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Al O; coatings were manufactured by the high-velocity suspension flame spraying (HVSFS) technique
using a nanopowder suspension. Their structural and microstructural characteristics, micromechanical
behavior, and tribological properties were studied and compared to conventional atmospheric plasma
sprayed and high-velocity oxygen-fuel-sprayed Al,O; coatings manufactured using commercially avail-
able feedstock. The HVSFS process enables near full melting of the nanopowder particles, resulting in
very small and well flattened lamellae (thickness range 100 nm to 1 pm), almost free of transverse
microcracking, with very few unmelted inclusions. Thus, porosity is much lower and pores are smaller
than in conventional coatings. Moreover, few interlamellar or intralamellar cracks exist, resulting in
reduced pore interconnectivity (evaluated by electrochemical impedance spectroscopy). Such strong
interlamellar cohesion favors much better dry sliding wear resistance at room temperature and at 400 °C.

Keywords HVSFS, nano Al,Os;, suspension flame spraying,
wear resistance

1. Introduction

Recently, there has been a considerable interest in
thermal spray coatings manufactured from liquid feedstock
(suspensions or precursor solutions) instead of conven-
tional dry powders (Ref 1-13). Their employment can bring
numerous potential advantages. In solution precursor or
suspension sprayed coatings, the lamella size is micro-
metric or submicrometric; indeed, very fine droplets are
produced either by nanoparticle suspensions injected in
the gas jet of a thermal spray torch (Ref 4, 8-11) or by
reaction of suitable precursor solutions inside the jet itself
(Ref 1-3, 11-13). Peculiar microstructures are thus
obtained, different from those of conventional thermally
sprayed coatings and having improved thermomechanical
behavior (for instance, better thermal cycling resistance for
thermal barrier coatings) (Ref 1, 2, 13). Moreover, the very
small lamella size can result in much better coating surface
finish, reducing or eliminating the need for costly
machining operations (near-net-shape manufacturing)
(Ref 8, 9, 14). Heat-sensitive materials, which could be
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altered by ordinary thermal spray processes, can largely
preserve their desired chemical and structural properties
when deposited by these techniques. So, perovskite layers
for SOFCs cathodes (Ref 5, 10) or photocatalytically active
TiO; coatings with high anatase content (Ref 6, 7) can be
manufactured. Very importantly, liquid feedstock allows
larger flexibility in the choice of coating thickness: not only
can thick coatings be produced for applications like ther-
mal barrier coatings (Ref 1-3), but thinner films (thickness
of about 50 um or possibly less) having excellent quality
can also be manufactured, thanks to the very small lamella
size (Ref 4, 8, 15, 16). By contrast, the larger lamella size in
conventional thermal spraying processes, where dry pow-
ders are employed, imposes a minimum limit in deposit
thickness, because a certain number of superimposed
lamellae layers is always needed to obtain a good thermally
sprayed coating (Ref 17). These new processes can there-
fore fill the gap existing between thin film deposition
technologies (PVD, CVD: thickness normally <10 pm
(Ref 18)) and thick (2100 pum) film techniques: until now,
only wet chemical processes (electrodeposition and elec-
troless deposition) can operate inside this thickness range
(Ref 18), but they can have disadvantages like long pro-
cessing time, limited flexibility in material choice, and
possible safety/environmental problems, as deposition
baths often contain dangerous substances.

Up to now, most attempts at liquid feedstock spraying
have been performed using the plasma-spraying technique
(Ref 1-7). Although its high versatility makes it a rea-
sonable choice for liquid feedstock processing, some
problems exist, especially concerning liquid feedstock
injection into the plasma jet. Specifically, it is difficult to
inject all (or most) of the atomized solution or suspension
droplets in the plasma jet core, where proper solvent
evaporation, particle melting, or precursors reaction can
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be produced. This sometimes leads to defective coatings
(containing unmelted or unreacted material) (Ref 2, 3, 6,
10, 11). Very recently, the attention has also been devoted
to modifying the high-velocity oxygen-fuel (HVOF) flame
spraying technique in order to spray suspension feedstock,
with very promising results (Ref 8, 9, 16). In the new high-
velocity suspension flame spraying (HVSFS) process
(Ref 8, 16), where a gas-fuelled HVOF torch has been
adapted for liquid feedstock, the problem of feeding the
suspension to the jet core is largely solved by the axial
injection system of the torch. It has been shown that other
problems may arise, like deposition of the suspension
inside the combustion chamber resulting in process
instabilities and defects in the coatings (Ref 19), but these
troubles can be overcome, resulting in layers with excel-
lent quality. Moreover, compared to the plasma-spraying
technique, low coating defectiveness is also ensured by the
very high particle velocity in the gas jet.

