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bstract

ense, uniform, crystalline mullite (3Al2O3·2SiO2) environmental barrier coatings have been deposited by chemical vapor deposition on SiC
ubstrates, using the AlCl3–SiCl4–CO2–H2 system. These coatings have exhibited excellent high temperature oxidation and hot-corrosion resistance.
or very long-term exposures, it is desirable to reduce the silica activity at the coating surface. A graded coating composition has been achieved

n the coatings, with the Al/Si ratio being stoichiometric (∼3) at the coating/substrate interface for coefficient of thermal expansion (CTE) match,

nd increasing monotonically towards the outer coating surface to some of highest alumina-rich mullite reported to date. The structure of the high
lumina mullite has been examined by high-resolution transmission electron microscopy. The effects of the CVD deposition parameters on the
oating microstructure and growth kinetics have been investigated.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

It is projected that the increase in demand for electricity in
he United States will be around 80 GW in the next decade.1

significant portion of this increased demand will be met by
dvanced gas turbine systems running at higher temperatures for
ore efficient and environmentally friendly operation. The cur-

ent generation of superalloys with thermal barrier coatings has
een driven close to their high temperature limit. It is expected
hat Si-based ceramics, SiC and Si3N4, will be introduced in
he hot-sections of gas turbines in the next generation of higher
perating temperature gas turbines. Already, Si-based ceramics
re being widely used in microturbines that provide onsite power
eneration.

SiC and Si3N4 form a protective SiO2 layer at the surface
uring high temperature exposure. However, when used in envi-
onments found in gas turbine applications, these materials have
wo major limitations. The presence of elements such as Na, Va

nd S in combustion environments leads to the formation of cor-
osive oxides such as Na2O, V2O5, SO2 and SO3 which react
ith the existing protective silica scales to form low melting tem-
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erature silicates, leading to severe pit formation, material loss
nd increased porosity.2 Furthermore, the high-pressure steam,
resent in the high-velocity combustion gases, volatilizes the
rotective silica scale to gaseous Si–O–H species.3 The loss
f the protective oxide leads to an accelerated oxidation of the
eramic surface to SiO2, which in turn volatilizes again. This
epeated cycling of oxidation and volatilization leads to a rapid
ecession of the surface of the Si-based ceramic.

In order to eliminate hot corrosion and recession, envi-
onmental barrier coatings (EBCs) are needed. Mullite
3Al2O3·2SiO2) has received considerable attention as a poten-
ial coating material for silicon-based ceramics due to its
xcellent corrosion resistance, creep resistance, high tem-
erature strength, and most critically, excellent CTE match,
specially with SiC.4–6 Several processing techniques have
een explored to deposit mullite coatings, which need to be
icrostructurally homogeneous, crystalline, and crack and pore

ree. Plasma sprayed5 mullite coatings have been deposited
n monolithic SiC and SiC/SiC composite substrates for hot-
orrosion protection. It was found that conventional plasma
praying led to a large amount of amorphous phase in the coat-

ng. On heating at 1100 ◦C, these phases crystallized, leading
o excessive cracking and debonding due to the accompanying
olumetric contraction. This problem was partially amelio-
ated by heating the substrate, which eliminated the formation

mailto:basu@bu.edu
dx.doi.org/10.1016/j.jeurceramsoc.2007.03.007
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The mullite coatings on SiC fibers were very effective in
providing high temperature oxidation resistance. Fig. 3 shows
a plot of weight gain as a function of oxidation time for SiC
ig. 1. (a) SEM micrograph of a fracture cross-section of a dense adherent and
VD mullite coating on a 15 �m diameter Nicalon SiC. The partial separation
ross-section.

f amorphous phases.5 Current state-of-the-art environmental
arrier coatings are deposited by plasma spraying and have
ultiphase–multilayered structures that include mullite and a

ow silica activity barium–strontium–aluminum silicate (BSAS)
hase to reduce the preferential volatilization of the silica
hase.6

. CVD mullite coatings

.1. Coating deposition

Mullite coatings were deposited on SiC substrates using the
lCl3–SiCl3–CO2–H2 system in a hot-wall CVD reactor.7 The
verall reaction for the deposition process can be described as:

6AlCl3(g) + 2SiCl3(g) + 13CO2(g) + 13H2(g)

→ 3Al2O3·2SiO2(s) + 13CO(g) + 26HCl(g) (1)

