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bstract

he focus of this study is the amorphous phase formation in the alumina–yttria stabilized zirconia composite coatings during thermal spray
eposition. The investigated processes include conventional and suspension plasma spraying. The focus of this paper is on suspension spraying,
hile making a comparison of the two processes. Through the study of the in-flight collected particles and coatings produced from the two
rocesses, the comparison of fragmentation, melting and mixing phenomena became possible. Scanning electron microscopy, differential scanning
alorimetry and X-ray diffractometric studies helped better understanding of the formation and the nature of amorphous and crystalline phases
ithin the as-sprayed coatings. The results support the importance of melting and mixing phenomena during spraying on the amorphous phase

ormation, so that longer exposure at high temperature (lower in-flight particle velocity) results in higher amorphous contents due to more complete

elting and mixing. The comparison of the atmospheric and suspension plasma spray methods presents several similarities in terms of melting

nd mixing behaviour and the resulting phases. The two methods are, however, different in fragmentation and the eventual crystallite sizes. The
ormation of crystalline supersaturated solid solutions of alumina and zirconia in SPS coatings is confirmed.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Alumina–yttria stabilized zirconia (alumina–YSZ) is an
nteresting potential alternative to the present YSZ thermal bar-
ier coatings (TBCs).1,2 TBCs are used to enhance the life time
f parts exposed to high temperature during service. Presently,
he most industrially used TBC is the yttria stabilized zirco-
ia, which is commonly deposited by plasma spray processes.
tmospheric plasma spray (APS) is the conventional method;

nd suspension plasma spray (SPS) is a modification of APS
rocess in which small feed powders are injected to the plasma
et using a liquid carrier.

The equilibrium phase diagram of the alumina–zirconia

ystem is shown in Fig. 1. Fig. 1(a) shows that a eutectic trans-
ormation occurs at 1860 ◦C with a composition of about 58%
lumina. Upon cooling the transformation of cubic zirconia
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olid into tetragonal phase completes at eutectoid tempera-
ure of 2260 ◦C and transformation into monoclinic phase in
he presence of alumina takes place at 1150 ◦C. In addition to
hase transformation temperatures, Fig. 1(a) shows that alu-
ina and zirconia have a complete miscibility in liquid state,
hile the solubility limit of alumina into solid zirconia is very

ow (less than 2%) and that of zirconia into solid alumina is
early zero. The solubility of the zirconia into solid alumina,
ccording to the equilibrium phase diagrams presented in some
ther references,3 may extend to about 5%. Such limited sol-
bility in solid state is known to maximize the possibility of
morphous phase formation during rapid solidification of the
omposite melt.3

In thermal spray processes, such as plasma spray, the slow
ooling condition to reach equilibrium is unfeasible. Coatings
re not expected to show the same structures as predicted by
quilibrium phase diagram, because of the rapid solidifica-
ion and non-equilibrium cooling rates during spray process.

onversely, some metastable structures might be observed in
s-deposited composite coatings. In the meantime, it is impor-
ant to know the phase composition of the as-sprayed coatings,

dx.doi.org/10.1016/j.jeurceramsoc.2011.06.008
mailto:mmedraj@encs.concordia.ca
dx.doi.org/10.1016/j.jeurceramsoc.2011.06.008
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Fig. 1. (a) Binary equilibrium phase diagram of zirconia-alumina system4 and (b) critical cooling curves superimposed on binary equilibrium phase diagram of
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lumina–zirconia system.

ince it determines their properties. In addition, these phases
ay undergo transformation upon heating and influence the

ventual coating structure in service. Some of the possible
on-equilibrium (metastable) phases in alumina–zirconia sys-
em can be found in Fig. 1(b) which is a superimposition of
he critical cooling curves (for the formation of non-equilibrium
hases) indicated by T0 lines on the equilibrium phase diagram.
hases like �- and �-alumina or tetragonal and cubic zirconia
re stable phases at higher temperatures and can be present in
oatings at room temperature due to non-equilibrium cooling
ates. In addition, this figure predicts the formation of glass
i.e. amorphous phases) at higher cooling rates when solidifi-
ation happens at lower temperatures. Tg in this figure is the
lass transition temperature which is maximum for eutectic
omposition. Therefore, it is expected that the eutectic com-
osition gives rise to higher likelihood of amorphous phase
ormation.

