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Micro-laminates and nanocomposites of Al,O; and ZrO, can potentially exhibit higher hardness
and fracture toughness and lower thermal conductivity than alumina or zirconia alone. The potential of
these improvements for abrasion protection and thermal barrier coatings is generating considerable
interest in developing techniques for producing these functional coatings with optimized microstructures.
AL O3-ZrO, composite coatings were deposited by suspension thermal spraying (APS and HVOF) of
submicron feedstock powders. The liquid carrier employed in this approach allows for controlled
injection of much finer particles than in conventional thermal spraying, leading to unique and novel fine-
scaled microstructures. The suspensions were injected internally using a Mettech Axial III plasma torch
and a Sulzer-Metco DJ-2700 HVOF gun. The different spray processes induced a variety of structures
ranging from finely segregated ceramic laminates to highly alloyed amorphous composites. Mechanisms
leading to these structures are related to the feedstock size and in-flight particle states upon their impact.
Mechanical and thermal transport properties of the coatings were compared. Compositionally segregated
crystalline coatings, obtained by plasma spraying, showed the highest hardness of up to 1125 VHNj y, as
well as the highest abrasion wear resistance (following ASTM G65). The HVOF coating exhibited the
highest erosion wear resistance (following ASTM G75), which was related to the toughening effect of
small dispersed zirconia particles in the alumina-zirconia-alloyed matrix. This microstructure also
exhibited the lowest thermal diffusivity, which is explained by the amorphous phase content and limited
particle bonding, generating local thermal resistances within the structure.

moduli of the layers. In alumina/zirconia-layered com-
posites, the strength and toughness have been reported to
increase with progressive layer refinement and the intro-
duction of corrugated interfaces (Ref 3, 4). Laminar com-
posites are presently synthesized by different processing
routes including tape casting, sequential slip casting, elec-

Keywords abrasive and erosive wear, nanocrystalline com-
posites, solution-precursor TS

1. Introduction

Laminated composites, in which ceramic layers of
different compositions and microstructures are combined
to obtain properties superior to those of the constituent
layer materials, have emerged as an area of extensive re-
search in recent years. Drastic increase in strength and
fracture toughness has been achieved in alumina/zirconia
laminar composites. The improvements in mechanical
behavior are primarily linked to the crack-diverting char-
acteristics of the interlaminate interfaces and the presence
of second phases acting as crack arrestors (Ref 1). Other
strengthening mechanisms are attributed to the surface
residual compressive stresses, which arise from the differ-
ent thermal expansion coefficients (Ref 2) and elastic
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trophoretic deposition, and colloidal techniques (Ref 5).
More recently, physical vapor deposition techniques
(PVD) (Ref 6) and thermal spraying have also been used.
Thermal spray processing, a technique by which molten
ceramic droplet impinge on a substrate and solidify as large
disks, i.e., “‘splats,”” imparts an inherent lamellar structure,
which has been exploited to form alumina-zirconia multi-
layers (Ref 7) and micro-composites (Ref 8-10). The
principal driving force for the development of thermal-
sprayed Al,O3/ZrO, composites is to enhance the resis-
tance against abrasion, wear, and oxygen diffusion, as well
as the thermal resistance of thermal barrier coatings
(TBCs) over conventional stabilized zirconia in the high-
temperature environment of turbine engines. The combi-
nation of high hardness of alumina with the low thermal
conductivity of zirconia may lead to next generation TBCs
with improved properties and service life. Besides creating
thin alternating layers, the rapid solidification of the mol-
ten ceramics in the thermal spray process can, in some
cases, extend the solid solution of zirconia in alumina to
form metastable amorphous phases. This is most easily
accomplished at a composition of 57% Al,03-43% ZrO,,
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since the binary phase diagram features a eutectic point
with lowering of the liquid curve to 1900 °C (Ref 11, 12). A
nanocomposite structure can arise from this metastable
amorphous phase by the nucleation of ZrO, crystals in the
AlLO; matrix during postannealing (Ref 13-15). Similar to
the laminates, the nanocomposites can show improve-
ments in thermal resistance and mechanical properties
compared to both alumina and zirconia, i.e., higher frac-
ture toughness (Ref 13, 16). In fact, the ZrO,/Al,O5 bulk
composite is a classical model of a transformation-tough-
ening ceramic system (Ref 6). The toughening effect is
most often explained in terms of an alumina matrix, which
exerts local compressive stresses around small zirconia
crystals, hindering the martensitic phase transformation
from tetragonal to monoclinic ZrO, (Ref 16).

Thermal spraying of liquid feedstock, using either
precursor salts in solution (Ref 17-19) or particle suspen-
sions (Ref 20-22), are emerging technologies for the pro-
duction of finely structured functional layers and can yield
unique microstructures (Ref 23, 24) and phase composi-
tions (Ref 25) in Al,O3-ZrO, composites.

In this work, microlaminate composites of alumina/
zirconia are produced by suspension thermal spraying
of submicron feedstock powders. The liquid carrier
employed in this approach allows for controlled injection
of much finer particles than in conventional thermal
spraying, leading to a high degree of structural refinement
in the coatings. The effects of spray conditions and feed-
stock nature are explored to either foster a structure of
finely alternating ceramic layers or the creation of amor-
phous/nanostructured constituents. Two different thermal
spray systems were employed, an axial injection plasma
torch and a high-velocity oxyfuel (HVOF) gun. A wide
diversity in coating microstructure is expected from the
two very different spray systems. Mechanical properties
and thermal conductivities of the coatings are evaluated.
The ultimate goal is to delineate how to tailor the unique
microstructures obtained by suspension thermal spraying
for meeting desired mechanical and thermal transport
property requirements.