Detailed thermodynamic analysis of the
lCl3–SiCl4–CO2–H2 system was carried out to identify

he parameters to be used for CVD mullite growth.8 Based on
he thermodynamic calculations, CVD ternary phase diagrams
ere constructed for the AlCl3, SiCl4 and CO2 system for
arious partial pressures of H2. The analysis showed that
VD mullite deposition should be carried out in the CO2 rich

egime to avoid the incorporation of C and carbides in the
oating. In addition, the deposition efficiency (fraction of Al
nd Si in the input chlorides ending up as mullite) of mullite
as also calculated for the different input conditions. It was

ound that deposition below 800 ◦C favors the formation of
illimanite over mullite, and that deposition above 1200 ◦C did
ot improve the deposition efficiency of mullite. Since chemical
quilibrium is rarely achieved in CVD processing, these results
ere mainly used to establish guidelines in the form of trends,
hich helped identify the range of process parameters to be

xplored experimentally.
The SiC samples were hung vertically in the hot zone of

he CVD reactor. AlCl3 vapor was produced by passing Cl2 gas

ver heated Al chips, while SiCl4 vapor was produced by heating
iquid SiCl4 and using Ar as a carrier gas. The metal chlorides
AlCl3 and SiCl4) were pre-mixed before being introduced into
he hot zone of the CVD reactor for mullite deposition on SiC

F
m

rm mullite coating on SiC. (b) Fracture cross-section of a uniform 2 �m thick
e fiber/coating interface is due to mechanical stresses in creating the fracture

ubstrates described by Eq. (1). The gaseous products were then
assed through a neutralizing tank and a chill shower before
elease into the atmosphere. The typical deposition temperature,
otal reactor pressure and deposition time were 975 ◦C, 75 Torr
nd 3 h, respectively.

.2. Coating microstructure

Fig. 1 shows a fracture cross-section of a typical uniform mul-
ite coating on a SiC substrate. The figure shows that the coating
s dense, uniform and adherent. X-ray diffraction analysis of the
oating (Fig. 2) showed the coating to be phase-pure mullite. The
VD process has the ability to deposit uniform coatings on parts
ith complex shapes. Thus, this process is ideally suited to coat

hin fibers, whose surfaces have large curvatures. Fine (∼15 �m
iameter) SiC fibers were uniformly coated with mullite using
he CVD technique.9 Fig. 1b shows a SEM micrograph of the
oating cross-section on a fractured fiber. These coatings showed
xcellent adhesion and did not spall even when the fibers were
ractured in shear. It is thus evident that the CVD technique can
eposit uniform, pore-free, crystalline and phase-pure mullite
oatings on SiC substrates with complex geometries.

.3. Oxidation resistance
ig. 2. A θ–2θ X-ray diffraction scan showing that the coating is phase-pure
ullite. The substrate peaks are marked as S.
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ig. 3. Weight gain vs. time plots for uncoated (filled �) and mullite coated (×)
iC fibers oxidized in flowing oxygen at 1300 ◦C.

bers oxidized at 1300 ◦C in flowing oxygen.10 The plot shows
hat the uncoated fibers gained weight due to the formation of
iO2 at the surface, part of which spalled when the sample was
ooled. In contrast, the mullite coated SiC fibers showed almost
o weight gain, and exhibited no signs of cracking or spallation
fter oxidation.

. Functionally graded coatings

.1. Need for functionally graded coatings

For very long-term applications, there is concern that the sil-
ca content within the mullite coating itself might be susceptible

o hot-corrosion and recession during extended exposure to cor-
osive atmospheres containing NaCl and water vapor. Lee has
emonstrated that the silica in plasma sprayed stoichiometric
ullite coatings can be preferentially removed when exposed

n
t
c
a

ig. 4. Schematic of the variation of growth rate of CVD mullite coatings with incr
artial pressure. (a) At low total metal chloride partial pressures, very fast growing am
ressure leads to (b) crystalline mullite, whose (c) grain size increases with temper
ncrease in these parameters lead to a decrease in deposition rate due to gas-phase n
as-phase powder formation. (f) Sample with excessive gas-phase powder formation.
Ceramic Society 28 (2008) 437–445 439

o recession conditions, leaving behind an alumina skeleton.6

here is thus strong motivation to substantially reduce or even
irtually eliminate the silica component from the surfaces of
ullite coatings that are in direct contact with atmospheres con-

aining corrosive oxides and steam. This requires a gradation
n the composition of CVD mullite coatings, with the alumina
ontent increasing towards the coating surface. The advantages
f this approach include a CTE match at the interface between
ullite and the Si-based ceramics and improved corrosion and

ecession resistance of the alumina-rich coating surface in con-
act with the corrosive atmospheres, while eliminating abrupt
hanges in coating composition and phase, resulting in a reduc-
ion of growth stresses during deposition and thermal stresses on
emperature cycling. Thus, these compositionally graded coat-
ngs on Si-based ceramics are expected to have the hot-corrosion
nd recession resistance of alumina coatings, while maintaining
he thermal shock resistance of mullite coatings.

