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Abstract

This paper describes a preliminary investigation of a nanocomposite ceramic coating system, based on Al,O;/SiC. Feedstock
Al,O53/SiC nanocomposite powder has been manufactured using sol-gel and conventional freeze-drying processing techniques and
then low pressure plasma sprayed onto stainless steel substrates using a CoNiCrAlY bond coat. Coatings of a commercial Al,O3
powder have also been manufactured as a reference for phase transformations and microstructure. The different powder morphol-
ogy and size distribution resulting from the different processing techniques and their effect on coating microstructure has been
investigated. Phase analysis of the feedstock powders and of the as-sprayed coatings by X-ray diffractometry (XRD) and nuclear
magnetic resonance (NMR) showed that the nano-scale SiC particles were retained in the composite coatings and that equilibrium
a-Al,O5 transformed to metastable y- and 5-Al,O; phases during plasma spraying. Other minority phases in the sol-gel Al,O3/SiC
nanocomposite powder such as silica and aluminosilicate were removed by the plasma-spraying process. Microstructure char-
acterisation by scanning electron microscopy (SEM) of the as-sprayed surface, polished cross-section, and fracture surface of the
coatings showed evidence of partially molten and unmolten particles incorporated into the predominantly lamella microstructure of
the coating. The extent of feedstock particle melting and consequently the character of the coating microstructure were different in

each coating because of the effects of particle morphology and particle size distribution on particle melting in the plasma.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Plasma spray ceramic coatings are widely used to
provide surface resistance to corrosion, heat and wear
for alloy and metal components, and consequently to
extend service life. Plasma spraying is a complex process,
which combines the injection of solid particles into a
plasma jet created by either a d.c. arc or an r.f. field, the
melting of these particles in the high temperature region
in the plasma ‘““flame”, and the consolidation of the
sprayed molten droplets on a substrate to form a
coherent coating. In most cases, the microstructure of
the as-sprayed coating consists of a complex inter-locking
network of individual droplet splats or lamellae. The
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quality of plasma-sprayed coatings in terms of adhesion,
porosity and roughness is controlled by the trajectory and
thermal history of the plasma particles in the plasma
flame, which in turn is controlled by manipulation of,
for instance, the plasma Ar-H, flow rate, particle flow
rate, chamber pressure and spray distance.

Plasma spraying may lead to rapid solidification phe-
nomena in the droplets following deposition at a surface,
resulting in metastable crystalline phases and amorphous
structures. Spraying may also be accompanied by a
change of chemical composition, for instance by pre-
ferential evaporation of some particle feedstock elements,
and the spraying atmosphere may also induce particle
oxidation or reduction. Consequently, major factors
affecting the final phase composition of plasma sprayed
coatings are: (a) phase, chemical composition and mor-
phology of the feedstock powder and (b) spraying con-
ditions, particularly spraying atmosphere and spraying
parameters which Influence rapid solidification and
rapid cooling processes.!
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Plasma-sprayed Al,O; and its composites such as
AlLO3;-TiO,, AlLO3;—Cr,O; are used widely in wear
resistant coating applications.>? It has been known for
some time that sprayed Al,O5 coatings may consist not
only of the expected stable a-form, which is the most
desirable phase because of its relatively high corrosion
resistance, chemical resistance and hardness, but also
the metastable y-, 8-, and 0-phase forms of Al,O;.4%

In this study, Al,O5 is used a base for a nanocomposite
coating system prepared from Al,O;/SiC nanocomposite
powders. The particular interest in nanocomposite powders
has been driven by reports that the addition of nano-
size SiC particles of 100200 nm into an Al,O3 matrix
can significantly improve the mechanical properties over
those of monolithic Al,O3.°~'! Recently, the polishing
behaviour and surface quality after grinding and pol-
ishing of a Al,O3/SiC nanocomposite has been reported
to be superior to that of monolithic Al,O;.'? An
increase in erosive wear resistance by a factor of 2-3 of
Al,O3/SiC  nanocomposite bulk material over the
monolithic Al,O5 of equivalent grain size has also been
suggested.!!-13-16

This paper describes the manufacture of Al,O3/SiC
nanocomposite coatings using in-house produced sol-gel
and freeze-dried powder, followed by low pressure
plasma spraying (LPPS). The powders and coatings are
investigated by a combination of X-ray diffraction (XRD),
nuclear magnetic resonance (NMR), scanning electron
microscopy (SEM), surface roughness measurement and
quantitative image analysis. Microstructural features
are explained in terms of the feedstock powder particles
and the thermal history of the particles during manu-
facture.