2. Experimental Procedure

2.1 Suspension Spray Equipment and Operation

Suspension spraying was implemented for an axial
injection plasma torch Mettech Axial III (Northwest
Mettech Corp., North-Vancouver, BC, Canada) and a
HVOF DJ-2700 Hybrid gun (Sulzer-Metco, Westbury,
NY, USA). The systems were equipped with internal
injection and twin-fluid atomization modules. The
co-axially fed suspension droplets are fully entrained by
encircling three plasma streams, as in the case of the
Mettech Axial III torch, or are intimately contacted with
the fuel inside the HVOF combustion chamber, as in the
case of the DJ-2700 gun. Such arrangements can reduce
the process sensitivity to the injection conditions and are
expected to yield a high degree of heat and momentum
transfer from the jets. The suspensions were delivered by a
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Table 1 Plasma operating conditions

Exit Torch  Gas
Spray nozzle, current, flow, Power, Ar, N,, H,,
condition mm x3 slpm kW % % %
1 11 (716 in.) 180 A 180 84 45 45 10
2 95@3M8in) 180 A 180 86 45 45 10
3 9.5 (3/8in.) 200 A 245 82 75 10 15

Torch traverse speed: 600 mm/s (24 in./s); Atomizing gas N, at
10 slpm

Table 2 HVOF spray parameters for ceramic A40Z
feedstock suspension, DJ 2700

Parameter Value
Propylene flow 85 slpm

Oxygen flow 279 slpm

Air flow 202 slpm

Carrier gas (N,) flow 17 slpm

Suspension feed rate 55 mL/min (3.1 kg/h)
Spray distance 12.7-15.2 cm

Gun traverse speed 30 in/s

specialized feeding system, using a positive-displacement
dosing pump and precision flow meters. Start-up, shut-
down, and rinsing sequences were fully automated and PC
controlled. The plasma torch was operated at three
selected conditions of gas flow rate, gas composition, and
exit nozzle sizes, which were previously used to produce
continuous, dense, and well-adhering coatings and which
are summarized in Table 1. Nitrogen at a flow rate of
10 slpm was employed as the atomizing gas. A spray
distance of 51 mm between the torch exit nozzle and the
substrate was maintained throughout during coating
fabrication.

The spray parameters for the DJ 2700 HVOF gun are
listed in Table 2. These conditions, with over stoichiom-
etric oxygen flow, were selected to yield a high flame
temperature and heat output of this equipment, while
limiting the backpressure in the combustion chamber
during spraying to approximately 620 kPa (90 psi).

In-flight particle states were measured with a com-
mercial diagnostic system (AccuraSpray® G2 and G3,
Tecnar Automation, St-Bruno, PQ, Canada). Since the
small size of the particles prevents individual in-flight
particle detection, an ensemble particle diagnostic system,
which senses the fluctuations of the total emitted radiation
in the field of view, is deemed necessary (Ref 26). The
temperature measurement is based on two-color pyrom-
etry, and the velocity is determined by a time-of-flight
technique. The measurement volume was centered in the
spray plume at the location of the substrate during depo-
sition.

2.2 Coating Characterization

Microstructures of the coatings were observed by SEM
(JEOL JSM-610) and FE-SEM (Hitachi S4700). The
samples were sectioned using a precision saw, mounted
under vacuum in epoxy resin, and prepared by standard
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metallographic methods to produce a polished cross sec-
tion. Porosity was assessed on the cross section by SEM
(500 and 5000 magnification) using image analysis. The
intensity range and thresholds were standardized on ref-
erence materials, and 10 measurements were averaged per
sample. This method at 500 times magnification is well
suited to rank porosities of conventional thermal spray
coatings and well describes the occurrence of large defects
in the present coatings. Evaluation at 5000 magnification
was attempted to capture some of the finer porosity and
nanopores encountered in this study.

Vickers microhardness measurements were performed
under a 3 N load for 20 s on the polished cross section of
the coatings. A total of 10 measurements were taken per
sample. The relative toughness of the material was esti-
mated from the crack propagation resistance, as deter-
mined from the average crack length (2¢) originating from
the corners of the Vickers indentation impression at a load
(P) of 3 N. The relationship P/c*?, where P is in Newtons
and c¢ in meters, was employed in this comparison (Ref
27). An average of 10 indents were used per sample.

Abrasion resistance of the coatings under dry condi-
tions was tested based on the ASTM standard method
G65-00 (procedure D-modified), also known as the dry
sand/rubber wheel test (Ref 28). A coated sample is
pressed against a rotating rubber wheel (200 rpm) with a
force of 45 N. Silica sand (212-300 pm) is fed between the
coating and the wheel, until the wheel has traveled an
equivalent linear distance of 1436 m (2000 rev.). The
lighter load variation of the standard procedure allowed
ranking of the relatively thin coating material. Prior to the
test, the coatings were faced to a level surface. The volume
loss was measured by optical profilometry.