Research is thus ongoing to investigate the deposition
of various kinds of coatings by HVSFS, including ceramics
and glasses. Particularly, this paper will deal with Al,Os3,
one of the ceramic materials most commonly employed in
the thermal spray industry. It has a relatively low cost, it
possesses high hardness and chemical stability, making it
suitable for various wear-resistant applications also in
corrosive environments, and it is an excellent electrical
insulator, making it a frequent choice for dielectric layers
and supports for sensors, heating elements, etc... (Ref 20).
Conventional thermally sprayed Al,Os;, however, has
numerous limitations: coatings are porous (therefore, not
protective against corrosion of the substrate) (Ref 21, 22),
rough (costly post-deposition machining is often required)
(Ref 23), interlamellar cohesion is usually a very critical
weak point for tribological applications (Ref 24-27), and
the high thickness of the coating can, in various instances,
be undesirable: for example, it is undesirable in some
mechanical components, when strict dimensional and
geometrical tolerances are required, or in electrical/
electronic equipment, when devices to be heated must not
offer excessively high thermal insulation. Thus, improve-
ments can be expected by the use of the HVSFS spraying
technique, enabling the deposition of thinner coatings with
better cohesion between submicron-sized lamellae, and
lower porosity with much smaller pores. This paper will
therefore characterize the microstructural, micromechan-
ical, and tribological properties of thin HVSFS-deposited
Al,Oj3 layers and compare them with conventional thick
atmospheric plasma sprayed (APS) and HVOF-sprayed
Al, O3 coatings.

2. Experimental

A commercially available nanosized Al,O; powder
(Tai Micron, 150 nm particle size) was employed to pre-
pare an isopropanol-based suspension (80 wt.% isopro-
panol, 20 wt.% Al,O3 powder). A SEM micrograph of this
powder is shown in Fig. 1. The suspension was produced
by attrition-milling with 2.5-mm diameter ZrO, balls.
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Fig. 1 SEM micrograph of the Al,O; nanopowder

Table 1 HYVSFS deposition parameters

Fuel (propane) flow rate, slpm 65
Oxygen flow rate, slpm 350
Suspension flow rate, mL/min 100
Spray distance, mm 100
Torch traverse speed, mm/s 1000
Pass distance, mm 2
Number of cycles 10

Cooling system Compressed air jets

HVSES deposition was performed using a GTV Top
Gun-G torch, modified in order to inject liquid suspen-
sions instead of dry powder feedstock. A 22-mm-long
combustion chamber, with a 135-mm-long expansion
nozzle, was employed. A special feeding system (whose
details are confidential), providing a constant flow of
suspension, was used to feed the suspension to the
torch. Deposition parameters are listed in Table 1. The
substrates were (50 x 50 x 3) mm® titanium plates,
degreased using isopropanol and grit-blasted using 200 pm
alumina grits at 5 bar pressure immediately before
spraying.

For comparative purposes, conventional APS and
HVOF-sprayed Al,O; coatings were also manufactured.
The APS coatings were deposited using a GTV F6 plasma
torch. The HVOF coatings were deposited using a GTV
Top Gun-G gas-fuelled torch, i.e. the same torch which was
employed in the HVSFS process. In this case, the torch was
employed in its standard configuration, with no modifica-
tions to the injection system. The differences between the
presently considered HVOF and HVSEFS coatings, there-
fore, are independent of the torch architecture and are
determined solely by the nature of the feedstock, and by
the different spray parameters which are imposed by the
nature of the feedstock itself. The comparison between
these coatings can therefore return useful indications on
the advantages granted by the use of suspensions.

Deposition parameters are indicated in Table 2. These
are standard deposition parameters which are routinely
employed for the deposition of Al,O; coatings, using the
above-mentioned torches.
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Table 2 APS and HVOF deposition parameters

é

APS deposition parameters

HVOF deposition parameters

Ar/H, flow rate, slpm 44/10

Current, A 700

Nozzle diameter, mm 6

Spray distance, mm 100

Torch traverse speed, mm/s 400

Pass distance, mm 3

Number of cycles 2

Cooling system Compressed air jets
Powder 40.05.0 (GTV) =25 + 5 um
Feeder disk rotation speed, rpm 4

Carrier gas (Ar) flow rate, slpm 7

Combustion chamber type 22/8/200

Fuel (acetylene) flow rate, slpm 70

Oxygen flow rate, slpm 140

Spray distance, mm 200

Torch traverse speed, mm/s 400

Pass distance, mm 2

Number of cycles 9

Cooling system Compressed air jets
Powder 40.05.0 (GTV) =25 + 5 pm
Feeder disk rotation speed, rpm 1.5

Carrier gas (N,) flow rate, slpm 25

Phase composition was assessed by X-ray diffrac-
tion (XRD, X'Pert Pro, PANAlytical, Almelo, The
Netherlands). The ratio between a-Al,O5; and y-Al,O3
was determined by the intensities of the (311) and (400)
peak, respectively, according to the formula (1), already
employed in Ref 28:

1

14 1.08 00
(311)

a/y (Eq 1)

where /311) is the integral intensity of the a-Al,O5 (311)
peak; luooy the integral intensity of the y-Al,O5; (400)
peak; and 1.08 the correction coefficient, accounting for
structure factors, peak multiplicities, and unit cell
volumes.

Polished cross sections (cold-mounted in resin, ground
and eventually polished with 0.5 um diamond slurry)
and fractured sections (obtained by breaking thin bar
samples in liquid nitrogen) were observed by scanning
electron microscope (SEM, XL-30, FEI, Eindhoven,
The Netherlands). Porosity was measured by image anal-
ysis (NIH ImagelJ v1.34) on polished sections, using 1000 x
SEM micrographs, as described in Ref 29. Specifically,
percentage porosity, pore roundness, average pore area,
and percentage of transverse cracks (defined as the per-
centage of pores having major axis angle between 45 and
135° among pores with circularity <0.5) were computed.
Coating thickness was also measured by image analysis.
The surface roughness was measured by optical confocal
profilometry (Conscan profilometer, CSM Instruments,
Peseux, Switzerland).