2. Experimental procedure
2.1. Materials

Powders used were monolithic commercial alumina
(Amdry6060, Sulzer Metco, UK) and alumina/silicon
carbide (Al,O3/SiC) nanocomposite powders. In each
case, the Al,O; was composed primarily of «-Al,Os.
The nanocomposite powder was prepared in-house
using sol-gel processing and conventional freeze-drying.

2.2. Sol-gel powders

As-received SiC powder (Lonza-UF45, Germany) of
diameter ~20-200 nm was ultrasonically dispersed in
distilled water (500 ml) for at least 1 h and then vigor-
ously stirred using a magnetic stirrer. 0.5 M of
Al(NO3)3-9H,O (100.5 g/500 ml distilled water) and
NH,4OH solutions were peptised into the SiC solution at
controlled pH ~9. After precipitation of boehmite
(AIOOH) which was the starting material for Al,O3

from this solution was complete, the mixture was fil-
tered and subsequently washed with distilled water. The
washed mixture was again filtered and then oven-dried
at 85C overnight. The as-reacted precipitate was cal-
cined at 1200 °C for 2 h, ball-milled, and sieved down
into two different particle diameters of <45 um (SG45)
and 45-63 pm (SG6345). Fig. 1(a) shows the processing
flow chart of the sol-gel Al,O5/SiC powder.

2.3. Freeze-dried powders

Freeze-dried Al,O5/SiC nanocomposite powders (10
and 20 vol.% SiC) were fabricated from a-Al,O3 pow-
der (AES11C, Sumitomo, Japan) and o-SiC powder
(Lonza-UF45, Germany) with mean quoted particle
diameters of 400 and 200 nm, respectively. The SiC
powder was ultrasonically dispersed in distilled water
for 20 min. The SiC solution, Al,O3 powder, and 10
drops of dispersing agent (Dispex A40, Allied Colloids)
were mixed and attrition-milled for 2 h at a speed of 500
rpm using zirconia milling media. Subsequently, the
water-based slurry was frozen in an ethanol bath for 1 h
and immediately vacuum-dried for at least 24 h. The
dried powder was then sieved to diameter <45 pm
(FD45). Freeze-dried monolithic Al,O3 was prepared by
following the above sequences without adding the SiC
particles. Fig. 1(b) shows the processing flow chart of
freeze-dried Al,O5/SiC powders.

The particle size distribution of each powder was car-
ried out by laser diffraction on Mastersizer 2000 system
(Malvern Instruments Ltd., UK). Powder morphologies
were observed using a Hitachi S520 scanning electron
microscope.

2.4. Low pressure plasma spraying

Powders were sprayed onto stainless steel substrates
(22 mm diameter, 5 mm thick), which were degreased
and blasted with alumina grit (particle size 120-220 pum)
in order to provide sufficient surface topography to
promote mechanical adhesion of the sprayed coatings.
In each case, a bond coat was used to further enhance
the adhesion of the Al,Os based coatings. The CoNi-
CrAlY bond coat had composition Co-211-3: Co, 32%
Ni, 21% Cr, 8% Al, 0.5% Y,05 with a particle size of
50-130 pm (Praxair Surface Technologies).

A Plasma-Technik A2000 VPS/LPPS system (Sulzer
Metco AG, Wohlen, Switzerland) was used to manu-
facture the bond and Al,Osz-based coatings. In pre-
liminary experiments, it was found that a water-cooled
substrate holder system, which maintained a low substrate
temperature during and after spraying, was needed to
inhibit the spalling of some of the Al,O; based sprayed
coatings because of coefficient of thermal expansion
mismatch. For nanocomposite coatings, an additional
thin layer of Al,O3 was also sprayed onto the CoNiCrAlY
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Fig. 1. Processing procedure chats for (a) sol-gel Al,O3/SiC nanocomposite powder, and (b) freeze-dried nanocomposite powder.

bond coat prior to the nanocomposite layer in order to
further inhibit spalling of the nanocomposite coatings.
The Al,O3 based coatings were sprayed in five passes of
the robot manipulated spray gun over the substrate, to
give coating thicknesses of 200-300 um, on top of
a~ 160 pm thick CoNiCrAlY bond coat. The Al,O5; and
Al,O3/SiC nanocomposite plasma-sprayed systems are
shown schematically in Fig. 2. Plasma spray conditions
for all the different powders used and resulting coatings
(thickness per spray pass, deposition temperature and
water-cooled substrate temperature) are given in
Tables 1 and 2, respectively. Deposition temperatures

were measured by embedding a small K-type thermo-
couple on the substrate surface and monitoring the
temperature as a function of time using a datalogger.
Optimum plasma parameters used for each powder were
critically considered depending primarily on the suc-
cessful adhesion of the ceramic coatings to the stainless
steel substrates.