Erosion resistance by solid particle impingement was
evaluated based on the ASTM standard method G76-83,
exposing a coated sample to 100 grit alumina particles
(standard 122 pm average and 203 pm maximum), which
impact with a speed of 64 m/s at an angle of 30° (Ref 29).
The test duration was 30 s with a particle feed rate of
3.86 g/min. The volume loss at the erosion scar was mea-
sured by optical profilometry.

Thermal diffusivity oo was evaluated for selected sam-
ples using a laser flash method (Ref 30). For each spray
condition, three replicate samples were analyzed with at
least five heating cycles. To ensure absorption of the laser

Table 3 Summary of feedstock powders

é

radiation at the coating surface, the samples were coated
with palladium. The thermal conductivity k of these
coatings was determined using the relationship k=aC,p.
Specific-heat (C,) measurements for Al,O3-ZrO; coatings
are made using a standard differential scanning calorim-
eter (DSC-2, Perkin-Elmer, Fremont, CA, USA), with
sapphire as a reference material. Material density was
approximated by a linear law of mixing, neglecting
porosity.

Phase analysis was carried out by XRD using a Brucker
D8-Discovery diffractometer (Brucker AXS Inc., Madi-
son, WI, USA) with Cu-K, radiation at an acquisition of
0.01°/s. The crystallite size was approximated from the
Sherrer equation at the principal diffraction lines (Ref 31).
An attempt was made to quantify the degree of crystal-
linity by measuring the area of crystalline peaks between
25° and 40° vs. the total integrated area in this region,
including the diffuse amorphous hump. This index reflects
the alloying of the ceramic constituents into an amorphous
phase due to rapid solidification and allows here a quali-
tative comparison between the coatings obtained at dif-
ferent spray conditions.

Particle sizes and distribution were measured with a
Coulter LS Laser Particle size analyzer (Beckman-Coul-
ter, Mississauga, ON, Canada) using the Universal Liquid
Module, characterizing the powders and powder agglom-
erates as they are present in the suspension.

2.3 Materials and Suspensions

Two different feedstock particle sizes were used in this
study, namely nanosized (<80 nm), NA, and slightly larger
superfine powders (SF). NA denotes feedstocks of nano-
sized alumina mixed with nanosized zirconia. SF denotes
mixtures of the larger superfine alumina and zirconia
powders. The distinction between nanosized and superfine
particles is somewhat arbitrary, but allows here to differ-
entiate between the powders. The constituents Al,O3-
Zr0,-Y,05; were mixed with weight ratios of 57-42-1
(NA), 60-40-0 (NA-HVOF), and 60-40-0 (SF), which are
close to the eutectic composition. YSZ powder (3 mole%
yttria-doped ZrO,) without the addition of alumina was
also used for reference purposes. The four different
powder mixtures and the corresponding constituents are
summarized in Table 3. The morphologies and phase

Feedstocks Wt.% Powders Nominal particle size, nm Specific surface area, m*/g
NA 57 (60) a-AlL O3 27-43 35 (a)

21.5 (40) m-ZrO, 29-68 35 (a)

21.5 (0) 3 mol% YSZ 58-76 17.5 (a)
NA-HVOF 60 a-AlL O3 27-43 35 (a)

40 m-ZrO, 29-68 35 (a)
YSZ 100 3 mol% YSZ 58-76 17.5 (a)
SF 60 a-AlLO3 390 8.0 (b)

40 m-ZrO, 300-700 15 (¢)

(a) Nanostructured & Amorphous Materials, Houston TX, USA
(b) Malakoff Industries, Malakoff TX, USA
(c) Inframat Advanced Materials, Farmington CT, USA
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Fig. 1 Micrographs of the ball-milled Al,O;-ZrO, feedstock showing mixing of (a) nanosized particles of Al,O3 (dark) and ZrO, (light)

and (b) superfine particles of Al,O3 and ZrO,

.i. v 1l rerragonal—ZrO# i l

monoclinic-ZrO?z
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o | ,.N 1
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Fig. 2 XRD spectra of feedstock powders

composition of the feedstock were verified by high-
resolution FE-SEM and XRD, shown in the micrographs
in Fig. 1 and the spectra in Fig. 2.

Suspensions were prepared with 5 wt.% solids in eth-
anol for HVOF and 10 wt.% solids for plasma spraying.
Polyethylenimie (PEI) (0.6 wt.% per solids) (MWT
25,000, Alfa Aesar, Ward Hill, MA, USA) was used as a
dispersing agent. This cationic polyelectroyte adsorbs on
the ceramic surfaces and can be charged positively by
protonation of the amine groups, i.e., by adjusting the pH
to less basic conditions. Low-energy ball milling was
needed to break up the initial particle agglomerates and to
ensure mixing of the constituents. The suspensions were
subjected to milling at 140 rpm for 24 h using zirconia
media in polyethylene jar mills. After milling, the sus-
pensions were diluted to the desired solid content and
further dispersed in an ultrasonic bath. The procedure
outlined above stabilized the dispersion sufficiently to be
compatible with the spray process. It should be pointed

94—Volume 17(1) March 2008

out that this procedure is insufficient to maintain mono-
dispersed suspensions. The size distributions of the parti-
cles in suspension are shown in Fig. 3. The finer NA
powder shows large agglomerates with a median size of
6 um and no individual submicron particles, while the SF
feed shows smaller aggregates (median 2 um) and a high
portion of submicron particles.