In order to obtain a more comprehensive character-
ization of the coatings’ porosity, overcoming the limita-
tions of the image analysis technique in accounting for the
smaller defects and in determining the pore interconnec-
tivity degree (a key factor in assessing coating cohesion
and protectiveness), the electrochemical impedance
spectroscopy (EIS) technique was also employed. As
thoroughly described in Ref 30, 31, fitting the electro-
chemical impedance spectra of the coatings with a suitable
equivalent circuit returns quantitative data (resistance and
capacitance values) related to coating porosity, pore
interconnectivity, pore size and morphology. Tests were
performed with a PC-controlled Ametek VersaStat3
potentiostatic/galvanostatic instrument (Princeton Applied
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Research, UK), using a 3-electrode cell (EG&G K0235
flat cell) where the sample is the working electrode (1 cm?
exposed surface), a Pt grid is the counter-electrode, and
the reference electrode is an Ag/AgCl/KCl g, electrode.
The electrolyte was a 0.01 M K;Fe(CN)g/K4Fe(CN)g
aqueous solution, chosen for its stability and high redox
reversibility, as also described in Ref 31. Tests were per-
formed at room temperature, in equilibrium with the
environment; the voltage perturbation amplitude was
10 mV (versus open circuit potential), the scanned fre-
quency range was 100 kHz to 1 mHz (8 points/decade).
Tests were started with a 30-min delay to allow full
impregnation of the coating by the test solution and
complete stabilization of the open circuit potential.
Results were fitted using the Frequency Response Analyser
software (Eco Chemie B.V., Utrecht, The Netherlands).

Depth-sensing Berkovich nanoindentation (Nanoind-
enter, CSM Instruments) was performed at loads of
100 mN (loading/unloading rate 80 mN/min, holding time
10 s), 300 mN (loading/unloading rate 240 mN/min, hold-
ing time 10 s), 500 mN (loading/unloading rate 400 mN/
min, holding time 10 s), in order to probe increasingly large
material volumes. Hardness and elastic modulus were
computed (Oliver-Pharr procedure (Ref 32), Poisson’s
ratio assumed to be 0.23).

Rotating unidirectional ball-on-disk tests were per-
formed with a pin-on-disk tribometer (CSM Instru-
ments), using a spherical pin (6 mm diameter) consisting
of sintered AlL,Oz (manufacturer’s nominal hardness
19 GPa) sliding against a flat coated sample, fixed on a
rotating disk. Test parameters included 500 m sliding
distance, 0.20 m/s relative sliding speed, 5 N normal load.
Tests were performed at room temperature (25 °C,
60% relative humidity) and at 400 °C. The friction
coefficient was on-line monitored during the test; the
sample wear rate was assessed by optical confocal pro-
filometry (Conscan profilometer, CSM Instruments).
Worn samples and wear debris were also observed by
SEM (XL30 and Environmental SEM X140, FEI) at the
end of the test.

All coatings were tested both in as-deposited condition
and after manual polishing to R, ~ 0.5 pm (thickness
reduction after polishing was about 10 pm, measured by
non-destructive eddy-current system: C-Gage, Sonatest,
Old Wolverton, UK).
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3. Results and Discussion

3.1 Microstructure and Porosity

All coatings consist mainly in y-Al,O3, together with
some glassy phase, recognizable from the amorphous
hump at 35° < 20 < 40° in XRD patterns (Fig. 2); these
metastable phases are produced by rapid lamella solidifi-
cation from the melt upon impact, as largely documented
in literature (Ref 33, 34). Minor amounts of a-Al,Oj3 exist,
which mostly reflect the embedment of unmelted material
or in-flight resolidified material: consistently with a pre-
vious research (Ref 28), the overall amount of unmelted
material is larger in the HVOF coating than in the APS
one (Table 3), due to the lower gas temperature in HVOF
torches (Ref 35). Very remarkably, the HVSFS coating
contains even less a-Al,O3 than the APS one (Table 3),
indicating that the process conditions enabled near full
melting of the powder, which is a key factor to achieve
high density and cohesion in thermally sprayed ceramics.
In the above-mentioned previous research, it was shown
that even conventional HVOF spraying of agglomerated
nanostructured powders could not achieve such condition
(Ref 28).

The HVOF coating possesses lower porosity (from
image analysis, Table 4) than the APS one, because,
although it contains more numerous inclusions of
unmelted or in-flight resolidified particles, revealed by
XRD and clearly noticeable in SEM micrographs as well
(compare Fig. 3a to Fig. 3c; circles indicate some of the

A Al,O; HVOF
i ALO; APS
o ' | | — AL,O, HVSFS

25 30 3|5 -1:0 4|5” 5|0 B 5I5 i Slﬂ'” I6|5 ?'Iﬂ ?|5” IBIO
20 ]
Fig. 2 X-ray diffraction patterns of APS, HVOF, and HVSFS
Al,Oj3 coatings

Table 3 a-Al,05/y-Al,O; ratio from Eq 1

Coating a-ALO3/y-AL O3, %
APS Al,O3 7.5
HVOF Al,O5 22.8
HVSEFES AlL,O3 2.8

recognizable rounded inclusions), the very high impact
velocity of the fully molten droplets enables them to flow
extensively, thus adapting themselves to complex geome-
tries, like those produced by rounded inclusions, leaving
few voids, as the conclusions in Ref 28 already stated. The
efficient particle flow upon impact also results in less
longitudinal interlamellar defects. Moreover, a lower
amount of intralamellar transverse microcracking is also
found (compare Fig. 3b to Fig. 3d; some longitudinal and
transverse cracks in the APS coating are indicated by
arrows). The lower degree of transverse microcracking
was also noted on HVOF-sprayed alumina single splats
(Ref 36) and was attributed to different lamella solidifi-
cation histories (Ref 28, 36).

