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Sapphire fibers have been dip-coated in aqueous and CHCl3 solutions of
carboxylate-alumoxane nanoparticles and calcium-, lanthanum-, and yttrium-doped
carboxylate-alumoxane nanoparticles and fired up to 1400◦C to form uniform, conformal
and contiguous, aluminate coatings. Optimum solvent, dip/dry, and firing sequences were
determined for the formation of crack-free coatings. Both carboxylate-alumoxane and
ceramic coated fibers were examined by field emission scanning electron and transmission
electron microscopy, microprobe analysis and optical microscopy. Coatings produced were
stable to thermal cycling in air up to a temperature of 1400◦C. The ability of the
carboxylate-alumoxanes to provide crack infiltration and repair was demonstrated.
Sapphire fiber/alumina matrix FRCMCs have been prepared with calcium-, lanthanum-, and
yttrium-aluminate interphase layers. Microscopy and fiber push-out data confirm that the
calcium- and lanthanum-aluminate coatings provide a means for controlling failure
properties at the fiber-matrix interface. However, FRCMCs containing YAG-coated fibers
failed catastrophically before interfacial debonding and/or sliding occurred.
C© 2001 Kluwer Academic Publishers

1. Introduction
Were it not for their disposition to brittle fracture, many
ceramic materials would be ideal candidates for use in
high temperature and severe stress applications, such
as next-generation automobile components and aircraft
gas turbine engines [1]. Fiber-reinforced ceramic ma-
trix composites (FRCMCs) can be reduced or eliminate
catastrophic brittle failure by providing various mecha-
nisms that dissipate energy during the fracture process.
The operation of toughening mechanisms depend, to a
large extent, on the degree of chemical and/or mechan-
ical bonding at the fiber-matrix interface [2]. A major
drawback in existing FRCMCs is the absence of a fiber-
matrix interface or interphase that is weakly debonding
but stable over the entire range of expected use. The
fiber-matrix interface must be sufficiently weak to al-
low debonding and sliding when a crack impinges upon
it, otherwise the crack passes through the fiber and there
is minimal or no toughening. Hence, control of interfa-
cial properties has become a key factor in developing
FRCMCs and predicting overall composite behavior.
Since the choices of fiber and matrix are limited, chem-
ically designed interlayer coatings that can be used to
optimize the mechanical properties of the interface are
∗Author to whom correspondence should be addressed.

being investigated. The function of the interlayer is
to prevent deleterious chemical reactivity between the
fiber and matrix as well as protecting the fibers dur-
ing processing, fabrication, and use [3, 4]. In addition,
it must have sufficient apparent shear strength for load
transfer but also be weak enough to debond or slip when
close to a propagating crack [3–5]. Such interlayer coat-
ings would provide a mechanism for manipulating the
graceful versus catastrophic failure of FRCMCs.

Alumina-based materials currently dominate the en-
gineered ceramics and ceramic composites markets due
to a combination of excellent physical properties and
the relatively low cost of raw materials. Oriented single-
crystal alumina (sapphire) fibers exhibit excellent ther-
momechanical properties and have the distinct advan-
tage over their non-oxide competition of being innately
stable with respect to oxidation at high temperature. Al-
though matrix cracking is minimized due to the match
in thermal expansion of alumina fiber the possibility
for chemical bonding and the chemical reactivity of
the interface has limited the application of sapphire-
fiber/alumina matrix composites. The standard solu-
tion for this problem is to employ coatings that are
phase compatible with both the aluminum oxide fiber

0022–2461 C© 2001 Kluwer Academic Publishers 4977



and matrix [6]. An alternative approach has been pro-
posed by Cinibulk [7] and Morgan and Marshall [8]
in which the interlayer inherently provides a means
to influence interfacial debonding behavior. In this ap-
proach, the fiber is coated with a layered material having
easily cleaved crystallographic planes oriented in such
a way as to promote deflection of matrix cracks away
from the fiber. A group of materials with high temper-
ature stability and the required crystallographic planes
are the mixed aluminates with β-alumina and magne-
toplumbite type structures, e.g., calcium hexaluminate
(CaAl12O19, the mineral hibonite) and the structurally
similar lanthanum hexaluminate (LaAl11O18) [9].

