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Abstract

Dense, uniform, mullite coatings have been deposited by chemical vapor deposition on SiC substrates, using a AlCl,—SiCl,—
CO,-H, system. The typical coating microstructure consisted of a thin layer of nanocrystallites of y-Al,O; in vitreous silica at the
coating-substrate interface, with columnar mullite grains over this interfacial layer. The composition of the coating was graded
such that the outer surface of the coating was highly alumina rich. The changes in the coating microstructure with processing
parameters are discussed. The ability of mullite to incorporate such large composition variations is discussed in the light of
vacancy formation as the Al/Si ratio is increased, and the ordering of these vacancies leads to changes in lattice parameters. The
formation of domains was studied by measuring the spacing of superlattice spots in electron diffraction patterns, and the
relationship between domain size and Al/Si ratio is discussed. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Silicon-based ceramics such as SiC and Si;N, have
excellent potential for widespread use in high tempera-
ture applications such as heat exchangers, gas turbines
and internal combustion engines. Although these
ceramics have high strength, high thermal conductivity,
low coefficient of thermal expansion (CTE) and excel-
lent high temperature stability and oxidation resistance,
they are susceptible to high temperature corrosion and
contact stress damage [1]. It has long been established
that protective coatings on Si-based ceramics are the
desired solution to overcome these problems. Mullite
(3AL,05'Si0,) is an excellent candidate material for
such coatings due to its excellent creep and thermal
shock resistance, as well as excellent chemical stability,
strength and oxidation and corrosion resistance at
elevated temperatures [2]. Additionally, mullite has an
excellent CTE match with SiC.

Deposition of mullite coatings by plasma spraying
has been reported in the literature [3]. However, these
coatings exhibited problems of non-uniformity and the
presence of microcracks, which are characteristic of the
plasma spraying process. The Materials Group at
Boston University has been involved in growing mullite

coatings by chemical vapor deposition (CVD). CVD is
an ideal technique to grow dense coatings on complex
shapes at temperatures far below the melting point of
the substrates. This paper presents some of the results
of this ongoing research. '

2. Experimental details

Mullite coatings were grown in a CVD reactor from
the AICL-SiCl,~CO,-H, system in which the overall
reaction of mullite formation is given as:

6AICI;+2SiCl,+13CO+13H, = 3AL0,2Si0,
+13CO+26HCI 1)

The depositions were carried out at 950°C, with a total
pressure of 75 Torr. The input Al/Si ratios were varied
among 1, 2, 3 and 4 by changing the relative input
partial pressures of SiCl, or AICl; but keeping the total
metal chloride partial pressure fixed at 0.53 Torr.

The coatings were examined by X-ray diffraction
analysis (XRD) and by scanning electron microscopy
(SEM). Electron transparent specimens of the coatings
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were made in cross-section and the samples were
examined using a JEOL 2010 transmission electron
microscope (TEM). Compositional analysis of the
coatings was carried out by energy dispersive spectros-
copy (EDS) in a VG HB603 dedicated scanning trans-
mission electron microscope (STEM) using a 4 nm
electron proble.

3. Results and discussion

Mullite is typically formed by a high temperature
reaction between an alumina-silica interface. The first
attempts at growing mullite coatings on SiC at Boston
University involved the growth of micron thick alter-
nating layers of alumina and silica by CVD, followed
by a high temperature anneal to facilitate mullite
formation. We found that the reaction rate was very
slow at the interface and, on cooling, the unrcacted
silica crystallized and fractured on thermal cycling,
leading to coating spallation [4]. Such a fracture in the
crystallized silica layer is shown in Fig. 1. It was there-
fore necessary to deposit alumina and silica directly as
mullite or on a much finer scale to facilitate rapid
mullite formation on anncaling.

Detailed thermodynamic analysis of the AICk;-
SiCl,-CO,-H, system was carried out to identify the
parameters to be used for CVD mullite growth [5].
CVD ternary phase diagrams were constructed
between AICL;, SiCl: and CO, for various partial
pressures of H.. In addition, the deposition efficiency
(fraction of Al and Si in the input chlorides ending up
as mullite) of mullite was also calculated under
different conditions. Figure 2 shows a CVD binary

fracture surface

phase diagram of the AlCl;-SiClL,-CO,~H, system at
1000°C and 75 Torr of total pressure. As expected,
mullite is formed when the ratio of Al/Si in the input
chlorides is at the stoichiometric value of 3. However,
the fact that mullite is not a line compound of fixed
stoichiometry allows for mullite to be thermodynamic-
ally stable over a larger range of input conditions as
shown by the shaded region in the figure. As can be
seen in Fig. 2, low chloride concentrations need to be
used to obtain C-free deposits. Fortunately, these
conditions also correspond to higher deposition
efficiencies, indicating that high input concentrations of
CO, should be used.