Lamellae morphologies are also significantly different,
the APS ones being thicker and having larger and more
clearly recognizable columnar grains: the lower velocity
and higher average temperature of APS particles than
HVOF ones upon impact (Ref 35) cause lower flattening
degree and very different solidification histories (Fig. 4a,
b). On the fracture surface of the HVOF coating, some of
the numerous rounded inclusions are also visible (Fig. 4b).
Less interlamellar defects and less intralamellar cracks in
HVOF AlL,O; are quantitatively reflected by higher
overall pore roundness and lower amount of vertical
cracks (Table 4).

The microstructure of the HVSFS coating is remark-
ably different from the former ones (Fig. 3e, f). In par-
ticular, porosity is much lower and pores seem very small
and rounded (Fig. 3e, f, Table 4). On the one hand, better
particle melting (as noted above) favors very high inter-
lamellar cohesion. On the other hand, lamellae are sig-
nificantly smaller and thinner (Fig. 4c), so that pores due
to imperfect interlamellar overlapping or to inclusions of
unmelted or in-flight resolidified material are also much
smaller. Specifically, observation of the fracture surface
(Fig. 4c) indicates that the thickness of HVSFS-deposited
lamellae ranges from <100 nm to ~1 pm, whereas HVOF-
and APS-deposited ones (Fig. 4a, b) are generally thicker
than 1 um. Accordingly, on the surface of the HVSFS-
deposited coatings, lamellae having diameters ranging
from about 100 nm to few micrometers are recognizable
(Fig. 5). By contrast, in conventional APS and HVOF
coatings, lamellae normally have a diameter of several
tens of micrometers.

Although the lamellae in the HVSFS coating are
smaller than in the APS and HVOF ones, many of them
are somewhat larger than the Al,Oj3 particles contained in

Table 4 Image analysis results and roughness
measurement

APS ALO; HVOF ALO; HVSFS ALO;

Porosity, % 11.0 £ 1.1 8.6 +£0.5 444+23
Average pore size, um® 1.58 £0.11  1.71 + 0.06 0.71 £ 0.08
Pore roundness 0.64 £ 0.02 0.67 £+ 0.01 0.74 £+ 0.01
% Vertical cracks 33.6 £ 6.3 185 £ 6.5 15.8 +£ 6.9
Thickness, pm 114 £ 5 113 £ 5 65+ 4
R,, um 429 +£0.63 3.38 +0.51 4.86 + 0.46
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Fig. 3 SEM micrographs of polished cross sections: (a, b) APS Al,O; (circles: rounded unmelted inclusions; arrows: longitudinal and
transverse cracks); (¢, d) HVOF Al,Oj3 (circles and arrows: rounded unmelted inclusions); and (e, f) HVSFS Al,O3

the suspension (Fig. 1), having a diameter of about
150 nm. Recent studies have indeed shown that, in sus-
pension-sprayed coatings, the lamella size mostly depends
on the formation of nanoparticle agglomerates, rather
than on the individual nanoparticle size (Ref 11, 37-41).
The following steps have accordingly been proposed in the
pertinent literature. When drops of a liquid feedstock
(nanoparticle suspensions or solution precursors) are
injected in a thermal spray jet (plasma or HVOF), they
undergo an aerodynamic break-up into small-size drop-
lets. Subsequently, the nanoparticles contained in a
droplet form an agglomerate as the liquid phase evapo-
rates. These agglomerates can be further subdivided into
smaller-sized ones (Ref 11, 40, 41). Melting of these
agglomerates and impact of the resulting molten droplets
onto the substrate produces the lamellae.

Agglomerates are probably being formed during the
present HVSFS deposition of the Al,O; nanoparticle
suspension, as many lamellae are generally larger than the
initial nanoparticles. Only few lamellae in Fig. 5 have a
size comparable to that of the primary particles (Fig. 1).

Journal of Thermal Spray Technology

Judging from the micrographs in Fig. 4(c) and Fig. 5,
however, it can be inferred that most of these agglomer-
ates are probably not larger than 1 pm. Accordingly,
numerical studies have shown that the strong turbulence
inside the combustion chamber of an HVOF torch makes
the aerodynamic break-up of the liquid drops particularly
severe (Ref 37), resulting in micron-sized droplets, smaller
than those obtained by radial injection of the liquid
feedstock in a plasma jet (Ref 37, 38). These very small
droplets probably produce consistently small (micron- or
submicron-sized) agglomerates. Moreover, the strong
turbulence of the HVOF gas jet may favor further break-
up of the agglomerates. Possibly, some agglomerates are
completely disintegrated, thus resulting in the appearance
of some lamellae having a size analogous to the primary
particles.