2.4 Substrate Considerations

Coatings were produced on mild steel substrates with
dimension of 25 mm x 75 mm X 12.5 mm. To increase
coating adhesion, the substrate surface was grit blasted
with 60 grit (standard 254 um average and 406 pm maxi-
mum) Al,Oj3 particles prior to deposition, yield a surface
roughness of approximately 4.5 um R,. In order to main-
tain a substrate temperature below 450 °C during depo-
sition, backside cooling using both compressed air and
water was implemented. An attempt was made to reduce
air front cooling, whereby high-velocity air jets are
directed toward the front of the substrate surface, which
was observed to deflect the particle jet and poses the risk
of adversely affecting the resulting coating.

3. Results and Discussion

3.1 Processing Conditions and Particle States

Measured particle states for selected feedstocks and
operating conditions are summarized in Table 4. For the
suspension plasma spraying using the nanosized feedstock,
the effect of processing conditions is illustrated in samples
NA-1 through NA-3. With smaller nozzle size and in-
crease in gas flow rate (NA 1 to NA 3) particle velocities
close to 700 m/s could be generated. In the case of sample
SF-3, nearly 800 m/s have been reached. These high par-
ticle velocities are somewhat unusual for plasma spraying,
but can be rationalized in terms of a low inertia of the
small particles. The smaller the particles, the more

Journal of Thermal Spray Technology
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Fig. 3 Aggregate size distribution in feed suspensions as measured with a Coulter LS Particle size analyzer for (a) nanosized powder

mixture NA and (b) superfine powder mixture SF

Table 4 Operating conditions and particle states

Plasma/HVOF Feed rate, SD, Vparts Tyares
Sample condition kg/h mm m/s °C
NA-1 1 1.8 50 500 2860
NA-2 2 1.4 50 620 2937
NA-3 3 1.1 50 690 2750
SF- 3 3 1.1 50 774 2760
NA-HVOF  HVOF 31 127 740 2814
YSzZ 2 1.4 50 640 2980

intimately they follow the gas flow velocity as they are
entrained in the plasma stream (Ref 26). Previous work
has, however, shown that these high velocities do not
necessarily translate into high impact velocities on the
substrate (Ref 26). The same low inertia, readily acceler-
ating the particles in the jet, slows the particles in the
stagnation point above the substrate. For the same particle
size, however, faster free stream conditions lead to higher
impact velocities.

It was also generally observed that the high velocities
come at the expense of a reduced particle temperature,
possibly due to a shorter residence time of the particles in
the heating plasma jet. The suspension feed rate, affecting
the thermal load on the plasma, was reduced in those cases
to maintain the particle temperatures above the melting
point of the refractory ceramic, i.e., at least above 2700 °C
for zirconia (see Table 4).

The high particle temperatures measured for the
HVOF system, i.e., above the melting point of zirconia,
are somewhat surprising, considering the much lower
flame temperatures, as compared to plasma. The larger
surface area and the smaller thermal mass of the submi-
cron particles may lead to improved heat absorption and
facilitate heating and melting. The long residence time of
the particles in the flame may also play a role. It should be
mentioned that only the particle surface temperature is
captured by the optical diagnostics, while the particle
cores may actually be colder.

Journal of Thermal Spray Technology

3.2 Coating Structure and Phase Composition

Typical microstructures of the coatings are shown in
Fig. 4, 5, and 6. Depending on the operating conditions
and feeding rates, deposition rates varied from 3 to 5 um/
pass. Coatings up to 600 um in thickness were produced.
Table 5 shows porosities of approximately 2% as evalu-
ated from image analysis at a magnification of 500. The
bulk regions of the coatings are significantly denser with
porosities below 1%, as evaluated at a magnification of
5000. However, for some conditions the coatings feature
large cone-shaped defects delimited by porous regions,
which grow as the films gain thickness. The cones termi-
nate as surface bumps. These defects may arise by virtue
of the low inertia of the small particles and were also
observed by other authors for small particles plasma-
sprayed alumina coatings (Ref 32). The root cause for
these structures may lie in the turning trajectory of some
small particles, which carry little momentum to properly
impact and spread on the substrate. Earlier work has
shown that these particles, contained within the particle
jet, intimately follow the radially deflecting gas flow in the
stagnation point above the substrate (Ref 26). Instead of
impacting with a high normal velocity, those particles
travel laterally along the substrate surface and possibly
attach on asperities comprised in the surface roughness,
creating a region of porosity and build-up. The growing
cones then further shadow the underlying pores from the
normal impacting particles (Ref 33). On the other hand,
high particle velocities can decrease the portion of
deflecting particles to smaller sizes and lower numbers.
During the course of the experiments, many other process
parameters were observed to promote these structures.
Some of these are: a high surface roughness leading to
early defect formation by providing asperities for particle
attachment; a large substrate size and a diverting plasma
jet, exposing the coating to the periphery of the particle
jet, which preferentially contains the smallest particles, to
name a few. An attempt has been made here to minimize
the extent of these defects for each feedstock and process,
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CNRC-IMI 20.0kV 13.0mm x100 YAGBSE 7/8/05 500um

IMI-CNRC 15.0kV 11.4mm %100 YAGBSE 28/08/06

CNRC-IMI 15.0kV 11.7mm x100 YAGBSE 17/08/06 500um

Fig. 4 Cross section micrograph of coating (a) plasma-sprayed coating from nanosized feedstock NA-2, (b) plasma-sprayed coating
using superfine feedstock SF-3, and (¢) HVOF-sprayed coating using nanosized feedstock NA-HVOF, all showing a dense structure with

cone-shaped regions of porosity and cracks

and to compare only optimized coatings of porosities
around or below 2%.