Formation of amorphous phases is a notable feature
f the as-sprayed coatings of composite materials such as
lumina–zirconia. These phases, as mostly indivisible part of
s-sprayed coatings, have not been well considered. Amorphous
tructure is normally formed as a result of rapid solidification.
auchais et al.5 reported cooling rates up to 600 × 106 K/s in

he conventional plasma spray process using micron-sized par-
icles. In addition, splat cooling rates in the order of 107 K/s6 and
08 K/s7 were reported by McDonald et al. during APS spray-
ng, depending on the feed and substrate materials as well as the
urface temperature and oxidation. In the SPS process which

eals with much smaller particles, still larger cooling rates are
onceivable. At such high cooling rates, the likelihood for order-
ng into crystalline structure during solidification from the melt

m
a
o

s greatly reduced. In composite systems with low solid solubil-
ty such as the current system, this effect is more severe because
f a large atomic number and size difference between Al and
r. In fact, there are reports of almost fully amorphous coatings
uring APS deposition of alumina-stabilized zirconia composite
owders.8,9

Kim and Kim8 sprayed alumina–zirconia with 42 wt% ZrO2
tabilized with 2.3 wt% TiO2 and 58 wt% Al2O3 by APS using
icron-size powder and obtained a fully amorphous coating.
odeoka et al.10 reported the presence of the amorphous phase

n 50/50 volume ratio of alumina/3YSZ (zirconia stabilized
ith 3 mol% yttria) spray dried nano-powders coated using the

ame process (APS). Vasiliev and Padture11 reported a similar
bservation in the solution precursor plasma sprayed compos-
te coating of alumina–zirconia in either binary composite12 or
ernary with yttria,11 both with 10 and 20 mol% of alumina.
hey could observe the amorphous phase through transmission
lectron microscopy studies. Oberste-Berghaus et al.13 sprayed
oth nano-powder and some comparatively larger particles (a
ew micron) of alumina–zirconia (zirconia was stabilized with
wt% yttria) using SPS process. They calculated the amorphous
ontent based on the XRD pattern measurements. SPS coatings
btained from nano-particles presented no amorphous phase,
hile the amount of this phase for the larger particles was as
igh as 55 vol%. Amorphous phases, so frequently reported and
ometimes observed as the dominant structure of the coatings,
re worth more consideration in terms of the mechanisms of
ormation and their influence on the properties of the sprayed

aterials. The focus of this study is to identify the sources of the

morphous phase in the SPS process and provide a comparison
f SPS with APS process in spraying the alumina-YSZ compos-
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Table 1
Powder feed details.

Powder# Powder mixture type Feed powder mixture detail

1 Agglomerates of nano-particulates Al2O3/3YSZ 60/40 (Tosoh, Grove City, OH, USA, 45 �m)
2 Loose nano-powders mixture (8 mol% YSZ+3 mol% YSZ) (both Inframat Advanced Materials, Farmington, USA;

30–60 nm) + Alumina (Nanoamor Advanced Ceramic Materials Inc., Houston, TX, USA;
23–47 nm)

3 Loose micron-powders mixture 8 mol% YSZ from (Unitec Norwal, CT, USA; average size 1.5 �m) + 3 mol% YSZ (Tosoh,
Grove City, OH, USA; average size 2 �m) + Alumina 95% pure (Malakoff, TX, USA; average
size 1.4 �m)

4 Nano 8 wt%YSZ mixture (8 mol% YSZ+3 mol% YSZ) (both Inframat Advanced Materials, Farmington, USA;
)
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30–60 nm

te. This investigation aims at obtaining a better understanding
f the formation and nature of the amorphous and crystalline
hases in plasma spray coatings.