Consequently, lamellae are definitely smaller than
those obtained by the deposition of conventional dry
powders, notwithstanding the agglomeration phenomena.

As shown by the fracture surface (Fig. 4c), the solidi-
fication of such small lamellae results in smaller columnar
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Fig. 4 Fracture surfaces of APS (a), HVOF (b), and HVSFS (c)
Al,Oj3 coatings (arrows indicate two thin lamellae)

grains ( <100 nm wide) than in conventional APS and
HVOF-deposited coatings.

Despite the smaller size of the lamellae, the roughness
of the HVSFS coating is quite high (Table 4); indeed,
“bump-like” features are scattered throughout its surface
(Fig. 6). The occurrence of similar features has already
been documented in previous literature reports (Ref 10, 19,
41), and two explanations are possible. The first one has
been proposed in Ref 41, where Oberste Berghaus et al.

40—Volume 18(1) March 2009

Fig. 5 HVSFES Al O; coating surface: high-magnification detail
showing some lamellae

Fig. 6 HVSFS AlLO; coating surface: general view. Circles
indicate some ‘“‘bump-like” features

suggested that the smaller particles (resulting from
extensive disintegration of an agglomerate), because of
their very low inertia, follow the radially deflecting gas flow
in the stagnation point above the substrate and travel lat-
erally along the substrate surface. They probably attach
onto the most prominent roughness asperities, creating the
growing “‘bumps”’. Alternatively, the surface ““bumps’ can
be caused by the formation of solid deposits on the walls of
the torch’s combustion chamber and barrel during spray-
ing: such deposits were indeed noted inside the torch by
visual inspection at the end of the deposition process. From
time to time, large portions of material can be detached
from these deposits and be projected toward the substrate,
thus giving rise to the large “bumps” in Fig. 6. In a previous
paper on HVSFS-deposited glass coatings (Ref 19), the
authors have already reported the appearance of large
surface “bumps’’ as a consequence of the formation of solid
deposits inside the torch. The formation of such deposits is
due to turbulence effects inside the combustion chamber:
ongoing research (which will be the subject of future
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papers) has very recently indicated that deposits can be
prevented by modifying the combustion chamber’s
geometry, and, accordingly, the “bumps’ are largely sup-
pressed. This suggests that deposits are actually the main
reason for the appearance of “bumps” in the present
HVSEFS coatings.

It is extremely important to note the lack of intrala-
mellar cracking in small HVSFS lamellae (Fig. 5): the
small lamella size probably limits the quenching stresses,
so that microcracking during cooling is reduced or
suppressed.

Also, the HVSEFS coating is thinner than the APS and
HVOF ones (Table 4), as expected. It is therefore con-
firmed that HVSFS has the unique capability of providing
low thickness coatings with extremely low defectiveness.
As discussed previously, the conventional APS and
HVOF coatings have thicker lamellae than the HVSFS
one: reducing the thickness of a conventional coating into
the ~50 um range would therefore result in high inhomo-
geneity and defectiveness, because lamellae would be too
coarse compared to the low coating’s thickness, as also

é

stated in Ref 16. By contrast, the thin HVSFS lamellae
result in homogeneous, dense thin coatings.

EIS results corroborate SEM observations and image
analysis results. EIS spectra shown in Fig. 7(a) were fitted
with the equivalent circuit formerly proposed by Zhang
and Desai (Ref 31) for plasma-sprayed Y-PSZ thermal
barrier coatings (Fig. 7b). Their interpretation of the
physical meaning of the electrical elements was adopted in
this study. The equivalent circuit consists of the following
elements: Rgis the cell resistance; Rc, Cc the coating
resistance and capacitance; Rp, Cp the pore resistance and
capacitance; and Rt, Cp the resistance and capacitance of
the electrolyte/working electrode interface reaction.

Specifically, the coating resistance Rc depends on the
coating thickness and on the overall coating resistivity pc,
according to the relation:

t
Rc = PCZC (Eq 2)

where A is the exposed area (= 1 cm? in this case) and
tc the coating thickness.
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Fig. 7 EIS test results (a, Nyquist plot) and equivalent circuit used for spectra fitting (b)
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Table 5 EIS test results

APS ALO; HVOF ALO; HVSFS ALO;
Rs, O 426 £ 6 632 + 13 841 + 42
pe, 10° Q * cm 1247 £92 4669 +£53.0  956.9 & 32.0
(Ce * to)lA, uFim 535+ 1.9 455+ 4.6 83 426
Rp, Q 2417 £ 182 2222 +584 10340 £ 1075
Cp, UF 3087 £ 259 3652 =+ 366 722+ 92
Rr, Q 11265 £ 728 15490 £ 403 36250 + 5869
Cp, uF 8500 + 28 2658 + 96 2648 + 595

Charge transfer can take place both through the bulk
ceramic and through the electrolyte filling up the pores;
the latter contribution is particularly important, since the
resistance of the bulk ceramic material is extremely high
(several order of magnitudes larger than experimentally
observed resistivities). Thus, it has been suggested that a
linear relationship exists between coating resistivity and its
porosity. Analogously, the coating -capacitance Cc
depends both on the ceramic capacitance and on the pore
capacitance, so that the following relation has been
proposed:

1 K
CczC ~ goe1 +&o(e2 —81) —P

; (Eq 3)
DL

where ¢ is the vacuum dielectric constant; ¢; the ceramic
material dielectric constant; &, the electrolyte dielectric
constant; K the correction factor; tpy the thickness of the
electric double layer around pore surfaces; and
P the porosity.