Magnetoplumbites consist of layered spinel blocks
[Al11O16]+ with stabilizing cations and oxygen anions
in the interspinel layer [10, 11]. The magnetoplumbites
hibonite and lanthanum hexaluminate are stable up to
about 1800◦C and have been shown to be thermochem-
ically stable with alumina. However, phase formation
is reported to be very slow [12], and smooth, homoge-
neous interlayers have been difficult to achieve via sol-
gel methods without the presence of significant Al2O3
and LaAlO3 impurities [13].

Thin oxide coatings on fibers have traditionally been
produced by either chemical vapor deposition or by sol-
gel. Despite the relative simplicity of the sol-gel pro-
cess, careful control over a large number of parameters
is required to obtain uniform coatings without signif-
icant surface cracking [14]. Thus, the development of
such methods to form uniform coatings which are func-
tional interlayer materials in FRCMCs is desirable. The
goal of our research is the development of a low cost and
highly flexible synthetic methodology and compatible
processing techniques for the fabrication of interlayer
coatings and subsequent composite materials. We pro-
pose to accomplish this goal through the use of a unique
class of flexible materials: chemically functionalized
alumina nanoparticles: carboxylate-alumoxanes.

Carboxylate-alumoxanes are aluminum oxygen nano-
particles with a boehmite-like core structure and an or-
ganic periphery [15], that are readily prepared by react-
ion of boehmite, [Al(O)(OH)]n , with carboxylic acids
(HO2CR where R is an organic group) [16]. Specifi-
cally, the use of polyether substituents [e.g., methoxy
(ethoxyethoxy)acetic acid, MEEA-H, HO2CCH2O
(CH2CH2O)2CH3] and methoxy(ethoxy)acetic acid,
MEA-H, HO2CCH2OCH2CH2OCH3] allows for their
synthesis in aqueous media which enables environ-
mentally benign processing [15, 17]. Unlike traditional
sol-gels, the alumoxane precursors are infinitely stable
in both solid and solution. While the parent alumox-
anes yield alumina upon thermolysis, we have demon-
strated that reaction of the carboxylate-alumoxane with
a metal acetylacetonate complex, M(acac)n , results
in transmetallization and the formation of a metal-
doped carboxylate-alumoxane [18, 19]. Upon thermol-
ysis the metal-doped carboxylate-alumoxanes form
homogenous mixed metal oxides with high phase pu-
rity (including aluminates) at reduced temperatures
[20]. Another consequence of atomic scale mixing
is that crystal growth occurs after phase formation,
an effect further enhanced by the nano-size of the
carboxylate-alumoxane particles. Given these advan-

tages, we propose that carboxylate-alumoxane materi-
als and methodology have potential in the development
of a low cost and highly flexible synthetic approach for
the fabrication of composite materials.

2. Experimental procedure
2.1. General
Research grade boehmite (Catapal B) was provided by
Vista Chemical Company. All carboxylic acids and
metal acetylacetonate complexes (Aldrich and Fluka)
were used without further purification. Methoxyacetate-
alumoxane (MA-alumoxane), methoxyethoxyacetate-
alumoxane (MEA-alumoxane), methoxy(ethoxyethoxy)
acetate-alumoxane (MEEA-alumoxanes), and yttrium-,
calcium-, and lanthanum-doped carboxylate-alumoxanes
were prepared by previously published methods [18, 20].

Field emission scanning electron microscopy
(FESEM) studies were performed on JEOL 6320F
microscope. Analyses of samples in cross-section
specifically addressed the thickness of the coating. The
optical thickness and uniformity of coatings were evalu-
ated by observing color shifts in the Fizeau interference
fringes in white light over the length of the monofil-
ament using reflected light optical microscopy [21].
A uniform coating was defined as one that showed
no discernible thickness differences and an absence
of inhomogeneities such as bubbles or precipitates
over the length of the fiber. Electron probe micro-
analysis (EPMA) was performed on a Cameca SX50
Electron Microprobe using techniques and imaging
modes including: energy dispersive X-ray spectroscopy
(EDS), secondary electron emission (topography, mor-
phology), back scattered electron emission (atomic
number contrast), X-ray emission (quantitative anal-
ysis and element distribution mapping), and cathodo-
luminescence (trace element distribution). In addition,
wavelength dispersive X-ray distribution maps (i.e.,
elemental maps) were used to determine the compo-
sitional homogeneity of the coatings. The following
microprobe calibration standards were used: CaO (Ca),
corundum Al2O3 (Al), quartz SiO2 (O), and rare earth
(RE) element orthophosphates (RE)PO4 (Y, La). The
tensile strength of coated fibers was determined using a
MTS 858 MiniBionix Instrument. Samples were evalu-
ated at room temperature under fast fracture conditions
with 0.25 inch (0.625 cm) gage lengths. The crystallo-
graphic structure of the coatings was most readily deter-
mined by X-ray diffraction (XRD) analysis of samples
sintered alongside, and in an exactly analogous manner
to, the fiber samples. All XRD data were collected on
a Siemens Diffractometer (B).