. Materials and methods

To generate the coating samples, SPS process was used
or deposition of powders with pseudo-eutectic composition of
lumina–8 wt% YSZ, and one 8 wt% YSZ powder as the refer-
nce material. Powder mixtures with a weight ratio of 60/40 for
lumina/8 wt% YSZ were produced in three different groups
n terms of size range or morphology. Table 1 summarizes
he details of the feed powders and the sprayed powder mix-
ures. Powder mixtures were suspended in ethanol with 30 wt%
olid concentration. Suspension dispersion was done using 9cc
oly-ethylene-emine and 4.5cc nitric acid, both with 10 wt%
oncentration, for every 150 g of solid. The suspensions were
illed (ball milled in the case of micron-size powders) for 72 h

t 90 RPM rotation speed for proper mixing. The suspensions
ere also magnetic-mixed during spray process to avoid settle-
ent of the solid particles. In addition, powder#1 in Table 1 was

lso sprayed by atmospheric plasma spray process, i.e. in dry
ondition, using the same spray torch as used in SPS process.
he spray condition for the APS spray is mentioned in Table 2.
he in-flight particles from this process were collected into water

or comparison with that resulted from the SPS process.
Mettech Axial III (Northwest Mettech, North Vancouver,

anada) was used to spray the suspensions on the substrates at a
pray distance of 50 mm (as coatings) and into a water reservoir
t 30–50 cm distance, to study the in-flight particles. A simplified
chematic view of the spray system is shown in Fig. 2.

Atomization of the suspension was realized with two different
ethods. First one was by atomizing the suspension using a cen-

ral tube passing through the liquid injection tube. This central

ube was used for carrying the argon atomizing gas with a 6 slm
ow rate. In addition, nitrogen shielding gas at 1 slm was trans-
erred to the torch exit through the space between the injection
ube and the nozzle. This system of injection and atomization

a
(
p

able 2
tmospheric plasma spray conditions.

otal gas (slm) Plasma current (A)

20 200
sing two gases is called “system 1” in this text. The second
ethod was liquid injection without central gas carrying tube

nd just 14 slm nitrogen gas passing through the gap between the
njection tube and the nozzle, called “system 2”. The injection
ressure of the suspension in both cases was about 30 psi. The
ubstrates were (2.5 cm × 7.5 cm with 1.2 cm thickness) Inconel
25 (when system 1 was used) or mild steel (when system 2
as employed), both bond coated with about 200 �m NiCrAlY
sing high velocity oxyfule (HVOF) process. Different sub-
trates were used for some characterization purposes out of this
tudy.

System 1 was supposed to improve the deposition condition
y reducing the clogging at the tip of the torch as well as to
nhance melting by atomizing the droplets into smaller frag-
ents. In practice, even though the jet stability looked better

nd the clogging was largely reduced, the fragmentation of the
uspension jet, particle melting and coating qualities (integrity)
ere clearly better when system 2 was used. Details of the coat-

ng qualities and particle melting in both cases will follow. The
pray and atomization conditions for each mixture, as well as
he resulting particle velocity and temperature are indicated in
able 3. In this table the amorphous phase of the coatings was
ompared according to both, the differential scanning calorime-
ry (DSC) curves using a TG96 apparatus (Setaram Inc., Caluire,
rance) and the XRD results using Bruker D8-Discovery diffrac-

ometer (Bruker AXS, Inc., Madison, WI, USA). The DSC test
ncludes incremental heating of the samples and measurement
f the heat flux between the sample and a reference (here sap-
hire). The amount of the amorphous phase in the samples can
e compared according to the area under the peak related to
he crystallization heat release in the DSC curve. Since the areas
nder the curves do not represent the absolute values of the amor-
hous phases, the results are presented with arbitrary units. The
morphous phase in bond coated samples is calculated using
RD patterns of the coatings surfaces. This method is used to
void the difficulties of detaching the coating from the substrate
which is required for the DSC test samples). The amorphous
hase comparison with XRD patterns is based on the ratio of

Gas composition (Ar/N2/H2) Spray distance (�m)