.2. Kinetics of mullite deposition

In order to functionally grade the composition of the coating,
he gas-phase composition will have to be varied during depo-
ition. Thus, the effects of deposition parameters on the growth
ate and microstructure of the coatings were examined.

A significant increase in the growth rate of the coatings with
eposition temperature was observed, consistent with an Arrhe-

ius temperature dependence of growth rate. The increase in
he growth rate with temperature also leads to an increase in the
oating grain size with temperature (Fig. 4b and c). Interestingly,
decrease in the coating deposition rate was observed when the

easing deposition temperature, total reactor pressure and total metal chloride
orphous aluminosilicates can form. Increasing the total metal chloride partial

ature, pressure and total metal chloride partial pressure. (d) However, further
ucleation and cauliflower-like outgrowths in the coatings. (e) Sample with no
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Fig. 5. Plot of coating growth rate as a function of the gas-phase AlCl3/SiCl4
ratio, at a constant total metal chloride partial pressure of 0.315 Torr (T = 975 ◦C,
t
r
p

f
t
c

3

r
n
i
i
g
i
t
s
e
i
w
u
n
i
r
l
o
t
o
i
t
i
(
r
d
i

40 S.N. Basu et al. / Journal of the Euro

eposition temperature was increased above 980 ◦C. This was
ue to a substantial increase in gas-phase powder formation.
he gas-phase powder formation leads to a rapid depletion of

he input constituents in the gas phase, leading to a decrease
n the coating deposition rate. Although, in general, heteroge-
eous nucleation on the substrate is preferred, with increasing
emperatures, the rate of homogeneous gas-phase nucleation can
ecome significant.11

A significant increase in the deposition rate of the coatings
ith increasing total reactor pressure was found up to a total
ressure of 75 Torr. Further increase in the total pressure led
o a decrease in the coating deposition rate. It is likely that at
he low deposition pressures, the growth is controlled by trans-
ort of gaseous species through the boundary layer. Increasing
he overall pressure increases the flux through the boundary
ayer resulting in an increase in the deposition rate. Also, the
VD deposition system increases the total reactor pressure at
constant volumetric flow rate by decreasing the speed of

as removal. Since the residence time of the gaseous species
n the reaction zone of the hot-wall CVD reactor is inversely
roportional rate of removal, an increase in the total pressure
orresponds to an increase in the residence time of the gases.11

his increase in the residence time would also lead to enhanced
rowth rates. The increase in growth rates is also reflected in
clear increase in the coating grain size with increasing total

eactor pressure. However, further increase in the total pressure
o 100 Torr led to a decrease in the coating deposition rate due to
as-phase nucleation of powders accompanied by cauliflower-
ike growth features on the coating surface (Fig. 4d).

The effect of the total metal chloride partial pressure
AlCl3 + SiCl4) was studied at a fixed ratio of AlCl3/SiCl4 of
:1, which allows the gas-phase Al/Si concentration to be that
f stoichiometric mullite. It was found that at very low total metal
hloride partial pressures, the growth rate is very high (Fig. 4a).
-ray diffraction studies revealed that the coatings were non-

rystalline aluminosilicates. Increasing the total metal chloride
artial pressure above a critical value led to a drastic reduction of
he growth rate due to the formation of crystalline mullite. Typi-
ally, crystalline phases have a slower growth rate since adsorbed
toms needs to be placed in an ordered sequence, as compared to
on-crystalline phases. Further increase in the total metal chlo-
ide partial pressure led to a modest increase in the growth rate
ue to the increased availability of the reactant species in the
as phase. When the total metal chloride partial pressure was
ncreased even further, a decrease in the coating deposition rate
as observed, accompanied by the onset of excessive gas-phase
ucleation.