2.2. Fiber coatings
Prior to use, single-crystal c-axis-oriented α-Al2O3
(i.e., sapphire) fibers, ca. 140 µm in diameter
(Saphikon, Inc., Milford, NH), were cleaned with ace-
tone and/or dilute HCl. Coatings were prepared by
dipping the cleaned fibers into a 2, 6, 12, or 20 wt%
CHCl3 or H2O solution of the metal doped carboxylate-
alumoxane and drying using a heat gun, in a low tem-
perature oven (i.e., 55◦C), or at room temperature. Re-
peated dipping/drying was performed until the desired

4978



coating thickness (0.1–6.0 µm depending on applica-
tion) was obtained. The samples were thermally pro-
cessed by one of the following ways: (a) the sample was
heated from 25◦C to 500◦C and held for 2 hours; (b) the
sample was heated from 25◦C to 500◦C and held for 2
hours, followed by a temperature ramp (10◦C · min−1)
to a maximum temperature of 1400◦C which was then
maintained for a minimum of 2 hours; (c) the sample
was heated in a single step from 25◦C directly to a
specified maximum temperature at 55–75◦C · min−1.

2.3. Fabrication of FRCMC flexure bars
using an alumoxane matrix

MEEA-alumoxane and MA-alumoxane were prepared
per previously reported methods [15]. A 1 : 1 physi-
cal mixture of MEEA-A : MA-A was synthesized by
adding MEEA-alumoxane (5.0 g) and MA-alumoxane
(5.0 g) to 150 mL water and stirring at room temper-
ature for 30 min. The water was evaporated in vacuo
and the resulting solid was dried at 55◦C to a fine white
powder for storage. As needed, an aqueous solution
of the preceramic nanoparticles was prepared where-
upon the water was slowly evaporated by stirring on a
hot plate to form an inviscid gel, which was used as
the matrix material in FRCMC fabrication. Thermal
processing of composite samples was accomplished
as follows: (a) the sample was heated in a furnace at
the rate of 5◦C · min−1 for thermal ramps from 25 to
200◦C, and 500◦C to the indicated maximum tempera-
ture (Tmax.); during the intermediate thermal ramp from
200 to 500◦C, the rate was decreased to 1◦C · min−1, to
minimize possible cracking of the coating. The sample
was sintered at Tmax. for a dwell time ranging from 6 to
24 h, depending on the application; (b) the sample was
cured at 55◦C for 2 h. in a laboratory oven, then trans-
ferred to a furnace preheated to 55◦C. The sample was
then processed per the ramp/soak series in method (A)
with exception that the initial temperature was 55◦C in
the first ramp step.

2.4. Hot press fabrication of flexure bars
The coated sapphire fibers were pressed in a matrix of
alumina powder (spray dried 99.9% α-Al2O3, Coors,
Golden, CO) under 5–10 ksi (34–68 Mpa) pressure us-
ing a 4 mm × 50 mm rectangular die, followed by
firing in air at 1660◦C for 2 hours. The fibers were
placed parallel to the long dimension and in the mid-
dle of the bar. The flexure bars displayed a density of
about 3.90 g · mL−1; this is the expected density for this
composition (3.98 g · mL−1) and meets the minimum
industry standard of 3.88 g · mL−1. The porosity was
all closed except perhaps around the fibers. There was
some distortion of the bars due to the approximately
20% linear dimensional shrinkage of the matrix during
sintering; the fibers did not sinter or shrink. No cracking
of the matrix was observed.