10/80/10 100
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Fig. 2. Schematic of the suspension pla

he amorphous hump area to the total area under the peaks and
umps. The two methods are more detailed elsewhere.14

The in-flight particle temperature and velocity are measured
y AccuraSpray G2 (Tecnar Automation, St. Bruno, Canada).
his is an optical diagnostic system collecting thermal radia-

ion emitted from an ensemble of particles in the spray jet. The
easurements are done in the center of the torch at the spray

istance and are reported in Table 3 as Tp and Vp. The study of
he morphology and chemical analysis using energy dispersive
-ray spectrometry (EDS) of the collected particles and coat-

ngs have been done using SEM (Hitachi S4700 GCEMarket,
nc., Blackwood, NJ, USA).

. Results and discussion

.1. Collected in-flight particles

As shown in Table 3, the measured crystallization peak area
as minimum, i.e. 10 units, when system 1 was used for spray-

ng powder#2 (loose nano-particles). This peak in the case of
owder#1 (agglomerated nano-particulates) is slightly higher,
qual to 12 units. The largest amount of amorphous phase is
ormed after spraying powder#3 (micron-size particles), with
rystallization peak area as large as 28 units. However, using
ystem 2 resulted in larger crystallization peak areas in both
owders. Indeed, for sprayed powder#2, the peak area increased
o 20 units and that of powder#3 was as large as 42 units. To
nvestigate the reason for these differences, the micrographs
f the collected particles, shown in Fig. 3(a)–(e), are used. In
his figure, the different size and melting ratios of the porous
ggregates of nano-powders in either loose or agglomerated con-
itions as compared with dense (non-porous) micron-particles
re evident.
The reason for different behaviour of the nano- and
icron-particles during the atomization process, including its

ependence on the atomizing system and its interaction with the
ame, are important subjects that require detailed study which is

t
w
c

pray (SPS) system with axial injection.

utside the scope of this work. However, the differences in melt-
ng and mixing behaviour observed in the current investigation
elped to reveal the significance of these processes for amor-
hous formation. Investigating the effect of melting and mixing
henomena could explain why the in-flight particle velocity has
layed a role on the amount of these phases that could exceed
he importance of the cooling rate.14

Collected particles of powder#3 (micron-powders) after
praying with systems 1 and 2, shown in Fig. 3(c) and (e) respec-
ively, are clearly smaller than those of nano-powders in Fig. 3(a)
nd (b). This suggests their better treatment (in terms of heat-
ng, melting and shear forces on the molten droplet) by plasma
ame resulting in more fragmentation in the suspension jet. In
ddition, the totally round shape of almost all of these parti-
les (micron-size) indicates their extensive melting. Better heat
reatment and melting in the plasma flame has resulted in larger
raction of amorphous phase in this powder type, which initially
onsisted of comparatively large and dense particles. The effect
f applying system 2 for powder#2 can also be observed by com-
aring Fig. 3(b) and (d) in which better fragmentation and more
elted round particles can be distinguished when system 2 is

sed.
Fig. 4 demonstrates two different steps of melting in typi-

al particles of powder#2. Fig. 4(a) is a particle in the initial
tage of melting, with a large proportion of unmolten particu-
ates with distinct color of each component (white zirconia and
lack alumina). It is expected that such partly melted particles
ill preferably solidify in a crystalline structure which follows

he structure of the original powder,15 because of the presence of
nmolten crystalline solids that play the role of nucleation sites
or solidification. During heating and melting in the flame, the
ixed region with grey color is readily developed in the particle

bserved in Fig. 4(b). The main difference between using sys-
ems 1 and 2 in the particles collected from powder#2 was that

he number of well melted and mixed particles, as in Fig. 4(b),
as greater when system 2 was used. Likewise, the observed

hange in the amorphous phase content in powder#3 sprayed by
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Fig. 3. SEM micrographs of the cross section of the in-flight particles collected in water, mounted and polished after spraying with SPS process (at 3000×) from (a)
powder#1 (large agglomerated nano-particulates) using system 1; (b) powder#2 (loose nano-particles) sprayed using system 1; (c) powder#3 sprayed by system 1;
( ; (f) p

t
d

3

s
t
A
p

A
f
m
m
b
S
t

d) powder#2 sprayed using system 2; (e) the same as c, sprayed using system 2

he two systems is found to be for the same reason, which is the
ifferent melting and mixing.