2.5. Phase analysis

Phase composition of all starting powders and as-
sprayed plasma-sprayed coatings were investigated by
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Fig. 2. Schematic diagrams of cross-sectional Al;O3 and Al,O3/SiC nanocomposite coating systems.

Table 1
Plasma spray processing parameters
Parameters Bond coat AlLO5* SG45P SG4563¢ FD4
Arc current (A) 719 719 719 719 719
Arc voltage (V) 72 62 63 65 66
Gas flow rate
Ar (primary) (slpm) 50 40 40 40 35
H, (secondary (slpm) 7 4 5 5 7
Powder feed rate (gs—!) 0.51 0.32 0.34 0.34 0.36
Powder carrier gas flow rate: Ar (slpm) 1.6 1.9 1.9 1.9 1.9
Chamber pressure (mbar) 60 200 200 200 250
Spray distance (gun-to-substrate) (mm) 270 250 270 240 250

4 Commercial Al,O;.

b Sol-gel powder: ¢ <45 pm.

¢ Sol-gel powder: 63 <¢ <45 um.

4 Freeze-dried Al,O3 and Al,O3/SiC powders.

XRD using a Philips PW1729 diffractometer with CuKaoy
radiation. Solid-state 2’Al and 2°Si NMR spectroscopy
was also used to characterise the phases present. 27Al
NMR spectra were obtained on a Chemagnetics Infinity
600 spectrometer, acquired at a magnetic field strength
of 14.1 T with a 3.2 mm high-speed MAS probe spun at
18 kHz. The experiments were recorded using a 15°
pulse of 0.5 ps and a recycle time of 1 s. The spectra
were referenced to the secondary standard of the AlOgq
resource of Y3AlsO1, at 0.7 ppm. The 2°Si NMR spectra
were acquired at 7 T using a Bruker spectrometer and a
7 mm MAS probe spun at 3.5 kHz. The experiments
were recorded using a 30° pulse of 2 us and a recycle
time of 15-25 s. The spectra were referenced to tetra-
methylsilane (TMS).

2.6. Microstructure

Microstructural investigation was carried out on
coating surfaces, polished cross-sections and manually
broken fractured surfaces. As-sprayed coatings were
sectioned with a low speed diamond saw, mounted in
hot-resin, followed by grinding and polishing, ending
with a polish in a 0.06 um colloidal silica slurry. All
specimens were investigated using a Hitachi S520 SEM.

2.7. Porosity

Area percentage porosity of each coating cross-sec-
tion was measured by optical microscopy and image
analysis. Areas were selected with minimal splat/grain
pullout during mechanical polishing and a minimum of
15 different measurement areas for each specimen were
averaged.

2.8. Surface roughness

Surface roughness traces of the as-sprayed coatings
were obtained using a contact type stylus profilometer
(Rank Taylor Hobson Surtronic 3+, Leicester, UK),
and then solfware analysed (ST3PL.EXE, RTH). Once
again, at least 15 different areas of as-sprayed coating

Table 2
Substrate water-cooling temperature (7s,), deposition temperature
(T4), and coating thickness per spraying pass (7.)

Deposit results Bond coat Al,O4 SG45 SG4563 FD
Tow (°O) - 56 48 54 -
T4 (°C) 800 516 415 - 551
t./pass (pm) 14 60 70 66 38
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surface were measured and the average R, surface
roughness and standard deviation calculated.

3. Results
3.1. Powder microstructure

Fig. 3 shows the particle size distributions of the
powders. The commercial Amdry6060 Al,O; had a
relatively narrow monomodel particle diameter dis-
tribution with a mean particle diameter of 28 pm. The
particle diameter distribution is substantially broadened
for SG4563, SG45 and FD45 powders, with mean par-
ticle diameters of 58.3, 26.6 and 10.4 pum, respectively.
These powders also showed mixed mode distributions to
varying extents. Fig. 3 also shows that attempts to sieve
the in-house powders into narrow size ranges were less
successful than hoped. It is likely that significant devia-
tions from spherical as well as agglomeration of particles
caused inaccuracies in both sieving and laser diffraction
measurement. These characteristics are shown in Fig. 4.
Fig. 4(a) shows the Amdry6060 Al,O; powder which
was prepared by fusing and crushing, and consequently
had an angular, blocky morphology of dense solid parti-
cles. This powder had good flowability from the powder
hoppers to the plasma gun. Fig. 4(b) shows that the in-
house sol-gel Al,O3/SiC powder comprised individual
solid 45-63 pm particles but with a substantial fraction
of much small particles <20 pm. This powder had
poorer flowability compared to the Amdry6060 Al,O;.
Fig. 4(c) shows the agglomerated particles characteristic

of the freeze-dried powders, with a combination of
solid, blocky particles, plate-like particles and a fraction
of particles <20 pm. Again, there was a relatively wide
particle size distribution, with some particles of a high
aspect ratio and consequently; this powder had the
poorest flowability.