3. Results and discussion
Conditions for the preparation of uniform fiber coatings
using water soluble carboxylate-alumoxane nanopar-
ticle precursors were investigated. All of the metal-
doped carboxylate-alumoxane coatings (i.e., pre-fired)

and converted aluminate coatings (i.e., post-fired) were
characterized with respect to coating morphology, and
structural orientation. The crystallographic structure of
the coatings was most readily determined by XRD anal-
ysis of powdered samples sintered alongside the fiber
samples. In all cases phase identity was confirmed [20].

Sapphire monofilament fibers were coated by dip-
ping with a draw speed of 1–5 cm · s−1 into a reser-
voir containing a water or chloroform (CHCl3) solution
of metal-doped carboxylate-alumoxane concentrations
varying from 2–20 wt%. Water and chloroform sol-
vents were chosen for comparison because while water
allows for environmentally sensitive processing, it is
slow to evaporate, whereas CHCl3 evaporates rapidly
(bp = 61◦C). No discernible difference was noted be-
tween coatings formed from CHCl3 or H2O solutions
despite the difference viscosities of these solvents,
0.542 and 0.8904 cp, respectively [22]. The H2O so-
lutions with higher wt% concentrations were dried
slightly longer between dips, otherwise the coating
would redissolve during subsequent dipping or form
bubbles during final heat treatment. Upon conversion
to ceramic, the choice of solvent appeared to have no
effect on the microstructure of the aluminate coating.
The post-sintered coating thickness (0.1–6.0 µm) was
found to depend on the concentration of the metal-
doped carboxylate-alumoxane solution and, to a lesser
extent, the draw speed. Coating thickness can be con-
trolled by careful variation of these processing condi-
tions whereby the solution concentration and the sol-
vent are taken into consideration in a manner similar to
traditional sol gel [23]. A linear relationship between
number of dips and final ceramic coating thickness is
depicted in the plot shown in Fig. 1. In all cases the
coatings were found to be within 10% along the entire
length of the coated fiber. Any variation may be traced
to the variability in the draw speed since this was per-
formed manually.

Processing prior to final sintering involved drying
by various methods. If shorter processing times were
desired, the use of a hot air gun or oven drying could
be employed. Rapid drying did not unduly influence
the quality of the coating for the aqueous processing,

Figure 1 Plot of number of dips in solution versus ceramic coating thick-
ness, showing thickness increasing linearly with multiple dips in 6 wt%
carboxylate-alumoxane solution.
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although due to the high volatility of the solvent it was
found that the use of a hot air gun with CHCl3 solu-
tions resulted in cracking of the fiber coating. These
coatings could, however, be fully repaired by addi-
tional dip/dry cycles. It was also found that laying the
“wet” coated fibers on a surface caused adherence to
the contact area during drying, resulting in damage to
the coating when it is removed from the surface. How-
ever, once dried, no subsequent damage resulted from
general contact between coated fibers and surfaces. For-
mation of aluminate coatings on sapphire fibers was
accomplished by thermal conversion in air to tempera-
tures between 1000–1400◦C. Conditions for conversion
of metal-doped carboxylate-alumoxane nanoparticles
to ceramic materials have been reported elsewhere [20].

In order to investigate the trends and allow for com-
parisons with previously characterized materials and
synthetic methods, the following discussion is divided
according to the aluminate ceramic coating. Calcium
hexaluminate (hibonite) and lanthanum hexaluminate
were expected to provide successful debonding due
to their inherantly weak cleavage planes. Conversely,
YAG was chosen as a control, since although it has a
similar thermal expansion (α = 8.9 × 10−6◦C−1) [24]
to alumina, it is not inherantly weak, and does not have
oriented layers to allow for debonding at a fiber/matrix
interface.

Figure 2 SEM image (a) and associated two-dimensional Al (b) and Ca (c) X-ray elemental maps of a Ca-doped MEEA-alumoxane coated sapphire
fiber formed from a 6% aqueous solution dried in air.

Figure 3 FESEM image of a CaAl12O19 coating on a sapphire fiber resulting from a 6% aqueous solution of Ca-doped MEA-A.