It can be noted that the HVSFS coating has the highest
resistivity and lowest capacitance (Table 5). Moreover,
the trends of pc and C¢ * /A versus coating’s porosity
(as determined by image analysis) can actually be fitted
with linear relations, obtaining satisfactory correlations
(Fig. 8a): this indicates the validity and applicability of the
above equations.

These results confirm the much lower defectiveness
of the HVSFS coating, corroborating the image analy-
sis results, and show that such low defectiveness is
correlated to higher coating protectiveness toward the
substrate, since the HVSFS-coated system opposes higher
impedance against electrochemical charge transfer
phenomena.

The electrode interface resistance Ry is also extremely
useful to characterize pore interconnectivity. This is
probably the most important result returned by the EIS
technique; indeed, pore interconnectivity cannot be com-
puted nor estimated by image analysis. The good corre-
lation between porosity, Rc and Cc proves that the EIS
results are meaningful and testifies to the reliability of the
pore interconnectivity analysis.

According to Ref 30, Rt can be expressed as:

DL

Rt = PEA—E (Eq 4)

where pg is the electrolyte resistivity; Ag the exposed
electrode area; and fp;. the thickness of the electric dou-
ble layer on the electrode surface. The exposed electrode
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Fig. 8 Correlation between EIS fitting results and pore char-
acteristics (from image analysis): (a) coating porosity versus
resistivity (pc) and normalized capacitance (Cc * tc/A); (b)
average pore size versus pore resistance (Rp) and capacitance
(Cp)

area Ag corresponds to the substrate surface area which
the electrolyte can reach through interconnected porosity;
therefore, Ag is directly related to the amount of inter-
connected porosity. Rt in the HVSFS-coated system is
more than 3 times higher than in the APS coated system
and more than 2 times higher than in the HVOF-coated
one (Table 5); thus, interconnected porosity in the HVSFS
coating is much lower than in the conventional APS and
HVSEFS ones, notwithstanding its lower thickness. If we
assume that the interconnected pore volume can be
approximately estimated as V = Ag * tc (i.e., the exposed
substrate area multiplied by the coating thickness), then
the following relation can be employed to evaluate the
ratio between the volumes of interconnected pores in

different coatings:
V: ,Amt _Rnt (Eq 5)
Vi Apti Rmt

where V, is the interconnected pore volume of coatings
1 and 2; t;, the thickness of coatings 1 and 2; Ag;,
the exposed substrate area under coatings 1 and 2; and
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Rt the electrode interface resistances of coated systems
1 and 2.

By employing this approximate relation using data in
Table 5 (Rt) and Table 4 (coating thickness), the inter-
connected pore volume of the HVSFS coating is estimated
to be (24 £ 7)% of that of the HVOF coating and
(17 £ 6)% of that of APS coating. This finding confirms
that the formerly noted lack of interlamellar and intrala-
mellar cracks actually results in much lower pore inter-
connectivity and better protectiveness of the coating
toward the substrate.

Finally, the Rp and Cp parameters can return important
indications on the protectiveness provided by the different
pore architectures of the various coatings. These param-
eters are indeed thought to describe the intrinsic electrical
characteristics of pores, dependent on their size and
morphology (Ref 31). Although it is not possible to obtain
explicit information on the pore size and shape from Rp
and Cp, the higher Rp and lower Cp exhibited by the
HVSEFS coating indicate that its pores, thanks to their size
and shape, are capable of providing an excellent hindrance
to electrical conduction phenomena across the electrolyte,
thus limiting the possibility of electrochemical corrosion
of the substrate. This result corroborates, once more, the
previous observations on the better protectiveness of the
HVSES coating.

Moreover, the linear correlations existing between
these Rp, Cp and pore size (Fig. 8b) prove, once again, the
usefulness of EIS results for the microstructural charac-
terization of thermally sprayed ceramic coatings.

3.2 Nanoindentation

The hardness of all coatings decreases as the indenta-
tion load increases (Fig. 9a), consistently with a previous
study, which reported a marked indentation size effect in
thermally sprayed ceramics (Ref 42). However, such
decreasing behavior is significantly different between
conventional coatings (APS, HVOF) and the HVSFS one.
The reason of this difference lies in the fact that the lowest
indentation load (100 mN) probes a very small material
volume (Fig. 10a, see circle), comprising only one or few
lamellae (Ref 43), whereas the greater indentation loads
probe an increasingly large number of lamellae. In
defective coatings (like the conventional APS and HVOF
ones), the occurrence of interlamellar cracking phenom-
ena increases as the number of probed lamellae grows.
Consequently, material failure at 500 mN load is clearly
noticeable in APS and HVOF coatings (Fig. 10b, cracks in
and around the indentation mark are highlighted by ar-
rows). Contrarily, in the HVSFS coating, the decrease in
hardness is less marked, especially between 300 and
500 mN loads: as the HVSFS coating possesses higher
cohesion strength, less cracking phenomena occur even
when many lamellae are being indented. Crack formation
therefore has a lower incidence on the measured hardness
value, which always preserves a larger dependence on
intrinsic material hardness (300 mN, 500 mN).