3.2. Powder and coating phase analysis

3.2.1. X-ray diffractometry (XRD)

Fig. 5(a) and (b) show XRD traces of the Amdry6060
Al,Oj3 as-received powder and the resulting as-sprayed
coating, respectively. The as-supplied powder comprised
the equilibrium o-Al,O3; phase. However, additional
phases in the as-sprayed coating were y- and 9-Al,O3,
and now with an apparent minority of a-Al,Os. Fig. 6
(a) is an XRD trace of the as-precipitated sol-gel Al,O3/
SiC nanocomposite powder which consisted of boeh-
mite (AIOOH) and SiC. Fig. 6(b) is the XRD trace of
the powder after calcining at 1200 °C/2 h in Ar atmo-
sphere showing a combination of a-Al,O3 transformed
from AIOOH during high temperature calcination process,
o-SiC, and a minority phase matching to aluminosilicate
(Al,0O5:xS10,). After plasma spraying in Fig. 6(c),
a-SiC, v- and a-Al,O; were present. Fig. 7(a) shows an
XRD trace of the freeze-dried Al,O; powder consisting
entirely of a-Al,Os. After spraying, the coating also
contained y-Al,O5 as shown in Fig. 7(b). Fig. 7(c) and
(d) are the XRD traces for freeze-dried Al,O3/10 vol.%
SiC nanocomposite powder and its coating, respectively.
The freeze-dried Al,O5/10 vol.% SiC powder had mainly
a-Al,O5 together with SiC phases, whereas the coating
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Fig. 3. Particle size distribution of feedstock powders used for low pressure plasma spraying: (a) commercial Al,O3; (Amdry6060), (b) sol-gel Al,O3/
SiC (SG45), (c) sol-gel Al,O3/SiC (SG4563) and (d) freeze-dried powder (FD45).
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Fig. 4. Scanning electron micrographs of feedstock powders: (a) commercial Amdry6060 Al,Os3, (b) sol-gel Al,O3/SiC, and (c) freeze-dried Al,O5.

again included v-Al,Oj;. Similar behaviour was also
shown by the freeze-dried Al,03/20 vol.% SiC powder
[Fig. 7(e)] and its coating [Fig. 7(f)]. Table 3 summarises
the phases present in all powders and coatings observed
by XRD.

3.2.2. Nuclear magnetic resonance: >’ Al and *°Si NMR
Fig. 8 shows 2’Al NMR spectra of powders and
plasma sprayed coatings. Fig. 8(A-a) is the spectrum of
Amdry6060 Al,O3 powder, showing an intense peak at
A+ 14 ppm which can be entirely attributed to octahedral
AlOg alumina (a-Al,O3), i.e. O atoms in approximate
hexagonal close packing (hcp) with Al atoms in 2/3 of
the octahedral sites.!” The 2’Al NMR spectrum of the

Amdry6060 Al,O3 coating is shown in Fig. 8(A-b), with
an octahedral AlO¢ peak at ~+ 12 ppm and tetrahedral
AlQ,4 peak (y-, 0-Al,O3) at + 66 ppm. Fig. 8(B-a) shows
the 2?Al NMR spectrum of the calcined sol-gel Al,Os/
SiC powder, again indicating AlOg and AlO, peaks.
Both of these peaks were detected in the sol-gel Al,O3/
SiC coating shown in Fig. 8(B-b). However, there was a
minor peak of the less common five-coordinated AlOs
group resonating between AlOg and AlOy4 at + 34 ppm,
and which was identified as p-Al,Os.'® Fig. 8(C-abc) are
respectively 2’Al NMR spectra of freeze-dried Al,Os,
Al,03/10 vol.%SiC and Al,03/20 vol.% SiC nano-
composite powders which also showed a single AlOg
peak at ~+14 ppm. The 2’Al NMR spectra of the
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Fig. 5. X-ray diffraction traces: (a) commercial Amdry6060 Al,O; powder, and (b) its as-sprayed coating (o.=stable Al,O; phase, and v-,
d-=metastable Al,O3 phases).
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Fig. 6. X-ray diffraction traces: (a) as-precipitated sol-gel Al,O;/SiC powder, (b) powder calcined at 1200C in Ar for 2 h, and (c) its as-sprayed
coating (b=Dboemite, s=SiC, * =aluminosilicate, o= stable Al,O; phase, and y=metastable Al,O; phases).
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Fig. 7. X-ray diffraction traces: (a) and (b) are Al,O3 powder and its coating; (¢) and (d) are Al,03/10 vol.% SiC powder and its coating; (e) and (f)
are Al,03/20 vol.% SiC powder and its coating (s=SiC, o =stable Al,O; phase, and y=metastable Al,O; phases). Unmarked peaks represent

a-Al,O5 phase.