3.1. Calcium hexaluminate
The surface of Ca-doped MEEA-alumoxane coated
sapphire fiber (prior to sintering) is shown in the SEM
image in Fig. 2a. The absence of surface cracks or
discontinuities results in a smooth morphology and
conformable topography. The corresponding elemen-
tal maps (Fig. 2b and 2c) confirm the chemical iden-
tity and show the uniform distribution of Al and Ca in
the coating. Similarly, the surface of Ca-doped MEA-
alumoxane coated sapphire fibers are also uniform and
free of surface defects. The Ca:Al ratio as measured by
EDX were found to vary between samples due to “see
through” of the underlying sapphire fiber. However, no
variation was found along the fiber length. Furthermore,
powdered samples of the appropriate alumoxanes were
sintered adjacent to the coated fibers and these sam-
ples were analyzed by XRD and EDX confirming the
identity of the crystalline phase: CaAl12O19 (JCPDS
#38-0470) [20].

All of the calcium hexaluminate coatings were found
to be conformal and contiguous with no significant
surface flaws as indicated by FESEM and optical mi-
croscopy analyses. As a representative example, the hi-
bonite coating from thermal conversion of Ca-doped
MEA-alumoxane is shown in Fig. 3. The lack of any
surface features, the invariance in the coating thickness
over the entire length of the sample, and the EPMA
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elemental maps each confirmed the uniformity of the
aluminate coating. Since calcium diffusion from the
coating has been reported to cause fiber embrittle-
ment and coating degradation [25], EPMA and optical
microscopy were also used to determine Ca : Al ratios
for the surface of the coatings. The Ca : Al ratios de-
termined by EDS before and after firing were found to
be consistent, indicating minimum diffusion of calcium
into the fiber.

It has been suggested that the morphology of a fiber
coating will significantly effect the interphase stabil-
ity under fracture and/or shear conditions [3]. Features
which are considered detrimental include spallation
and peel back of the coating. Notably, the aluminate
coatings shown in the figures above are highly uni-
form, with no evidence for bridging or peel back on
either pre- or post-fired fibers. This is confirmed for all

Figure 4 High resolution FESEM images of the surface of a CaAl12O19 coated sapphire fiber formed from a 6% CHCl3 solution of Ca-doped
MEEA-A.

Figure 5 FESEM images of CaAl12O19 coated sapphire fibers after fracturing to evaluate the fiber-coating interface. The coating was prepared by
the thermolysis (1100◦C) of a Ca-doped MEEA-A coating prepared from a 6% aqueous solution.

Ca-doped samples formed from thermolysis of doped
carboxylate-alumoxane nanoparticle coatings on sap-
phire fibers. High resolution FESEM images of the
surface of the ceramic coating indicate its polycrys-
talline nature (Fig. 4). The crystallite size ranges from
60–70 nm based on FESEM point to point measure-
ments; confirmed by XRD measurements. While a few
pinholes (or divots) appear in the hexaluminate surface,
it is not clear that they occur through to the fiber surface.

The FESEM images of calcium hexaluminate coated
fiber after the coating has been physically broken are
shown in Fig. 5. Several important observations may
be made from this (and similar) images. First, the hex-
aluminate coatings appear to have a layered texture and
microstructure characteristic of the magnetoplumbite-
type structure. Second, debonding of the coatings
and cleavage occurring within the hibonite layers are
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observed as primary modes of fracture. This is de-
sirable, and suggests the advantageous orientation of
crystallographic basal planes parallel to the fiber axis.
Finally, where the coating has spalled away from the
fibers significant debris remains on the fiber surface,
indicating that the adhesion failure occurring within
the coating is at least equal to that at the interface. The
presence of calcium hexaluminate on the fiber surface
was confirmed by EDX analysis.

The filament strength of “bare” sapphire and hibonite
coated fiber samples was measured at room temperature
to confirm the benign nature of the coating process on
innate fiber strength. Previous studies [7, 8] have shown
that fiber degradation is often caused by morphological
instability of the interface, due to grain growth during
fabrication and high temperature annealing. However,
no significant reduction in tensile strength was observed
for fiber samples coated with hibonite derived from Ca-
doped alumoxane nanoparticle solutions even after sin-

Figure 6 FESEM images of a LaAl11O18 coated sapphire fiber, pre (a) and post (b) thermal cycling 4 × 1400◦C. The coating was prepared by the
thermolysis (1100◦C) of a La-doped MEEA-A coating prepared from a 6% aqueous solution.

tering to 1500◦C for 2 h. Reproducible values in the
range 2.4–2.7 GPa were obtained, consistent with bare
fiber measurements (2.3–2.7 GPa) and commensurate
with manufacturer specified strengths (2.5–2.9 GPa).