Mullite coatings were successfully grown on SiC by
CVD over a wide range of input conditions. The
growth temperature and total pressure were found to
be optimum at 950°C and 75 Torr, and the Al/Si ratio
in the input chlorides was varied from 1 to 4. Figure 3
shows a typical dense, adherent and uniform mullite
coating on SiC. Figure 4 shows the X-ray diffraction
pattern of the coating, where all non-substrate peaks
match closely with mullite. One interesting feature of
the XRD pattern is the presence of a strong (001)
texturing in the coating. The (001) peak intensity,
which has a relative intensity of 20 in non-textured
mullite, is actually more intense than the (120)/(210)
peak which should have a relative intensity of 100.
Since it is known that mullite crystallites grow prefer-
entially in the (001) direction, such an orientation with
the growth direction is not surprising.

Figure 5 shows a TEM bright-ficld micrograph of a
typical mullite coating on SiC in cross-section. The
figure shows that the coating has two distinct layers.
Most of the coating consists of columnar crystallite

crystalline

SiQ, vitreous

Fig. 1. Spallation of multilayered aluminaysilica coatings, due to crystallization of silica on annealing.
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Fig. 2. CVD binary phase diagram of the AICL;-SiCL—-CO,~H, system at 1000°C and 75 Torr total pressure.

grains. The inset electron diffraction pattern clearly
identifies these grains as mullite. Diffraction patterns
from various zone axes were taken from these grains
[6]. and they were all consistent with mullite. At the
interface between the coating and substrate, another
distinct layer is present, that appears non-crystalline.
Figure 6 shows a higher magnification TEM bright-
field micrograph of this region. However, the inset
diffraction pattern from this region in Fig. 6 shows the
presence of rings, implying that nanocrystallites arc

Fig. 3. SEM image of dense, adherent and uniform mullite coating
on SiC.

present, probably within a vitreous matrix. The ring
diffraction pattern from thesc crystallites matched very
well with -Al,O;. The matrix was found to be Si-rich
by analysis in the STEM, and is essentially vitreous
silica with perhaps some Al dissolved in it. Due to the
very fine size and relatively dense packing of the
7-AlLO; crystallites, it was difficult to ensure that only
the matrix contributed to the signal. Thus, it is unclear
whether the small Al signal from the vitrcous matrix
was due to dissolved Al in the matrix or from an
imbedded y-Al,O; precipitate.

Figure 7 shows a variation of Al/Si ratios across the
nanocrystalline region and the mullite grains, measured
in the STEM using a 4 nm clectron probe. The figure
shows the composition at the coating/substrate inter-
face to be less than that of stoichiometric mullite (Al/Si
ratio of 3), with the Al/Si ratio increasing steadily until
the coating surface is highly Al-rich. Mullite grains
appear to nucleate from the nanocrystalline region
when the AL/SI ratio at the nanocrystalline/columnar
interface at which mullite nucleates was found to
average 3.24 for coatings grown under a variety of
conditions. The presence of a critical concentration of
Al/Si is consistent with reports in the literature on the
studies of mullite formation by heating finely mixed
ALO; or Si0, {7].

The thickness of the nanocrystalline region can be
controlled by changing the processing parameters and
the substrate material. The thickness of the nanocrys-
talline layer on SiC substrates, as the input Al/Si ratio
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(in the form of chlorides) was varied among 1, 2, 3 and
4, is plotted in Fig. 8. It can be scen that increasing the
input Al/Si ratio decreases the nanocrystalline layer
thickness, presumably because the critical Al/Si ratio
for mullite nucleation occurs faster. Mullite coatings
grown on mullite substrates using an input Al/Si ratio

of 3 show no nanocrystalline layer, and the presence of

very fine mullite grains right at the coating/substratc
interface, due to the easy nucleation of mullite on
mullite.