XRD spectra of the selected coatings are shown in
Fig. 7. Phase composition and grain sizes are summarized
in Table 5. The plasma-sprayed coatings from the nano-
sized feedstock (NA-1 to NA-3) feature a high degree
of crystallinity dominated by the metastable ¢-ZrO, and
v-Al,O3 phases. The grain sizes in these phases are
approximately 20-30 nm. The small volume of the liquid
ceramic droplets likely restricts the grain growth during
the rapid solidification, which leads to nanostructured
coatings and retention of the metastable phases (Ref 24).

The micrographs of the NA coatings in Fig. 5(a) and 6
show a fine lamellar structure of alternating alumina and
zirconia layers. A small amount of intimate mixing of the
components can be identified in the gray halo regions in
the vicinity of the zirconia splats, which may indicate the
presence of some amorphous phase. This phase remains,
however, undetectable within the resolution of the XRD
spectra. A possible mechanism, leading to this phase
segregation will be suggested later. The microstructures of

96—Volume 17(1) March 2008

the NA coatings are all very similar. However, at higher
particle velocity (NA-1 to NA-3), more of the smallest
particles are incorporated into the coating, leading to a
refinement in the layer structure, as can be seen by com-
paring Fig. 6(a), 5(a), and 6(b). The high velocity and
lower particle temperature in NA-3 may also foster the
deposition of small in-flight solidified particles, leading to
some retention of the a-Al,O5 phase (Table 5).

Contrary, the coatings from the submicron feedstock
(SF-3) are dominated by gray lamellar of intermediate
contrast, i.e., alloyed Al,O3-ZrO, composite. Indeed, an
amorphous phase content of 55% was estimated by XRD,
see Table 5. In spite of the lack of yttria for chemical
stabilization, only the metastable tetragonal phase can be
identified. Furthermore, the #-ZrO, grain size of 14 nm is
considerably lower than in the NA coatings. This may
suggest the formation of a nanocomposite whereby the -
ZrO, crystallites are stabilized by the constraining Al,O3
matrix, as explained earlier.

The microstructure of the HVOF coating is most
complex and shows AlLO; and Al,O3-ZrO,-alloyed

Journal of Thermal Spray Technology
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Fig. 5 Cross section micrograph of (a) plasma-sprayed coating from nanometric feedstock NA-2, showing distinct lamellar structure (b)
plasma-sprayed coating using superfine feedstock SF-3, showing amorphous Al,O3-ZrO, pseudo-alloyed lamellar structure, and (c)
HVOF-sprayed coating using nanometric feedstock NA-HVOF, showing a complex lamellar structure containing amorphous Al,Os-
ZrO, pseudo-alloyed and embedded unmelted clusters of submicron zirconia particles
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Fig. 6 Microstructures of (a) NA-1 and (b) NA-3, showing distinct compositional layers of Al,O3 (dark) and ZrO, (light), and
increasing layer refinement with particle velocity
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Table 5 Summary of porosities and XRD phase analysis

Porosity, % Phase content, %

Grain sizes, nm

Amorphous

Condition 500 5000x  m-ZrO, (ﬁ) 2-ALO; ( m-Zr0,  (-Zr0,  o-ALO;  7-ALO; phase, %
NA-feed 63 100 25 28 61

SF-feed 100 69 38 66 84

NA-1 19+10 107 20 0 2 25 26

NA-2 15411 046 14 0 23 23 26

NA-3 13+06 092 12 20 28 24 85 25
SF-3 1708 013 0 31 14 34 24 55
NA-HVOF  09+06  0.17 12 43 30 31 7 EY) 48
YSZ 2309 03 0 40

v lrerrago:it:l-2¢02 l l

monoctinic-£Lr?

35 #A1203
HESY VIS W VS
=
)]
§ (b) SF-3
£
NA-HVOF
(c)
20 30 40 50 60 70

20 Cu-K (degrees)

Fig. 7 XRD spectra of selected coatings, showing amorphous
and crystalline components

lamellae along with uniformly dispersed fine-grained ZrO,
features, indicating incomplete melting of the original
nanosized zirconia. This complex structure is reflected in
the XRD analysis, with an amorphous phase content of
48% and the presence of stable (a-Al,Os, m-ZrO,) and
metastable phases (y-Al,O; and 7-ZrO,). Ultimately,
some incomplete melting of the refractory feedstock in the
relatively low flame temperature HVOF is expected (Ref
34). The larger grain sizes in this coating, as compared to
the plasma-sprayed coatings, also suggest a lower particle
temperature, at least inside the droplet, before solidifica-
tion on the substrate, which may lead to a less intimate
particle bonding in the coating. It should be mentioned
that the HVOF coatings exhibit a lower degree of mac-
roscopic defects or arborescence, which may be related to
a highly collimated particle jet and surface bombardment
by unmelted particles.