.2. Collected powders in SPS and APS

Fig. 3(f), at 1500×, shows the collected powders after APS

praying of powder#1 and allows the comparison of the par-
icle sizes resulting from spraying the same powder using the
PS and SPS processes. It is evident that particles from the SPS
rocess, as in Fig. 3(a), are much smaller than those formed in

t
v
H

owder#1 sprayed by APS (at 1500×).

PS (average size of 1.6 �m from SPS compared with 45 �m
rom APS spraying of the same powder). It is noteworthy that the
icrograph in Fig. 3(a) from SPS particles is at two times higher
agnification than that of Fig. 3(f). Since the major difference

etween the two processes is the presence of a liquid carrier in
PS, the considerably smaller particle size can be mainly related

o the presence of the liquid carrier helping deagglomeration of

he large particles before and during spray process. This obser-
ation is compatible with the results of Chen et al.17, where in
VOF deposition of the powder by liquid carrier process (solu-
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Fig. 4. SPS-sprayed powder#1 (nano-agglomerated powder with initial structure
shown elsewhere18) showing different stages of melting and mixing in the plasma
j
e

t
t
t
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r
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d
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d

p
w
a
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i
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d
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s

et: (a) partly melted with crystalline particles retained; (b) largely melted with
xtended mixing (grey color).

ion precursor high-velocity oxy-fuel spray), they observed ten
imes smaller splat sizes as compared with dry deposition using
he same process. This means using the same powder, when
mploying the liquid precursor the resulting splat diameter was
–5 �m while with dry deposition the splat sizes were in the
ange of 30–50 �m. The reason is known to be the significant
n situ break-up of the liquid precursor and formation of small
roplets in the high-velocity HVOF flame.17 This explanation
pplies to SPS process as well. Such liquid break-up in dry
eposition is not possible.

On the other hand, Fig. 5(a)–(c) illustrate various types of
articles formed during spraying the nano-powders into water,
hich are observed in both sprayed powders either loose or

gglomerated (powders#1 and 2), at high magnifications. In the
omparison of the particles collected from SPS with those from
PS process, as previously discussed,16 there are some similar-

ties, one of which is the presence of dendritic solidification in
ome particles. Examples can be found in Fig. 5(a) with fully
endritic structure and Fig. 5(b) that shows a partly mixed par-
icle in which the dendrites are formed. These particles can be

ore frequently found among the particles sprayed with system

with higher melting proportions. Nevertheless, in the case of
PS particles, dendrite sizes are much smaller (less than 100 nm
ize) than what was found in APS-sprayed micron-particles.
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Fig. 5. SPS-sprayed powder#1 using spray system 1 collected in water: (a)
f
p

I
F
v
p

l
a
c
t
o

Fig. 6. Unmolten particles collected in-flight from SPS spraying of powder#1
using system 1: (a) partial segregation of components started; (b) no segregation
a

a
p
p
t
w
t
c
t
z
s
f

d
t
p
t
i
t
S
u

ully dendritic growth in unmixed particles; (b) dendritic growth in partly mixed
article (arrowed); (c) non-crystalline particle.

n addition, particles with no sign of crystalline grains, as in
ig. 5(c), were found among SPS-sprayed particles as was pre-
iously observed in APS process. It is assumed here that these
articles are the source of amorphous splats.