The input Al/Si ratios also affected the growth rates
of the coatings. In all cases, the total metal chloride
partial pressure (sum of partial pressures of SiCl, or
AlClL) was fixed at 0.53 Torr. Figure 9 shows the varia-
tion of growth rate with input composition and its
comparison with pure ALO. and SiO,. The figure
shows that the growth rate when either the SiCl, or
AICl; is cut off to grow pure AlLO; or SiO., is slower
than when both species are input. Also, the growth
rates of off-stoichiometric Al/Si input ratios of 1, 2 and
4 are pretty much the same, while the growth rates are
fastest when the AlSi input ratio is held at the

stoichiometric value of 3. Another interesting feature
was that the 3:1 coatings showed the most pronounced
(001) texture.

When the mullite coatings grown on SiC substrates
were annealed at 1200°C for 100 h, the nanocrystalline
region transformed into mullite. Figure 10 shows
crystallites of mullite in the nanocrystalline region
formed after annealing. The longer dimension of these
crystallites is along the c-axis, the preferred growth
direction of mullite. It is important to note that,
eventually, the entire nanocrystalline layer can trans-
form into mullite without any cracking or adverse
effects on the adhesion of the coating.

The gradation of the composition from being Si-rich
(compared to stoichiometric mullite) at the coating/
substrate interface to highly Al-rich at the outer
coating surface has several advantages. Firstly, the
presence of a native silica layer on the surface of SiC
substrates assures good adhesion of the coating.
Preliminary thermal cycling tests indicate that the
mullite coatings have excellent adhesion. On the other
hand, Al/Si ratios as high as 8 have been found at the
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Fig. 4. XRD plot of mullite coating. showing strong (001) texturing.
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coating surface, which is among the highest Al/Si ratios
found in mullite structures. This high Al content is
responsible for the coatings having excellent hot corro-
sion properties. The results of the excellent perform-
ance of these coatings in the presence of molten salts
on the coating surface, and in a modified burner jet rig
test, are presented elsewhere [8]. The gradation of the
composition, and therefore its properties, also presum-
ably reduce residual stresses on thermal cycling arising
from CTE mismatch between the coating and
substrate. Another interesting implication is that we
have a high Al content in a mullite structure. Presum-
ably, if the Al/Si ratio was raised further, it is possible
to approach an alumina with the mullite structure,
which should be able to incorporate plastic deforma-
tion without fracture better than the corundum struc-
ture which does not have active slip systems
perpendicular to the basal plane.

We will now address briefly how mullite can incor-
porate such a large variation in composition without
altering its structure. The subject has been discussed in
detail elsewhere [9]. Mullite is a defect structure of

sillimanite (Al,O;-SiO;), in which some of the Si** ions
are substituted by AI'* ions by the following reaction:

2Si*+O*«=2A1 40 (2)
where o is an oxygen vacancy. Thus the number of

oxygen vacancies in a unit cell, x, is related to the Al/Si
ratio as:

x= ———— 3)

In fact, mullite can be written as:
ALYALL S )00 (4)

where IV and VI are the coordination states of the
cations. The presence of the oxygen vacancies causes

Fig. 5. TEM bright-field micrograph of a mullite coating on SiC in cross-section showing two distinct layers. The diffraction pattern from the
oclumnar grains is consistent with the [010] diffraction pattern of mullite. Pairs of superlattice spots, spaced 25 apart, are seen aligned in the o*

direction.
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Fig. 6. TEM bright-field micrograph of the nanocrystalline region with inset diffraction pattern. The spacing of the rings identifies the
nanocrystallites to be y-AlLO;.
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Fig. 7. Variation of Al/Si ratios across the nanocrystalline region and the mullite grains.
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Fig. 8. Plot of thickness of the nanocrystalline layer on SiC substrates, as the input AlSi ratio was varied among 1, 2, 3 and 4, showing a linear

dependency.

the AI’* and Si** ions, which are ordered on the (00z)
planes in sillimanite, to disorder, thus reducing the
lattice parameter ¢ of mullite to half the value of
sillimanite. At high Al/Si contents, the oxygen vacan-
cies order to minimize the free energy of the crystal.
In addition to the short range ordering of vacancies,
long range 2-D compositions have been reported in
mullite [10]. These modulations give rise to domains
separated by anti-phase domain boundaries (APB)
oriented parallel to (001) planes [11]. These domains
produce superlattice spots in the [010] diffraction
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Fig. 9. Plot of variation of growth rate with input composition and its
comparison with growth rate of pure Al,O, and SiO..

pattern of mullite. Figure 5 shows pairs of these
superlattice spots oriented along the a* direction.