3.3 In-flight Particles and Coating Morphology

The plasma-sprayed coatings from the NA and the SF
feedstock powders show a remarkable difference in phase
and microstructure, which requires further explanation.
While the SF coatings contain a high degree of Al,Os-
ZrO, alloying and amorphous phase, the NA coatings are

98—Volume 17(1) March 2008

nearly entirely crystalline with limited dissolution of the
primary alumina and zirconia powders. The formation of
the distinct compositional layers is somewhat nonintuitive,
since the smaller nanosized constituents of the NA feed
allow, in principle, a more intimate mixing of the ceramics.
However, the complex mechanism of particle creation in
the plasma jet can vary drastically with particle size and
distribution in the suspension (Ref 35) and is here further
explored.

Figure 8 shows the size distribution of free-flight par-
ticles created during the plasma spray process for condi-
tions NA-2 and SF-3, as collected in a water chamber. It is
interesting to note that the shape and values of the prin-
cipal size distribution peaks of the sprayed free-flight
particles are similar to the aggregate distribution in the
corresponding suspension feed (see Fig.3). For the
nanosized NA particles, the normal distribution of the
agglomerate size is to some extent preserved and the
median value is shifted only from 5.83 to 5.08 um. This
could indicate that the ceramic droplets are constituted
from the original agglomerates. For the super-fine SF
particles on the other hand, a sharper size distribution
with a maximum value at approximately 2 pm can be
recognized in both the feed and the overspray, while a
minor peak of submicron particles has disappeared. A
possible interpretation is the presence of aggregates of
around 2 pm size (alumina) in the feed, which amass the
submicron particles (zirconia) to form individual molten
droplets. Delbos et al. (Ref 35) studied the influence of
powder size distribution on splat formation and suggest
that for large attrition-milled zirconia powders, each ori-
ginal powder particle can form a single splat. However,
the free-flight particle distributions also feature shoulders
of much larger particles, which may have formed by
additional agglomeration and particle interaction. None-
theless, the original nanoparticle agglomerates appear to
play an important role in their transformation into ceramic
droplets during the solvent evaporation step. It is worth-
while to note that the in-flight particles from the submi-
cron feed (SF) are smaller than those from the nanosized
feed (NA), which may explain the higher in-flight particle
velocities and slightly higher propensity to conical porous
defect formation in the SF samples.

Polished cross sections of in-flight collected particles
from the NA feedstock are shown in Fig. 9, displaying
a core-shell structure with an alumina-rich core and
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Fig. 9 Cross section of in-flight particles from (a) nanosized suspension feed NA-2 showing core-shell morphologies with a zirconia-rich
shell and alumina-rich core and (b) submicron suspension feed SF-3, showing homogenous phase distribution in the particles

zirconia-rich shell. Only particles larger than 2 pm were
successfully cleaved due to limitations in the polishing
media. The core of the particles appears porous or even
hollow in some cases. During evaporation of the solvent,
the ceramic concentration builds up near the droplet
surface to form a concentrated ceramic shell as the droplet
shrinks. This layer may inhibit further diffusion of the
solute (ethanol) and delay complete melting. Ozturk et al.
describe a similar mechanism in liquid precursor thermal
spraying and delineate the conditions leading to hollow
sphere particles (Ref 36). A unique feature here is the
segregation of the ceramic within a droplet into the
zirconia-rich shell and alumina-rich core. It can be spec-
ulated that the segregation is caused by a higher affinity of
zirconia to the solvent (over alumina), allowing the
solvent to entrain the zirconia particles as it flows from the
center to the outside of the droplet during evaporation.
The melting and mixing of the molten ceramics is limited
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by this driving force for segregation, the reduced heating
of the particle core, and the short residence time of the
droplet in the plasma jet.

The free-flight particles from the SF feedstock, on the
other hand, have a homogenous composition and no shell-
like particles were found. Typical particles are shown in
Fig. 9(b). For the SF feed, the larger primary particles in
the center of the suspension droplet likely reduce
entrapment of the solvent in the core and are less easily
entrained ensuring more homogenous melting and mixing
of the ceramic. Rapid quenching of those homogenous
particles on a substrate is expected to promote an amor-
phous phase in the resulting coating (Fig. 5b).

For the core-shell particles, the segregated micro-
structure is likely retained until impact. Top-view SEM
images of impacted particles, as depicted in the example
in Fig. 10, show zirconia (white-contrast) only at the
very edges of some splats. A bilayer structure with the
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Fig. 10 Top-view SEM image of splats form nanosized feed
suspension NA, showing white zirconia contrast only at the splat
edges and suggesting a bilayer splat structure

zirconia-rich material on the underside of the splat is
possibly created, which is consistent with the observed
microstructure.