Conversely, particles with indications of eutectic or cellu-
ar crystallites, observed in APS-sprayed large particles,16 were
bsent when spraying the small particles using SPS. The reason

an be the invisibly small grain sizes within the small particles
hat are beyond the SEM capability. The absence of eutectic
r cellular structure in the small particles (of SPS process) can

t
c
n

ccomplished.

lso be attributed to the extremely high cooling rates of small
articles in SPS. Thus, if any mixing happens, the dense (no
orosity) and extremely small particle (less than 2 �m) tends
o form amorphous phases instead of the crystalline phases that
ere found in the large and porous particles.16 The formation of

he crystalline structures with high dissolution of solute atoms
an be confirmed from the XRD patterns. Indeed, in these pat-
erns, peak shifting happens by solid solution formation in either
irconia or alumina crystals. Lattice parameters show the solid
olubility variation in the crystalline solid. Such evaluation will
ollow later in this text.

Another difference between the APS and SPS sprayed pow-
ers is the segregation of the zirconia solid component outward
he large unmolten particles of agglomerated powders. In SPS
rocess, sometimes the segregation of dissimilar powder par-
icles has also been observed, but to a very limited extent, as
n Fig. 6(a). However, most of the particles have not encoun-
ered this, because of the short traveling path and high speed in
PS process; and they have maintained the initial form of the
nmolten aggregates, shown in Fig. 6(b).

It should be noticed that in the coating samples some different
rends may be expected than in the collected powders. Because,

oatings are influenced by additional spray parameters such as
umber of deposition passes and spray robot speed.
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ig. 7. SPS coatings from: (a) powder#1 sprayed with system 1; (b) powder#2
ith system 2; (e) same as c, sprayed with system 2; (f) 8 wt% YSZ nano-powd

.3. Coatings

The resulting coatings from the powders detailed in Table 1
nd sprayed under conditions given in Table 3 can be com-
ared in Fig. 7(a)–(e). In addition, Fig. 7(f) shows an 8 wt%
SZ (powder#4) coating deposited using system 2. This coat-

ng is produced for comparison of some properties of the
aterials used in this research with this most commonly used

BC.

Fig. 7(a) from powder#1 (agglomerated nano-particulates)
eposited using system 1 presents a low fraction of molten par-

t
c
u

ed with system 1; (c) powder#3 sprayed with system 1; (d) same as b, sprayed
ated with system 2.

icles. In this figure, the unmolten or partly molten particles are
emented in the fully molten splats forming a bi-modal structure
consisting of aggregates of unmolten nano-particles embed-
ed in the molten and solidified structure), as found by Lima
nd Marple18 in APS coating of 7 wt% YSZ. This coating con-
ists of uniformly distributed phases within a continuous and
ound microstructure. The molten part has formed a homoge-
eous structure, as observed in the non-crystalline particles of

he collected powders. However, the present bi-modal structure
onsists of much smaller entities in terms of both splat size and
nmolten particles than when APS was used.18
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Fig. 8. XRD pattern of: (a) typical pattern of the coatings sprayed with system
1 (similar for four different coatings); (b) coating of powder#3 deposited with
system 2 (the coating of exception); (c) coating of nano-powder of 8 wt% YSZ;
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Fig. 9. XRD pattern of the coating of nano-powder 60 alumina-40 (8 wt%
YSZ) deposited by SPS process using spray system 2, showing the location
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here z represents the cubic (or t′) zirconia, m-z is monoclinic zirconia, G-A
hows � alumina peaks and A-A is �-alumina.

Coatings from powder#2 (loose nano-powders) sprayed
sing system 1 are shown in Fig. 7(b). In spite of continuity, these
oatings possess very loose intersplat connections of dissimilar
plats with irregular boundaries and low mixing proportions.
he coating in Fig. 7(d), using the same powder applied with
ystem 2, in spite of the better melting conditions still lacks
ell-bonded splats. This is mainly because of the large fraction
f partly molten particles observed in the corresponding col-
ected particles in Fig. 4(a). The coatings from micron-powders
n Fig. 7(c) and (e) suggest that when system 2 is used melting
nd splat flattening are improved.

The calculated amorphous contents for the coatings, as sum-
arized in Table 3, show that, as a result of improved melting in

owder#2 with system 2, the amorphous content has increased
rom 25% to 36%. For the coatings of powder#3, this phase
hows a considerable increase from 11% to 48% with systems
and 2, respectively. Therefore it can be concluded that parti-

les with full melting and mixing, and negligible or no retained
nmolten solid, posses the best potential for amorphous forma-
ion within the coatings.