The effect of deposition temperature, pressure and total metal
hloride partial pressure is summarized in Fig. 4. Fig. 4e and f
hows a desired coated sample with no powder formation, and
coated sample with significant gas-phase powder formation,

espectively.
The effect of the input gas-phase metal chloride ratio (ratio of
artial pressures of AlCl3 to SiCl4 at a fixed total metal chloride
artial pressure of 0.315 Torr) was also studied and the results
re shown in Fig. 5. The figure shows that increasing the gas-
hase AlCl3/SiCl4 ratio to 4, increases the deposition rate. A

s
t
a
t

otal pressure = 75 Torr). The growth rate increases as the gas-phase AlCl3/SiCl4
atio is increased to 4, after which the coating growth rate decreases with accom-
anying gas-phase powder formation.

urther increase in the AlCl3/SiCl4 ratio leads to a decrease in
he deposition rate due to gas-phase nucleation, accompanied by
auliflower-like outgrowths at the coating surface.

.3. Microstructure of graded mullite coatings

It was found that mullite coatings can be grown with a
ange of input AlCl3/SiCl4 ratios.12 This is consistent with
umerous reports in the literature that the solid solution range
n the alumina–silica phase diagram can be extended signif-
cantly into the alumina-rich regime.13–15 The change in the
as-phase composition in the CVD reactor leads to a change
n the surface composition of the growing coating. By varying
he AlCl3/SiCl4 input ratio during growth, the coating compo-
ition can be graded, as shown in Fig. 6a (the composition is
xpressed as the Al/Si ratio, with the stoichiometric Al/Si ratio
n mullite being 3). It was found that when the composition
as graded, mullite grains do not nucleate during deposition
nless the surface composition of the growing coating is within a
arrow range of 3.2 ± 0.3,16,17 which is close to the value of sto-
chiometric mullite. When the surface composition is below this
ange, co-deposition of nano-sized (∼5 nm) �-Al2O3 crystal-
ites (SAED pattern shown in Fig. 6c) in a vitreous silica matrix
ccurs. Fig. 6b shows the TEM micrograph of such a ‘nanocrys-
alline’ layer. Fig. 7 shows a TEM cross-sectional micrograph
f the nanocrystalline/crystalline interface, showing that there
s a small change in the Al/Si ratio at the interface, and that
he transition composition is in the narrow range close to sto-
chiometric mullite. Once nucleated, columnar mullite grains
Fig. 6d) can grow over a wide range of increasing alumina-
ich compositions. The accompanying selected area electron
iffraction (SAED) pattern from a coating grain in Fig. 6e
s consistent with the [0 1 0] zone axis of mullite.18 Fig. 6d

hows that the vector 2s, between the superlattice spots cen-
ered around the {h 0 l} reciprocal lattice projection is aligned
long the a* direction. This has been attributed to the forma-
ion of an incommensurate antiphase domain structure due to
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Fig. 6. (a) Composition (expressed as the Al/Si ratio) gradation across a functionally graded CVD mullite coating. The surface of this coating has an Al/Si ratio
o g 5 �
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f 8. (b) Cross-sectional TEM micrograph of the nanocrystalline layer showin
ross-sectional TEM micrograph showing the columnar mullite grains with in
ullite SAED pattern from a mullite grain, showing superlattice spots with spa

rdering of oxygen vacancies.19 The orientation of the 2s vector
ndicates that these antiphase boundaries (APBs) are oriented
arallel to (1 0 0), which is commonly reported for mullite com-
ositions that are not very alumina rich. The nanocrystalline
egion gets converted to mullite on annealing at temperatures
f 1100 ◦C and above without any microcracking, or porosity
ormation.4

.4. Properties of functionally graded coatings

The functionally graded mullite coatings were subjected to
00 one-hour thermal cycles 1250 ◦C and room temperature.
here was no evidence of blistering, cracking or spallation of

he coating after the cyclic oxidation test, indicating excel-
ent coating adhesion.4 Fig. 8a shows a cross-sectional TEM

icrograph of the high alumina coating surface (Al/Si ∼ 8),
hich exhibited no signs of phase separation after 500 h at
250 ◦C. However, after a 100 h anneal at 1400 ◦C, �-Al2O3

recipitates were formed in the very high alumina-rich regions
6 < Al/Si < 8). It is important to note that this precipitation was
ot accompanied by any cracking (Fig. 8b). In addition, irregu-
ar lamellae of twinned mullite (Fig. 9a), 20–100 nm in width,

t
t
c
p

m crystallites. (c) SAED pattern of �-Al2O3 in the nanocrystalline layer. (d)
ing Al/Si ratio in the crystalline layer of the as-deposited coating. (e) [0 1 0]
s.