3.4 Mechanical Behavior and Properties

Selected mechanical properties, such as hardness,
abrasion and erosion volume loss of the suspension-
sprayed alumina-zirconia composite coatings were evaluated.
The hardness values in Fig. 11 show that the composi-
tionally segregated coatings from the nanosized NA
feedstock are generally harder than the coatings with the
amorphous phase content, as created from the submicron
SF powder. The coating NA-2 with 1125 VHNj; y is the
hardest in this study. Besides a low porosity in the bulk of
the coating, the nanosized crystal grains (smaller than
30 nm) can contribute to this high hardness in accordance
with the Hall-Pecht relationship (Ref 15). The superior
hardness of NA-2 over the NA-1 coating may be the result
of the layer refinement and improved splat contact, in-
duced by the higher particle temperature and velocity, as
seen in Fig. 5 and 6. With further increase in velocity, the
hardness somewhat decreases in coating NA-3, possibly
because of the incorporated in-flight solidified particles,
leading to a less-defined lamellar structure and compro-
mised splat contact. It should be pointed out that the
measured hardness exceeds the values reported for con-
ventional plasma (APS)-sprayed Al,03-40% ZrO, coat-
ings (Ref 37, 38) and approaches those of APS-sprayed
alumina, at similar macroscopic porosity. The SF-3 coating
shows a lower hardness value, which is likely due to the
presence of the weak amorphous phase. Even though
exceptionally high hardness values are reported for pseu-
do-binary Al,O3-ZrO, alloys produced by plasma spray-
ing (Ref 13, 15), these values are generally obtained only
after heat-treatment and crystallization into a nanocom-
posite of the as-sprayed coatings. The HVOF-sprayed
composite has the lowest hardness, containing both a
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Fig. 12 Abrasion wear volume loss (ASTM G-65). Error bars
represent standard deviations resulting from three non-adjusted
measurements

softer amorphous phase and dispersed unmolten zirconia
particles with possibly weak particle bonding.

Figure 12 shows the abrasion volume loss of the
coatings as measured with a modified ASTM-65 method.
The hard NA-2 coating shows the best abrasion resistance
in this study. The slightly softer coatings NA-1 and NA-3
show lower wear performance. This is followed by the
amorphous SF-3 coating. The lowest resistance is found
for the HVOF-sprayed coating and the YSZ reference
coating, which also showed the lowest hardness values.
The direct relation between hardness and abrasion volume
loss is in accordance with abrasive wear behavior of
ceramic bulk materials (Ref 38, 39).

Figure 13 summarizes the volume loss under dry par-
ticle erosion at an angle of 30° according to ASTM G-75.
Contrary to the superior abrasion performance of the
compositionally segregated coatings (NA-1 to NA-3), they
show only an intermediate resistance against dry particle
erosion. The lowest erosion resistance was measured for
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the amorphous SF-3 coating, while the highest resis-
tance is shown by the rather soft NA-HVOF and YSZ
coatings. Contrary to the expected behavior of bulk
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Fig. 13 Erosion wear volume loss as measured at 30° particle
impingement (ASTM G-75). Error bars represent standard
deviations resulting from three non-adjusted measurements

-—<

ceramics (Ref 39), the erosion resistance does not rank
with the hardness values in our case. The high hardness
may come at the expense of increased brittleness in some
coatings, which may adversely affect their erosion wear
behavior. Figure 14 shows crack formation on the corners
of the Vickers indent impressions in the segregated NA-2
and amorphous SF-3 coating, while the NA-HVOF coat-
ing is virtually crack free (Ref 3). The crack propagation
resistance, which can serve as an indication of the tough-
ness of the material, was determined from the average
crack length originating from the corners of the Vickers
indentation impression and is summarized in Fig. 15. It
can be noted that the erosion wear volume loss ranks
closely with the crack propagation resistance. The low
toughness of the amorphous SF-3 coating leads to the low
erosion resistance, followed by the compositionally seg-
regated NA-2 coating. The highest toughness values are
measured in the HVOF (NA-HVOF) coating and the
zirconia (YSZ), translating into superior erosion wear
resistance. The high toughness of partially stabilized zir-
conia is well documented and is related to the transfor-
mation of metastable -ZrO, into m-ZrO, in the stress

NA-HVOF

Fig. 14 Optical images of Vickers indent impression at 300 g load in coating (a) NA-2 and (b) SF-3, showing extensive crack formation
emanating from the indent corners parallel and perpendicular to substrate surface, and (c) NA-HVOF, showing virtual absence of cracks
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Fig. 15 Estimated crack propagation resistance of selected
coatings, showing superior toughness in partially stabilized zir-
conia and HVOF-sprayed Al,O3-40 ZrO,. Error bars represent
standard deviations resulting from at least 40 non-adjusted
measurements

field at a crack tip. This transformation exerts local com-
pressive stresses, due to a volume expansion, hindering
further crack propagation (Ref 6). The superior toughness
of the HVOF-coating may be related to the finely dis-
persed unmolten tetragonal and monoclinic ZrO, particles
in the Al,O3 and Al,O3-ZrO, alloy matrix, as has been
illustrated by Claussen et al. (Ref 40, 41). The second
phase acting as crack arrestors and the propagation of
microcracks in a large zone in front of the crack tip due to
the phase transformation in small zirconia particles can be
made responsible for this increase in toughness.