The monotonic structure of the 8 wt% YSZ deposited by SPS
Fig. 7(f)) presents porosity sizes from nano to a few microns.
n addition, in this figure, no clear intersplat boundary can be
ound. This is in contrast with alumina–YSZ coatings shown
n Fig. 7(a)–(e) with a large number of intersplat boundaries
etween the alumina and zirconia splats. This microstructural
ifference (apart from material dissimilarity) may result in dif-
erences in coating properties especially at high temperature
hich are the subject of future work.

.4. Sources of crystalline phase and the nature of
morphous phase through XRD studies

The XRD patterns of the resulting coatings are shown

n Fig. 8. These results suggest similar crystalline struc-
ures for the four coatings that consist of a combination of

ainly cubic zirconia and (� + �) alumina like in Fig. 8(a).

p
�
p

f amorphous hump mixima.

he exception is the coating shown in Fig. 8(b) that is for
owder#3 (micron-powders) produced with system 2. This
oating has the highest amorphous content (48% based on
able 3) and presents only �-alumina with no �-alumina
hase. This suggests the extensive melting resulting to dis-
ppearance of the initial �-alumina crystalline structure, and
olidification at high cooling rates which favors �-alumina phase
ormation.15

The structure of the nano-powder of 8 wt% YSZ (without
lumina) deposited with SPS process, shown in Fig. 8(c), illus-
rates mainly cubic as well as some monoclinic zirconia in spite
f the comparatively high content of yttria stabilizing agent. This
tructure is different from that found before,16 where deposition
f the same material using APS process results in mainly tetrag-
nal structure. This difference can be explained by the high heat
nput from the torch to the substrate due to the short distance and

uch higher particle velocity and temperature found to influ-
nce phase formation as discussed elsewhere17 encountered in
he SPS process compared with APS, causing the formation of

etastable phases.
The sources for the crystalline structures in the compos-

te coatings, other than unmolten particles, can be the discrete
plats of the unmixed material that tend to solidify in crys-
alline form rather than amorphous. Nevertheless, at extremely
igh cooling rates alumina splats on mild steel substrate inter-
aces have presented a very limited amorphous phase.19 The
ther possibility reported in APS deposition of this compos-
te, as detailed before,14 is the solid solution formation. To
nvestigate the formation of such crystalline solid solutions, the
attice parameters of various phases were obtained using struc-
ural refinement of the patterns based on Rietveld refinement

ethod.20

The amorphous humps in these patterns are apparent in Fig. 9,
hich shows the XRD pattern of the coating of nano-powder
eposited using system 2. They are centered at angles of about
0◦ and 57◦ that are the locations of the maximum intensity

eaks for zirconia and the second maximum (91% intensity) of
-alumina, respectively. It is known that the maxima of the amor-
hous humps of each material are located at diffraction angles
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Fig. 10. Lattice parameters of the crystalline portion of the 60 alumina-40
(
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here the peaks with maximum intensity of its crystalline struc-
ure occurs.21 Therefore, these locations of amorphous hump
eaks imply that the amorphous phase within the coating is par-
nted by zirconia and/or alumina. It is noticeable that the first
aximum of �-alumina (at 35◦) is overlapping with the first

irconia hump.
It is known that the variation in lattice parameters of solid

olutions represent the variation in the concentration of the solute
toms.22 On the other hand, it can be presumed that the amount
f amorphous phase is directly related to the mixing proportion.
herefore, an assessment of the changes in lattice parameters
mong the coatings with various amorphous contents has been
erformed. This is to find out if the solubility, measured by lattice
arameter, is related to the amorphous content resulting from
xtensive mixing. The relationships between the amorphous
ontent and the lattice dimensions in the crystalline portion of
he coatings are depicted in Fig. 10.