Accordingly, similar indentation size effects were
already noted for thermally sprayed ceramics (Ref 28),
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Fig. 9 Hardness (a) and elastic modulus (b) measured by depth-
sensing Berkovich nanoindentation on all coatings at three dif-
ferent indentation loads

and the remarkable effect of cracking phenomena on the
decrease in measured hardness was highlighted by a pre-
vious research (Ref 44).

A similar trend is also observed for the elastic modulus
values (Fig. 9b). Indeed, as demonstrated in the above-
mentioned study (Ref 44), cracking phenomena in the
coating can largely decrease the elastic modulus values
measured by depth-sensing indentation: the displacement
of crack and pore surfaces adds a contribution to the load-
displacement curve measured during indentation, and
results in lower apparent modulus value (Ref 45).

These tests confirm that the much lower defectiveness
and lower porosity of the HVSFS coating actually result in
better interlamellar cohesion and higher resistance to
cracking.

Finally, some minor remarks should also be introduced.
First of all, although these size effects and their interpre-
tation are definitely consistent with a previous study on
the mechanical properties of thermally sprayed ceramic
coatings (Ref 28), higher loads were adopted in that study,
in order to produce relevant cracking (=1 N) using a
Vickers indenter. This difference can be due to the dis-
similarity between the cracking phenomena induced by
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Fig. 10 Optical micrographs of 100 mN (a, see circle) and 500 mN (b, see circle) Berkovich nanoindentations on APS Al,O; coating

(arrows in panel b indicate indentation-induced cracks)

Berkovich and Vickers indenters, as shown by a previous
paper (Ref 44): specifically, the former had been found to
produce larger cracking. These considerations can also
explain the differences in applied loads between the
present study and the cited reference (Ref 28).

Secondly, the standard deviation of hardness values is
rather large, particularly at 100 mN: due to the very small
size of the indented volume, some scatter in experimental
hardness values can be expected if the indentation is
performed, for instance, close to a defect or on an
unmelted a-Al,O3 particle.

Third, the HVOF coating displays lower hardness and
elastic modulus than the APS one under all indentation
loads, despite its porosity being lower. This could be due
to the presence of a relevant amount of unmelted parti-
cles. Although the high velocity of the impinging molten
droplets enables them to spread around unmelted inclu-
sions leaving few open voids (as stated in Section 3.1), the
bonding to unmelted particles is clearly less strong than
the bonding between two well-molten lamellae. This can
decrease hardness and modulus.

It should be noted that this result is somewhat in dis-
agreement with the findings from a previous research
comparing HVOF and APS Al,O; coatings, where the
HVOF coating was produced using a torch different from
the present one. In that case, the HVOF coating contained
a lower amount of unmelted material and exhibited higher
hardness and modulus (Ref 28). So, it might be possible
that, by varying the deposition conditions, a HVOF Al,O3
coating having somewhat better mechanical properties
and wear resistance than the one presently considered
could be produced.

3.3 Tribological Tests

There is a very remarkable difference between the dry
sliding wear behavior of conventional APS and HVOF
coatings and that of HVSFS coatings.

Indeed, conventional coatings, both as-sprayed and
polished, undergo rather severe wear loss both at room
temperature and at 400 °C under the present test condi-
tions. Quite interestingly, the wear rates of APS and
HVOF coatings are slightly higher at room temperature
than at high temperature, and do not change much after
polishing (Fig. 11), consistently with previous room
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Fig. 11 Wear rates of HVSFS, APS, and HVOF coatings after
ball-on-disk tests. P =polished coating

temperature ball-on-disk tests performed under similar
conditions (Ref 27).

SEM micrographs confirm that a significant amount of
material was removed from the APS and HVOF coatings
(Fig. 12a); moreover, a layer of very fine, plastically
deformed debris sticks to their wear track (Fig. 12b, c).
Loose debris particles are also present on the sample
surfaces at the end of the test: they consist in very fine
particles forming agglomerated clusters (Fig. 12d).
Sometimes, these agglomerates have a platelet-like shape
(Fig. 12e). It is therefore likely that wear is occurring by
brittle fracture, both on the APS or HVOF coating and on
the counterpart: the detached fragments are progressively
broken up while the test continues, until their small size
allows them to agglomerate and stick to the wear track
itself. This leads to the formation of a tribofilm, which,
however, has poor adhesion to the coating surface, so that
it can be easily removed (originating loose clusters of
agglomerated particles, which sometimes possess lamellar
shape), allowing the wear process to continue. This
mechanism has already been described for thermally
sprayed alumina-base coatings (Ref 27).

The HVSEFS coatings, instead, undergo very moderate
wear loss. On as-sprayed HVSFS coatings, no groove is found
in the wear track, unlike conventional coatings (Fig. 13a).
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Fig. 12 Morphologies of the wear track and of the debris particles produced by ball-on-disk testing on APS Al,O; coatings (room
temperature): (a) wear track; (b) wear track, higher magnification; (c) wear track, detail showing small agglomerated particles;
(d) agglomerated loose debris particle, detail; and (e) agglomerated debris particles with lamellar shape

Wear damage was restrained to some flattening of surface
asperities. On the levelled asperities, a tribofilm is notice-
able: this time, the tribofilm seems highly adherent and
protective (Fig. 13b).