3.5 Thermal Transport Properties

The thermal diffusivities of the coatings are compared
in Fig. 16. The compositionally layered coatings NA-1 to
NA-3 show the highest diffusivity and conductivity values.
Intuitively, the high number of alumina/zirconia interfaces
could be expected to induce some resistance to thermal
transport. However, the conductivities between 2.7 and
3.15 W/m K for the NA coatings correspond closely to
values reported for small-particle plasma-sprayed Al,Os-
ZrO, laminates, of similar overall composition, with much
fewer interfaces, i.e., 40 distinct interfaces as reported
by Su et al. (Ref 42). Using a thermal conductivity k£ of
24 W/m K for bulk Al,O3 and 2.2 W/m K for YSZ (Ref
8), the measured values here are only a little lower than
can be calculated for a multilayer material using a series
heat transfer model, and assuming a fully dense material,
with volume fraction v and materials 1 and 2, as follows:

kv = (kikz)/(vika + v2k1) (Eq 1)

This equations yields kyp of 5.89 W/m K for a 60%
Al,O5/ZrO, multilayer (Ref 42). This calculation suggests
that the alumina/zirconia interfaces play a minor role in
thermal resistivity, as has been shown by Ravichandran
et al. (Ref 7). In conventional plasma-sprayed TBCs a low
thermal diffusivity is generally attributed to the porosity
and fine gaps at the interfaces of the individual splats,
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Fig. 16 Thermal diffusivity and estimated conductivity of se-
lected coatings, showing highest thermal resistance in plasma-
sprayed SF and HVOF-sprayed Al,05-40 ZrO, coatings. Error
bars represent standard deviations resulting from at least four
non-adjusted measurements. Material densities were approxi-
mated by a linear mixing law, neglecting porosity

acting as local thermal resistances. The suspension plas-
ma-sprayed coatings, on the other hand, show a very
intimate splat contact and very low porosity, leading to
little thermal transport resistance.

A significant reduction in diffusivity is measured for the
SF-3 and HVOF coatings, both of which contain a high
degree of amorphous phase. The glassy phases and the
enclosed nucleated nanograins (smaller than 50 nm) are
often made responsible for enhanced phonon scattering at
room temperature (Ref 14, 43). The lowest diffusivity was
measured for the HVOF coating, which not only has an
amorphous phase components, but also incorporates
nanoporous zones of unmolten zirconia with limited par-
ticle bonding, as mentioned earlier. The thermal transport
properties of these coatings are comparable to commercial
plasma-sprayed TBCs, as shown for Amperit 825.1 feed-
stock (H.C. Stark Inc, Cleveland, OH, USA) sprayed with
a Praxair SG-100 (Praxair, Mississauga, Canada) torch at
standard conditions.

4. Conclusions

® AlLO3-ZrO, microlaminates and nanocomposites
were produced by suspension thermal spraying of
submicron feedstock powders using air plasma (APS)
and supersonic flame (HVOF) spray technologies.
The suspensions were axially injected into the torch/
gun interior. Optimized spray parameters were nec-
essary to reduce the occurrence of large porous and
arborescant defects. High in-flight particle tempera-
tures and velocities, as measured with a particle
diagnostic system, were employed to create continu-
ous coatings with porosities below 2%.

e Two different submicron feedstock powders were
compared for plasma spraying. It was found that the
smaller nanopowders can create fine laminates of
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alumina and zirconia layers, while slightly larger
powders promote pseudo-alloyed Al,O5-ZrO, amor-
phous phase components. The unique microstructures
of the finely segregated layers are a consequence of a
complex mechanism of particle formation in the
atomization and solvent evaporation step. The
aggregates of the nanopowder produce droplets of
core-shell structure with an alumina-rich core and a
zirconia-rich shell. The incomplete mixing within the
droplets is retained until impact on the substrate. It
was further observed that the in-flight particle size,
which is a critical parameter in the coating formation,
is closely linked to the aggregate size in the suspension
and was different for the two powders.

HVOF spraying of ceramic nanopowder suspensions
was successfully implemented. The lower flame tem-
perature allows retention of some of the size features
and phases of the feedstock, leading to complex
microstructures containing amorphous as well as un-
molten feedstock components.

Mechanical properties of the coatings were compared.
Compositionally segregated crystalline coatings, ob-
tained by plasma spraying, showed the highest hard-
ness of up to 1125 VHNj; y, as well as the highest
abrasion wear resistance (ASTM G65). Their erosion
wear performance was, however, compromised by
their brittleness. The more amorphous plasma spray
coatings were both softer and more brittle, leading to
rather poor wear performance. The HVOF coatings
were neither very hard nor particularly abrasion
resistant, but they exhibited the highest erosion wear
resistance (ASTM G75), which was related to the
toughening effect of small dispersed zirconia particles
in the alumina-zirconia-alloyed matrix.

The HVOF composites exhibited the lowest thermal
diffusivity due to a high amorphous phase content,
limited particle bonding, and incorporation of par-
tially molten feedstock at the low flame temperature.
The alumina/zirconia interfaces in the segregated
plasma-sprayed coatings pose only a small resistance
to thermal transport, leading to high diffusivity values.
It was observed that an amorphous/nanocomposite
structure from a pseudo-alloyed phase constitutes the
principal resistance to thermal transport in these
coatings.

A large variety in microstructures and properties of
suspension-sprayed Al,O3-ZrO, composites was in-
duced by the different feedstocks, spray systems, and
operating conditions. This flexibility is expected to
allow tailoring and optimization of these coatings to
meet desired property requirements in the future,
which is the focus of our ongoing work.
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