The spacing between the superlattice spots, 2S5, is
related to the domain size. Cameron plotted the
parameter S/a as a function of the parameter x, which
is an increasing function of the Al/Si ratio [10].
Figure 11 shows this plot (Cameron’s data is marked
by ‘+’), where at low values of x, S/a decreases
linearly. However, beyond x = 0.47, the plot indicates
that a constant value of Sja is approached. This
means that at larger Al/Si ratios, as the vacancy
concentrations become very high, more and more
diffusion is required to form larger and larger
domains. We measured the spacing between the
superlattice spots as a function of Al/Si ratios in our
coatings. When we plotted our data on Cameron’s
plot (marked as ‘o’ in Fig. 11), it is seen that the
linear region was extended to much higher values of
x. This implies that we get much larger domain sizes
in our Al-rich portions of coatings as compared to
those found by Cameron in samples formed by
diffusing ALO; and SiO, powders at high tempera-
tures. The explanation is that in our CVD process,
surface diffusion occurs rapidly as the coatings grow,
thereby allowing longer range composition modula-
tions as compared to that followed by slower bulk
diffusion in Cameron’s case.

Another interesting implication of going to higher
Al/Si ratios is the change in lattice parameters with
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Fig. 10. Formation of mullite crystallites in the nanocrystalline region
formed after annealing for 100 h at 1200°C.
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Fig. 11. Variation of parameter S/a with oxygen vacancy concentra-
tion (x). Cameron’s data [10] are marked by ‘+' and data from this
study are marked by ‘o’. Our data fits well with the linear extrapola-
tion of Cameron’s data at low values of x.

(a=10.7546, b =0.7690 and ¢ = 0.288 nm), with the b
lattice parameter being slightly larger than a. As the
Al/Si ratio increases, leading to an increase in the
oxygen vacancy concentration, these vacancies tend to
line up preferentially along the b-axis, thereby effect
ively reducing the b lattice parameter and increasing
the a lattice parameter. We thus found that the mullite
structure goes from orthorhombic to tetragonal as we
go from the interface to the outer surface of the
coating. This preferential vacancy ordering has another
interesting implication. As deposited mullite coatings
often show no splitting of the (120)/(210) peaks in
XRD plots, implying a tetragonal structure; Figure
12(a) shows such a plot. On annealing, the structure
transforms to orthorhombic, showing a clear splitting
of the (120)/(210) peaks as shown in Fig. 12(b). This
may be due to the fact that the formation of the
mullite crystal from a vapor phase is so highly
non-equilibrium that it leads to the formation of a high
supersaturation of defects such as oxygen vacancies.
Such high vacancy concentrations can only be stabilized
by ordering along the b-axis. On annealing, the extra
vacancies are annealed out, and a much lower equili-
brium vacancy concentration is reached. This causes
the structure to revert back to its original orthor-
hombic unit cell.

4. Conclusions

Dense, adherent mullite coatings have been
deposited on SiC substrates by a CVD process. The
coatings are compositionally graded, with the Al/Si
ratio being relatively low at the interface and
increasing to values as high as 8 towards the outer
surface of the coating. This compositional gradation
led the coatings to exhibit excellent adhesion and hot
corrosion resistance. Under most circumstances, the
coating starts off as an intimate mixture of nanocrystal-
line y-AlLQO; in a vitreous silica matrix. When a critical
Al/Si ratio is reached, mullite grains nucleate and grow
in a columnar fashion, typically with the c-axis corre-
sponding to the growth direction, leading to a (001)
texture. The thickness of the nanocrystalline layer can
be reduced by increasing the input Al/Si ratio.
However, the growth rate of the coatings was found to
be fastest when the stoichiometric Al/Si ratio of 3 was
used. On annealing, the nanocrystalline region trans-
formed into mullite, accompanied by a conversion of
the structure from tetragonal to orthorhombic.

The structure of the Al-rich mullite grains was
studied by electron diffraction. The structure converted
from orthorhombic to tetragonal as the Al/Si ratio was
increased, due to the ordering of oxygen vacancies
along the b-axis. In addition, superlattice spots were
seen in the [010] diffraction pattern of mullite,
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indicating the formation of domains. The spacing Acknowledgements
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