ere seen in these high alumina regions. Fig. 9b also shows
[0 1 0] SAED pattern from the twinned region. The SAED

attern shows that the twin planes are aligned along (0 0 1), in
greement with the observations of Kriven and Pask14 and Naka-
ima and Ribbe.19 Fig. 9c, a schematic of the indexed SAED
attern, shows that four superlattice spots appear around the
h 0 l} positions in the SAED pattern from the twinned region.
ne pair of the superlattice spots (e1-type) is related to a twin,
hile the other pair (e2-type) is related to the other twin. In

winned mullite, the 2s vector joining the ‘e1-type’ diffraction
pots also has a c* component that increases with increasing
l/Si ratio in the mullite. The increased c* component of the 2s
ector with increasing Al/Si ratio in mullite has been reported
reviously.21

The CVD mullite coatings were also tested against corrosion
ttack by an acidic Fe-based coal slag.21 The uncoated SiC sub-
trates suffered severe material loss and pitting due to coal slag
orrosion after a 300 h exposure at 1260 ◦C (Fig. 10a). In con-

rast, ∼10 �m thick, uniform CVD mullite coatings were found
o be very effective in protection against pitting by coal slag
orrosion attack (Fig. 10b). The coating did not degrade in the
resence of the liquid slag and did not allow liquid slag seepage



442 S.N. Basu et al. / Journal of the European

Fig. 7. HRTEM micrograph of the nanolayer/crystalline mullite interface with
accompanying SAED patterns from both areas. The composition at which the
crystalline mullite nucleates is close to stoichiometric mullite.
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Fig. 8. (a) TEM brightfield micrograph of a high alumina mullite region (Al/Si ∼ 8) a
�-alumina precipitates form with no cracking.

Fig. 9. (a) TEM micrograph showing twin formation in high Al mullite after 100 h
pairs of superlattice reflections from twinned mullite.
Ceramic Society 28 (2008) 437–445

o the SiC substrate. These results clearly demonstrate that CVD
ullite coatings can provide excellent protection to Si-based

eramics, both under oxidation and hot-corrosion conditions.

.5. Growth of highly alumina-rich mullite compositions

In the CVD deposition process, once mullite grains nucleate,
he mullite structure may be sustained during growth to high
l/Si ratios not attainable by other processes that rely on high

ctivation energy bulk diffusion between alumina and silica dur-
ng post-deposition annealing. In CVD, the rapid, low-activation
nergy surface diffusion of the ad-atoms, allow them to use the
oating grain as a template for continued growth, even when the
atio of the arrival rates of the Al and Si containing species is
ar from the stoichiometric value. To study if it was possible to
row virtually silica-free mullite at the coating surface to achieve
-alumina (alumina in a mullite structure),22 the gas-phase com-
osition was adjusted to higher and higher AlCl3/SiCl4 values
uring growth. Fig. 5 shows that if this ratio is simply increased
y keeping the total metal chloride partial pressure constant, the
rowth rates would be highly diminished and the powder for-
ation would be highly enhanced at the higher input gas ratios

AlCl3/SiCl4 partial pressures). This problem had to be allevi-

ted by appropriately adjusting the total metal chloride partial
ressure.

Fig. 11a shows a cross-section of such a functionally graded
oating, etched to remove the silica phase preferentially. As

fter 500 h at 1250 ◦C, showing no phase separation. (b) After 100 h at 1400 ◦C,

at 1400 ◦C. (b) [0 1 0] SAED pattern of twinned mullite. (c) Schematic of two
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Fig. 10. (a) Optical cross-sectional micrograph of severe pitting in an uncoated SiC substrate exposed to an acidic Fe-based coal slag after 300 h at 1260 ◦C. (b) A
∼10 �m thick CVD mullite coating effectively protected the SiC substrate and eliminated pitting of the substrate.

Fig. 11. (a) SEM micrograph of etched cross-section of functionally graded coating. The nanolayer is etched away, and columnar grains can be seen nucleating in
t
s

F

he nanolayer. As the Al/Si ratio is increased in the columnar grains, the microstructur
tructure.

ig. 12. Composition across the functionally graded coating shown in Fig. 11.