corresponding coatings are shown in Fig. 8(C-def), and
again, spectra were dominated by AlOg4 (at ~+ 14 ppm)
and AlOy4 (at &+ 67 ppm) peaks.

Fig. 9 shows 2°Si NMR spectra of sol-gel Al,O5/SiC,
freeze-dried Al,0O5/10 vol.% SiC and Al,O3/20 vol.%
SiC nanocomposite powders and their plasma-sprayed
coatings. The 2°Si NMR spectrum of calcined sol-gel
Al,O3/SiC powder in Fig. 9(A-a) indicated not only the
presence of a-SiC (i.e. peaks at —10, —16.2 and —20.8

ppm) and aluminosilicate (i.e. peak at —108 ppm),
previously detected by XRD, but also a peak asso-
ciated with silica at —79 ppm. The relatively broad
aluminosilicate (Al,053-xSi0,) and silica (SiO,) peaks
suggested a tendency towards an amorphous structure.
Fig. 9(A-b) shows the 2°Si NMR spectrum of the
resulting coating, which shows the intense peaks of
a-SiC, but now without any indication of either alu-
minosilicate or silica phases. The 2°Si NMR spectrum
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Table 3

Summary of phases present in commercial Amdry6060 Al,Os, sol-gel Al,O3/SiC, freeze-dried Al,O3 and freeze-dried Al,O3/SiC powders and the

as-received coatings detected by XRD

Materials

Powder phases

Coating phases

Amdry6060 Al,O;
Sol-gel

Freeze-dried Al,O3
Freeze-dried Al,O3/SiC

Q(-A1203

Q(-Ale;

QL—A]zOg + SiC + A1203 'XSi02

4-ALO; + SiC

o+ v+ 8-AlL O3

o + y-AlL O3 + SiC
o+ 7-ALO;

o 4+ y-ALO; 4 SiC

Underlining indicates the major phase.

of the freeze-dried Al,O3/10 vol.% SiC powder and its
coating are shown in Fig. 9(B-a) and 9(B-b) respectively
and in both cases only peaks indicating o-SiC were
detected, and similarly for the freeze-dried Al,O3/20
vol.% SiC powder [Fig. 9(B-c)] and its coating [Fig. 9(B-
d)]. Table 4 summarises the phases present in all types
of powder and coating observed by both 27Al and *°Si
NMR.

3.3. Coating microstructure

Figs. 1012 each show a set of SEM micrographs of
the coating surface, coating cross-section and deliber-
ately fractured coating, respectively, for each of the (a)
Amdry6060 Al,Os3, (b) sol-gel Al,O5/SiC <45 um
(SG45), (c) sol-gel Al,0O5/SiC 45-63 pm (SG4563) and
(d) freeze-dried Al,O; <45 um coatings.
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Fig. 8. 2?A1 NMR: (A) commercial Amdry6060 Al,Os; (a) =powder and (b) =coating, (B) sol-gel Al,05/SiC; (a) = powder calcined at 1200 °C for 2
h in Ar and (b)=as-sprayed coating and (C) freeze-dried Al,03/SiC; (a)=0 vol.% SiC powder, (b)=10 vol.% SiC powder, (c)=20 vol.% SiC
powder, (d)=0 vol.% SiC coating, (¢)= 10 vol.% SiC coating and (f)= 20 vol.% SiC coating.
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Fig. 9. 2°Si NMR: (A) sol-gel Al,O3/SiC; (a) = powder calcined at 1200 °C for 2 h in Ar and (b)=as-sprayed coating, and (B) freeze-dried Al,O3/
SiC; (a)=10 vol.% SiC powder, (b)=10 vol.% SiC coating, (c¢)=20 vol.% SiC powder, and (d) =20 vol.% SiC coating.