Fig. 10(a) demonstrates the variations of parameter a for the
ubic lattice of zirconia with the amount of amorphous phase.
t shows that by increasing the amorphous content as a result
f improved mixing, the lattice parameter of cubic zirconia
ncreases. This suggests the enhancement of dissolution of the
olute atoms in the crystalline structure of stabilized zirconia.
he horizontal line in this figure represents the lattice parameter

a = 5.1177 Å) of the stabilized zirconia with no alumina added
eposited under the conditions mentioned in Table 3. It can be
een that at lower amorphous content that can be translated to
ess dissolution, the lattice parameter is smaller than YSZ. How-
ver, at high dissolution ratios, it grows beyond the YSZ (with no
issolved alumina). This can be explained by changes in solute
tom position in the lattice. Thus, when the aluminum takes the
ubstitutional positions of the YSZ crystal, it causes the lattice to
hrink. At higher amounts of dissolution, considering the much
maller radius of the aluminum (1.18 Å) atoms than zirconium
2.06 Å) and yttrium (2.12 Å), the zirconia structure may choose
he interstitial positions for the solute to reduce the distortion and
he related strain energy. Thus, allocation of the remaining alu-

inum atoms in the interstitial position results in expansion of
he lattice.

Assessment of the �-alumina structure with the two parame-
ers a and c reveals that the same approximate increasing trend
s followed, as is apparent in Fig. 10(b) and (c). This means
ncreased amorphous percentage is concurrent with the larger
attice parameter as a result of extended solubility. Zirconium
toms with a much larger atomic radius than aluminum cause
he expansion of the alumina lattices by forming substitutional
olid solution. This solubility sometimes is found to be as high as
upersaturation.16 Thus, the disappearance of the alumina com-
onent when sprayed with zirconia is attributed to two sources:
he amorphous phase formation and the extended solid solubility
nto zirconia during plasma spray deposition. However, the large
tomic number difference between aluminum and zirconium that
an shadow the detection of small amounts of free crystalline

22
lumina by XRD should not be ignored. This means that small
mounts of crystalline alumina in the system may exist, but due
o low intensity of the scattered beams of aluminum, compared
ith zirconium and yttrium atoms are not detected.

m
m

8 wt% YSZ) coatings (a) parameter a for cubic zirconia, (b) parameter a for
-alumina and (c) parameter c for �-alumina.

. Conclusion
The in-flight collected particles studies suggest that there are
ajor similarities between APS and SPS processes in terms of
elting, mixing and phase formation as well as the effective
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22. Cullity BD. Structure of polycrystalline aggregates, in elements of X-ray
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arameters on these phenomena. As a result, both methods can
e used in the production of high amorphous coatings provided
hat the appropriate parameters for each process are utilized.
owever, the fragmentation of the nano-agglomerated particles

n APS is negligible as compared with SPS and the dendrite sizes
ormed in APS process are clearly larger than what is formed in
PS in-flight solidified particles.

It is revealed that in-flight melting followed by mixing are
rucial processes in amorphous formation. The observed role
f the lower particle velocity that results in higher amorphous
ontent, in spite of the lower cooling rates, is justified. This
eans that the significance of the in-flight particle velocity is

ue to its effect on longer times for melting and mixing. The
morphous phase in the coating seems to be composed of two
ompositional ranges, one with high alumina and the other with
igh zirconia. This was concluded from the amorphous humps
axima which match the locations of the main crystalline peaks

f alumina and zirconia.
On the other hand, the crystalline structures present an excep-

ionally extended solubility of both components, especially
lumina into the zirconia lattice. The lattice parameters studies
uggest that the aluminum atoms possibly take the substitutional
ites at low ratios and interstitial sites when higher amounts of
lumina are being dissolved in zirconia. In contrast, large zirco-
ium atoms have no choice but substitutional positions during
issolution in alumina structure, resulting in ever increasing the
attice parameters of alumina by dissolution ratio. The compo-
ents in the composite materials sprayed by plasma processes
ay appear in different forms. They may form crystalline struc-

ure of alumina or YSZ with no additional solute atoms. They
lso can dissolve the solute atoms of the second component
nd form crystalline solid solutions (even to exceptionally high
evels of solubility), and/or form amorphous phase.
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