F
i
s
a

e changes to a bush-like morphology. (b) Higher magnification of the bush-like

ig. 13. (a) XRD scan of the functionally graded coating shown in Fig. 11. The
ndexed peaks belong to mullite, while the peaks marked by arrows belong to the
ubstrate. The peaks marked as by ‘�’ are likely from the bush-like region and
ppear to be consistent with �-alumina. (b) Simulated XRD pattern of �-alumina.
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ig. 14. (a) HRTEM micrograph of a mullite grain oriented along the [0 1 0] zon
multi-domain region, with two variants of the APB’s oriented parallel to (6 0 1
AED diffraction of the high alumina mullite.

een in the figure, the nanolayer adjacent to the interface has
een etched away, and columnar mullite grains can be seen
ucleated in the nanolayer. As seen by the composition pro-
le of the coating in Fig. 12, the Al/Si ratio in the columnar
rains increase monotonically until they reach a very high
atio of ∼30. Here, the morphology of the grains changes into
ush-like outgrowth of fibrous structures that are submicron in
iameter (Fig. 11b).

The θ–2θ XRD scan (Fig. 13) of this coating shows that apart
rom the substrate and mullite peaks (indexed and marked by
rrows, respectively, in Fig. 13a), there are some intense and
road peaks (marked as � in Fig. 13a) that cannot be indexed as
elonging to the mullite structure. The composition in this bush-
ike region is highly alumina rich with Al/Si ratios in excess of
3. The two broad peaks are consistent with the two strongest
eaks of �-alumina (Fig. 13b), although the other major �-
lumina peaks are obscured by substrate and mullite diffraction
eaks. A search of other alumina XRD patterns showed that
nother little reported metastable alumina phase, �*-alumina23

lso has two most intense peaks at these locations. Thus, it
ppears that by changing the input gas metal chloride ratio, the
ullite structure can be sustained to very alumina-rich compo-

itions (Al/Si ∼ 30), before the mullite structure breaks down
nto what is likely an alumina phase with some incorporated Si.
he diffraction peaks are consistent with at least two alumina
hases (� and �*). Detailed TEM analysis of the bush-like struc-
ure is currently underway, to identify the structure and study

he interface of transition from the columnar to the bush-like
tructure.

The columnar grains in Fig. 11a were studied by high-
esolution transmission electron microscopy (HRTEM) using

h
p
t
A

. The composition of this region is marked as A in Fig. 12 (Al/Si ∼ 16), showing
(6 0 1). (b) HRTEM micrograph of the APB’s oriented along (6 0 1). (c) [0 1 0]

JEM-2010LaB6 electron microscope, operated at 200 kV.
ig. 14a shows a [0 1 0] HRTEM micrograph of a mullite grain
here the Al/Si ratio is ∼16 (as marked by A in Fig. 12). This is

omparable to some of the most alumina-rich mullite reported
n the literature.15 Fig. 14a shows that the entire observed area
f this highly alumina-rich mullite consists of a multi-domain
egion, with two variants of the APB’s oriented parallel to (6 0 1)
shown in Fig. 14b) and (6 0 1), respectively. Such multi-domain
egions have been reported previously,20 but in highly localized
egions, and not in the entire filed of observation. As seen in
ig. 14a, the domain boundaries are aligned along [0 0 1]. The
treaking of all SAED diffraction spots from this region in the
* direction (Fig. 14c) suggests that the domain boundaries are
riented parallel to the (0 0 1) plane. A more detailed study of
his structure is currently underway.

. Conclusions

Dense, adherent and uniform mullite coatings were deposited
n SiC substrates with complex geometries by chemical vapor
eposition. Increasing the reactor temperature, reactor total pres-
ure and total metal chloride partial pressure led to increased
eposition rates and grain sizes, before gas-phase nucleation
ccurred leading to cauliflower-like growths on the coating
urface accompanied by a decrease in the deposition rates.
ecreasing the total metal chloride partial pressure too much

ed to the formation of non-crystalline aluminosilicates at very

igh deposition rates. Coatings with functionally graded com-
ositions were also deposited, with the composition being close
o stoichiometric mullite at the interface, to some of the highest
l-rich mullite reported at the coating surface. It was found that
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t Al/Si ratios of ∼16, multi-domain regions with two variants
f the APB’s oriented parallel to (6 0 1) and (−6 0 1) formed.
t an Al/Si ratio of ∼30, the mullite structure broke down

nd a bush-like outgrowth of fibrous alumina was seen. These
unctionally graded coatings exhibited excellent adhesion and
orrosion resistance.
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