Fig. 10(a) shows that the Amdry6060 Al,O; powder
had the highest degree of melting, as evidenced by the
homogenous pancake-like splats on the coating surface.
A network of microcracks was formed inside the indi-
vidual Al,Oj5 splats. Fig. 10(b) shows the surface of the
SG45 coating comprising splats from impacting dro-
plets at different degrees of melting, and some relatively
large pores up to 1 um inside the splats. Fig. 10(c)
shows the surface of SG4563 coating which had a
similar surface appearance to SG45, but with a gen-
erally larger splat size. Microcracking was again evi-
dent but to a lesser extent than for Amdry6060 or
SG4563. Fig. 10(d) shows an example of the freeze-
dried coating surface. Splats were again evident but
with a large amount of small unmolten particles
apparently broken away from the agglomerates during
flight in the plasma flame. A highly porous foam-like
structure [top-left corner in the Fig. 10(d)] was occa-
sionally present.

Fig. 11(a)~(d) show the coating cross-sections, and
which in general confirm the greater extent of particle
melting for Amdry6060 Al,O5 in comparison to sol-gel
and freeze-dried in-house powders. In Fig. 11(a), the
Amdry6060 coating shows the characteristic lamellae
microstructure in cross-section, but with a lower area
fraction of pores in comparison with sol-gel and freeze-
dried coatings, despite careful optimisation of the pro-
cessing parameters for each powder. Fig. 11(b) is the
cross-section of the SG45 coating which shows not only
the lamellae microstructure and a slightly increase in
porosity but also flaws because of particle pull-out dur-

ing mechanical polishing. The cross-sectional micro-
structure of SG4563 in Fig. 11(c) contained pores within
splats, and a well-defined lamellae structure separated
by thin layer of voids resulting from poor interlamellar
contact. There were also many incompletely molten
particles trapped between well-molten particles because
a fraction of the feedstock powder comprised particles
too large to be melted in the plasma. Again, particle
pull-out was problematical in the SG4563 coatings.
The cross-sectional microstructure of FD45 coating in
Fig. 11(d) was similarly to the microstructure of
SG4563, but contained finer splat lamellae, a higher
fraction of interlamellar voids, porosity and pullout
because of weak bonding of incompletely molten
agglomerates.

Fig. 12(a) is the fractured surface of the Amdry6060
Al,O5 coating, again clearly showing the well-defined
lamellae structure, with a lamellae thickness of 2-3 um
and small pores between splat layers. The lamellar
thickness increased as the feedstock particle size
increased, as shown by the fracture surface of SG45
(lamellar thickness 4-5 pm) and SG4563 (lamellar
thickness 4-10 um) in Fig. 12(b) and (c), respectively.
Both SG45 and SG4563 coatings had pores =1 um
inside splats, and these pores probably originated from
pores in the powders after calcination. Fig. 12(d)
shows the fractured surface of the FD45 coating
which comprised agglomerates of partially melted
particles and splats. It was not possible to evaluate
splat thickness because of the complexity of the
microstructure.
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Table 4
Summary of phases present in commercial Amdry6060 Al,Os, sol-gel Al,O3/SiC, freeze-dried Al,O3 and freeze-dried Al,O3/SiC powders and the
as-received coatings detected by 2’Al and 2°Si NMR

Materials Powder phases Coating phases

Amdry6060 Al,O; AlOg AlOg + AlO4

Sol-gel AlOg + A104 + SiC + SiO; + AL 03-xSi0; AlOg + AlOs + AlO4 + SiC
Freeze-dried Al,O3 AlOg AlOg + AlOy4

Freeze dried Al,O5/SIC AlQg + SiC AlOg¢ + AlO4 + SiC

Underlining indicates the major phase.

Fig. 10. Scanning electron micrographs of as-sprayed coating surfaces: (a) commercial Amdry6060 Al,Os, (b) sol-gel Al,O3/SiC (SG45), (¢) sol-gel
AlL,O3/SiC (SG4563), and (d) freeze-dried Al,O3/SiC (FD45) [an arrow in (a) indicates a microcrack network, arrows in (c) indicate individual
microcracks].
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Al O; coating

Fig. 11. Scanning electron micrographs of polished cross-sections: (a) commercial Amdry6060 Al,Os;, (b) sol-gel Al,O3/SiC (SG45), (c) sol-gel

ALO/SiC (SG4563), and (d) freeze-dried ALOs/SiC (FD45).
3.4. Porosity and surface roughness analysis

Fig. 13 shows the average area percentage of porosity
for each coating cross-section. The Amdry6060 Al,O;
coating had the lowest porosity of ~7%, and similar to
SG45 coating. The high fraction of interlamellar voids
and pores observed in the SG4563 and FD45 coatings
increased porosity to ~8 and ~10% respectively. The
porosity of freeze-dried coatings was unaffected by the
vol.% SiC.