Probably, surface asperities are worn flat during the
initial running in, and the tribofilm starts growing, until
the contact area between the coating and the counterpart
is large enough to reduce the contact pressure down to a
value which does not cause any more wear on the coating.
Indeed, in some roughness valleys inside the wear track
(Fig. 13b, area indicated by circle), the original, unaltered
coating surface appears: the small lamellae, formerly
shown in Fig. 5, are very clearly recognizable in these
regions, as shown in detail in Fig. 13(c).

Journal of Thermal Spray Technology

Two factors are probably contributing to the sup-
pression of further wear, once the initial tribofilm is
formed. On the one hand, the HVSFS coating possesses
stronger cohesion than conventional ones, as noted
above; therefore, contact pressure reduction due to lev-
elling of the initial asperities is sufficient to prevent
extensive brittle fracture. In conventional coatings, by
contrast, the contact pressure always remains high
enough to produce brittle fracture. Indeed, in conven-
tional thermally sprayed alumina-base coatings, cracks
can propagate along interlamellar and intralamellar
defects, leading to the removal of lamellae or of parts of
them: this is generally recognized as their major source
of wear loss (Ref 25-27).
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Fig. 13 Morphology of the wear track produced by ball-on-disk testing on HVSFS Al,Oj3 coatings (room temperature): (a) general view;
(b) higher magnification; (c) detail of an unworn area, indicated by the circle in panel b; and (d) incipient plastic deformation of lamellae

(see arrows)

On the other hand, the mechanisms leading to the
formation of the tribofilm appear different in conventional
coatings and HVSFS ones: whereas tribofilms on con-
ventional coatings mainly consist of agglomerated debris
particles, in HVSFS coatings the formation of the tribofilm
seems largely due to microscale plastic deformation of the
coating material (Fig. 13d). Microscale plastic deforma-
tion of lamellae is indeed recognizable on the worn sur-
face of the HVSFS coating. A tribofilm formed by plastic
deformation of the coating material obviously possesses
higher cohesion and better protectiveness than the one
formed by agglomerated debris particles. It is known that
ceramic materials can undergo microscale plastic defor-
mation (Ref 46, 47); however, up to now, such microscale
plastic deformation of lamellae has mostly been described
for thermally sprayed Cr,O; (Ref 27, 48-50), which is
known for its excellent tribofilm forming ability, rather
than for Al,O;. As plastic deformation of ceramic mate-
rials mainly occurs by sliding along ‘“‘shear faults™ like
grain boundaries (Ref 46, 47) or (in the case of thermally
sprayed materials) lamellae boundaries (Ref 51), the
much smaller lamella size and smaller intralamellar grain
size of the HVSFS coating (as noted above) can promote
better plastic deformation ability. The peculiar micro-
structure conferred by HVSFS spraying has therefore
provided the Al,O;5 coating with unique plastic deforma-
tion ability, enabling it to perform similarly to thermally
sprayed Cr,O;, a coating material well-known for its
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excellent tribological qualities (Ref 52-54) but currently
restrained, in some instances, by environmental regula-
tions (Ref 55).

Accordingly, the tribofilm on the polished HVSFS
AlL,O3 coating also consists of a layer of plastically
deformed material. Since the surface asperities of the
as-deposited coating were removed by the polishing
operation, the tribofilm extends to the whole wear track
(Fig. 14a). Repeated local microscale plastic deformation
eventually results in some fatigue cracking of the tribofilm
(Fig. 14a), leading to limited tribofilm delamination phe-
nomena, which are responsible for the small wear loss in
this sample. Anyway, the difference between the depth of
the wear groove on polished conventional Al,O; and
polished HVSFS Al,Oj3 is obvious (Fig. 14b, c), testifying
the much better protectiveness of the tribofilm formed by
the latter coating.

4. Conclusions

The microstructural features, micromechanical prop-
erties, and dry sliding tribological behavior of HVSFS
Al,Oj3 coatings have been investigated and compared to
those of conventional APS and HVOF-sprayed Al,O5
coatings. The HVSFS spraying technique allows near full
melting of the particles fed via the suspension, resulting in
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Fig. 14 Morphology of the wear track produced by ball-on-disk
testing (room temperature) on polished HVSFS Al,O; coating
(a) and cross-sectional profiles of ball-on-disk wear grooves on
polished HVSFS (b) and APS (c) coatings (vertical scales in
panels b and c are the same)

very low amount of unmelted material in the coating
(0-AlL,O5/v-AlL,O5 ratio <3%). The HVSFS-deposited
coatings therefore possess lower porosity and smaller
average pore size than conventional ones, so they are
denser and exhibit higher protectiveness toward the sub-
strate (high impedance values in EIS tests). Moreover,
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almost no interlamellar defects are found, and the very
small lamellae do not develop transverse microcracking,
unlike conventional thermal spray coatings: consequently,
the amount of interconnected porosity is remarkably
smaller than for APS and HVOF coatings. The favorable
microstructural features of HVSFS coatings also reflect
high inherent cohesion; indeed, increasing the Berkovich
nanoindentation load does not cause as extensive cracking
as for APS and HVOF conventional coatings. So, the dry
sliding wear resistance of the HVSFS coating is definitely
superior to that of conventional ones. Indeed, the small
lamellae and the small intralamellar crystal size allow
microscale plastic deformability, thus forming much more
stable and protective tribofilms than on conventional
coatings.
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