monolithic coating which may
increase the brittleness in the coating and hence adversely affect the
coatings erosion behaviour with quick material removal from the
coating due to brittle fracture.

The lower toughness of the Monolithic coating leads to the low
erosion resistance whereas the higher toughness of the CMC coating due
to the presence of uniformly dispersed small-sized YSZ as second phase
leads to higher erosion resistance. It is well documented that higher
toughness imparted by the YSZ in brittle alumina matrix is related to the
transformation of metastable t-ZrO, into m-ZrO, in the stress field at a
crack tip. This transformation exerts local compressive stresses, due to a
volume expansion, hindering further crack propagation [44]. Therefore,
superior toughness of the CMC coating may be related to the finely
dispersed tetragonal and monoclinic ZrO, particles/splats in the
alumina matrix, as also reported by Claussen et al. [45]. Accumulation
of micro-cracks from the inter-splats and other micro-defects such as
pores/cracks into a larger spallation crack and their subsequent propa-
gation could be avoided due to the presence of fine ZrO, splats
increasing the overall coating toughness and resulting in reduced brittle
failure and improved erosive wear resistance of the CMC coating.

The mechanism of erosive wear in the CMC coating is also illustrated
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schematically and compared with that of the Monolithic coating in
Fig. 12. The impact of the erosive media on the coating surface initiates
cracks at the weaker regions such as splat boundaries, delaminations or
pores as shown in Fig. 12(b) and (e), which have the tendency to
propagate under constant erosive impact. The cracks propagate deeper
in the Monolithic coating removing more material due to the brittle
fracture as shown in Fig. 12(c). Whereas, in case of the CMC coating the
presence of tougher YSZ phase can significantly absorb the impact en-
ergy from the erodent media and resist the crack initiation which can
delay the coating spallation as shown in Fig. 12(e and f). Moreover, the
cracks initiated at weaker regions in the alumina matrix in the CMC
coating may also get arrested at the YSZ splats and hence terminate the
crack with no further propagation as shown in Fig. 12(e and f) leading to
significantly less material removal in the CMC coating.

4. Conclusions

This study aimed to demonstrate the hybrid processing route using a
high-power axial injection plasma torch to deposit an Al,O3-YSZ CMC
coating with multiple length scales for tribological applications. The
incorporation of a fine second phase (YSZ) was found to be beneficial in
enhancing the wear resistance under scratch, dry sliding ball-on-plate
and erosion tests as compared to the conventional APS deposited
monolithic Al;03 coating. About 36% decrease in the dry sliding ball-on-
plate specific wear rate and up to 50% decrease in the erosion wear rate
was noted in the hybrid powder-suspension Al,03-YSZ CMC coating as
compared to the conventional APS deposited monolithic Al;O3 coating.
The improved wear resistance under different tribological tests for the
CMC coating was attributed to the coatings’ microstructural features
and resultant hardness & fracture toughness values. The hardness of the
CMC coating was found to be lower (1096 HV) than the monolithic
coating (1361 HV). This could primarily be caused by the presence of
higher porosity as well as the softer second phase (YSZ) in the CMC
coating. Despite higher porosity and the presence of retained alpha-
alumina phase in the CMC coating, the toughness was found to be
higher for the CMC coating (about 4-fold than monolithic) due to the
reinforcement of the fine sized YSZ. In case of scratch as well as sliding
wear tests conducted in this work, the wear mechanisms for both the
CMC as well as the Monolithic coating were found to be a combination of
the ductile failure occurring due to the plastic flow as well as the brittle
fracture occurring due to the splat/grain pull-out and delamination.
However, the extent of the brittle facture in the Monolithic coating was
dominant compared to the CMC coating during both the scratch as well
as sliding wear test. On the contrary, in case of the erosion testing, the
wear mechanism for both the Monolithic as well as CMC coatings was
predominantly brittle/abrasive fracture.
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