Fig. 14 shows the average surface roughness (R,) for
each coating. The larger feedstock particle diameter, then
the rougher the coating surface with R,(SG4563)>

R,(SG45)> R,(Amdry6060 Al,O3) (11.5>7.9> 5.4 um).
The surface roughness of freeze-dried Al,O3, Al,O3/10
vol.% SiC and Al,03/20 vol.% SiC coatings were
approximately equal.

4. Discussion

Sol-gel processing involves the precipitation of metal
oxide particles from solution and is used widely to pro-
duce ceramics of small particle sizes with controlled
chemical purity and crystallinity. Al(NOs3);-9H,0,
NH,4OH and an excess H,O are used to produce boehmite
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Fig. 12. Scanning electron micrographs of fractured cross-sections: (a) commercial Amdry6060 Al,Os, (b) sol-gel Al,O3/SiC (SG45), (c) sol-gel

ALO/SiC (SG4563), and (d) freeze-dried ALO;/SiC (FD45).

(AIOOH) which is generally accepted as the starting
material for Al,O3'°72! according to:

AI(NO3);+3NH,OH + xH,0 =P

+ AI(OH);+xH,0

3NH4NO;

washed, filtered
——s

3NH4NO; + Al(OH);+xH,0

AIOH); “BC AJOOH + H,0

Al(OH),

AIOOH transforms into stable a-Al,O5 via metastable
v-, 0-, and 0-Al,O; transition phases, in order of
increasing temperature.'® The thermal transformation
sequence of boehmite to o results in a change of the O
atom packing from cubic close pack (ccp) to hexagonal

close pack (hcp), with Al atoms in octahedral sites in
both cases. The tetrahedral y- and 6-Al,O3 are both
spinel-related with ccp oxygen,'” and the proportion of
tetrahedrally coordinated Al atoms increases through
the sequence y, 6 and 0. These metastable transitional
forms of alumina are not present in the XRD traces of
the calcined sol-gel Al,O3/SiC powder as shown in
Fig. 6(b). However, NMR (*’Al) proved to be more
sensitive to minority phases indicating the presence of
either y-, 8- and 0-Al,O3; as shown in Fig. 8(B). ?°Si
NMR spectra of the calcined sol-gel Al,O3/SiC powder
in Fig. 9(A-a) indicates not only the presence of a-SiC
and Al,05-xSi0O, as detected by XRD, but also a peak
associated with SiO, not detected by XRD. Although
calcination of the sol-gel Al,O3/SiC powder takes place
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Fig. 13. Percentage area porosity of polished cross-sectional coatings calculated using an image analysis.
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Fig. 14. Surface roughness of all as-plasma sprayed coatings measured using a contact type stylus profiler.

in an Ar atmosphere, it is possible that sufficient O
either from an evaporation of the Al,O3 matrix or from
ingress of atmosphere reacted with SiC to form a minor
fraction of Al,05-xSi05 and SiO».

SiC(s) + 202(g) — SiOz(s) + COz(g) 0
SiC(S) + 1-502(g) — Si02(s) + CO(g) 0
A1203(S) + XSiOz(S) — A1203-XSi02(5)

Both peaks are relatively broad which is consistent with
an amorphous-like structure.

Phase analysis of all as-sprayed coatings by XRD and
NMR shows that the materials comprise a combination
of stable and metastable Al,O; phases. XRD traces of
the monolithic Al,03 show a combination of y-, - and
a-Al,Os. It has been suggested that the metastable y-
Al,O3 is always homogeneously nucleated in the rapid
quenching of completely molten droplets because of the
critical free energy for nucleation from the liquid is less
that that of o-Al,05.° The metastable 3-Al,O5 in the
coating arises from the transformation of y-Al,Os. In
this study, a water-cooled substrate was used which
increased the coating cooling rate and therefore, limited
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the transformation of y- to 6-Al,O3. The presence of -
phase may also arise from the reheating of the coating
during deposition of subsequent layers, followed by
rapid coating cooling when the plasma is moved away
again by the robot. a-Al,Os in the coatings arises from a
combination of a fraction of unmelted feedstock powder
which is entirely composed of a-Al,Os3, and the con-
tinued decomposition of y-, 6-, and 6-Al,O5 transition
phases. XRD traces of sol-gel and freeze-dried coatings
show a combination of y- and a-Al,O5 but no detectable
d-Al,Os. It is therefore suggested that the decomposition
of y- to &-phase is less progressed in the sol-gel and
freeze-dried coatings compared with the Amdry6060
AL, O3 coating because of poorer melting and lower
temperatures in both the plasma flame and at deposition.

Although the sol-gel and freeze-dried Al,O3/SiC
nanocomposite powders experience high temperatures
of ~5000-25000 °C in the plasma flame for a short
time, XRD and 2°Si NMR show that the nanoscale SiC
is well-preserved in the final coatings, because of the
relatively high thermal stability of «-SiC with
T, =2200-2700 °C. Furthermore, the amorphous-like
SiO, and Al,O5-xSiO, phases in the calcined sol-gel
Al,O5/SiC powder are now absent in the sprayed coating.
The Al,O5-SiO, phase diagram shows that at above
~1950 °C, the SiO, (T,=1734 °C) and mullite-
3A1,03-2810, (T,=1934 °C) become a fully mixed
liquid and are apparently unable to reconstitute on
rapid solidification.

The formation of the pancake-like splats on all coat-
ing surfaces in Fig. 10 indicates droplets of moderate
heat content and velocity at impact.>?> Because a large
temperature gradient exists across the interface between
the flattened liquid droplet splat and substrate (or pre-
viously solidified droplet), the thermal contraction of
each splat is restrained by the underlying solid, and a
microstress distribution is established within the splat.
This leads to the formation of microcrack networks
inside the individual Amdry6060 Al,Oj; splats. The sol-gel
Al O3/SiC splats had individual microcracks rather
than extensive networks. It is hypothesised that the
microcracks in the sol-gel AlO3/SiC coatings are pre-
vented from interlinking as a result of higher degree of
unmolten/partially molten of feedstock powder.
Polished cross-sectional (Fig. 11) and fractured (Fig. 12)
microstructures of the sol-gel Al,O3/SiC coatings
reveals pores (as large as 1 um) inside each lamellae.
These pores are likely those remaining from calcination
process of as-precipitated Al,O3/SiC sol-gel powder,
however, these pores may also derive from the decom-
position of unstable SiO, and Al,O3-xSiO, phases.

Average coating porosity and surface roughness
depend on the ability of the plasma to melt the powders
and are dependent upon the mean particle size, distribu-
tion and morphology. The larger the particle diameter,
then the higher the porosity and surface roughness, as

shown in Figs. 13 and 14. The broader the particle size
distribution, then the higher the porosity, e.g. the
agglomerated nature of the freeze-dried powder led to
poor flowability, poor melting and relatively high levels
of porosity and surface roughness. In all cases, the
freeze-dried nanocomposite powders and coatings
showed no dependency of microstructure on SiC
volume fraction in the range 0-20 vol.%.

5. Conclusions

Al,0O3/SiC nanocomposite ceramic coatings have been
successfully fabricated by LPPS from sol-gel and freeze-
dried feedstock powders prepared in-house. After careful
optimisation employing substrate water-cooling, nano-
composite coating were well-adhered to stainless steel
substrates using CoNiCrAlY and monolithic Al,Oj3
bond coats.

Mean feedstock particle diameter, particle diameter
distribution and morphology affected the extent of parti-
cle melting in the plasma flame. Powder melting in turn
controlled the phases, microstructure, area percentage of
porosity and surface roughness of the as-sprayed coating.

Thermal cycling during plasma spraying caused phase
changes and decompositions in the feedstock powder.
XRD and *’Al NMR showed that o-Al,O5 in all start-
ing powders was partially transformed to metastable
phases such as y- and 6- in monolithic Al,O5 coatings,
and additionally to y- in the sol-gel and freeze-dried
coatings, during plasma spraying. The higher the frac-
tion of coating metastable phases then the better feed-
stock powder melting. Nanoscale a-SiC in the Al,O3/
SiC sol-gel and freeze-dried feedstock powders was well-
preserved in the as-sprayed coatings. XRD and 2°Si
NMR showed that after spraying, aluminosilicate and
silica phases in the calcined Al,O;/SiC sol-gel powders
were removed.

Coating microstructures comprised a combination of
fully molten and incompletely molten pancake-like
splats. The monolithic Al,O3 coating indicated the
highest degree of powder melting, but with splats that
contained microcrack networks because of thermal
contraction during cooling. Microcracks were inhibiting
in forming extended networks in the nanocomposite
coatings because incompletely/partially molten particles
led to a less coherent coating.

The larger the particle diameter and the broader the
particle diameter distribution, then the higher area per-
centage of coating porosity and the rougher the result-
ing surface of the as-sprayed coating.

Although the mechanical properties of the Al,O3/SiC
nanocomposite coatings have not been mentioned in
this paper, the mechanical study of the Al,O;/SiC
nanocomposite coatings will be further investigated. It
has been many reports on mechanical enhancements of
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bulk Al,O;/SiC nanocomposite over bulk monolithic
Al,05.°716 The nanocomposite coating should offer sig-
nificant mechanical improvements in some aspects over
the monolithic Al,O3 coating as has been found in the
bulk materials.
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