3.2. Lanthanum hexaluminate
The appropriate metal stoichiometry for LaAl11O18
coating composition was determined from EDS ele-
mental line scans, while the phase purity (JCPDS #33-
0699) was confirmed by XRD [20]. SEM images and
corresponding elemental maps reveal the smooth, con-
tinuous nature and homogeneous metal distribution of
the lanthanum hexaluminate coating.

In order to investigate effects such as processing sta-
bility and thermal stress on alumoxane-derived alumi-
nate coatings, a lanthanum hexaluminate coated fiber
was subjected to repeated thermal cycling in air at tem-
peratures where structural FRCMCs are likely to be
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used. The sample was initially processed per standard
parameters, followed by four consecutive thermal cy-
cles consisting of a single-step temperature ramp from
room temperature to 1400◦C in air. The sample was
allowed to return to room temperature between each
cycle. FESEM images of the sample are shown prior to
firing and following the final thermal cycle in Fig. 6.
As can be seen in Fig. 6b, the coating surface remained
very uniform following thermal cycling. In fact, there
appear to be no discernible changes in the composition,
smoothness or adherence of the coating as compared to
thermal cycling in air.

Some samples were damaged due to process-
ing conditions or severe handling, which presented
an opportunity to evaluate the repair capability of
carboxylate-alumoxane nanoparticle solutions. Al-
though fiber coatings cannot be repaired within a com-
posite structure, there is interest in the repair of sur-
face damage due to handling or processing. A damaged
LaAl11O18 coated sapphire fiber is shown in Fig. 7a.

Figure 7 FESEM images of a (a) damaged and (b) repaired LaAl11O18 coated sapphire fiber.

The sample was readily repaired by repeatedly dip-
ping in 12 wt% CHCl3 solution of lanthanum-doped
carboxylate-alumoxane nanoparticles followed by cal-
cination to 500◦C in air (Fig. 7b). Although the repaired
areas are apparent, there is no indication of cracking,
peeling, or spallation and the surface is relatively uni-
form despite the thick (ca. 4.5µm) coating. The damage
repair was confirmed as well by microprobe analysis.
WDS analysis indicated that a homogeneous metal dis-
tribution over the repaired areas.

The filament tensile strength of lanthanum hexalumi-
nate coated fiber samples was measured at room tem-
perature. Consistent measurements in the range 2.3–
2.5 GPa were obtained for samples after sintering to
1400◦C for 2 h., confirming the benign nature of the
coating process on innate fiber strength.

3.3. Yttrium aluminum garnet
Yttrium aluminum garnet (YAG, Y3Al5O12) coat-
ings on sapphire fibers were produced by thermolysis
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of yttrium-doped carboxylate-alumoxane nanoparticle
precursors. Phase formation (JCPDS #33-0040) and
elemental composition were confirmed by XRD and
EDX, respectively [20]. All drying and sintering envi-
ronments using aqueous solution precursors resulted
in smooth, continuous, adherent coatings. However,
chloroform solutions with high wt% concentrations
of yttrium-doped carboxylate-alumoxane nanoparticles
showed spalling and peeling of coatings upon thermol-
ysis. This effect was especially pronounced with sap-
phire fibers which were not cleaned prior to coating.
Although the solution wetted the surface, the coatings
did not bond well upon firing and tended to curl and
peel off. Spallation also occurred when combined with
drying by heat gun airflow. The onset of such is be-
lieved due to the excessive drying rate in this case,
where the warm air from the heat gun contributed to
the already high volatility of chloroform. This caused
rapid evaporation of volatiles and the coating was likely
dried before it had time to adhere to the substrate. How-
ever, as discussed previously, even extremely damaged
specimens were readily repaired using appropriate con-
ditions.

The results of tensile test measurements on YAG
coated fiber samples indicate sapphire monofilament
strength was maintained after coating and processing.
Values of 2.3–2.4 GPa were obtained, consistent with
other aluminate coated sapphire fibers.

3.4. Fiber-reinforced ceramic matrix
composites

Composite specimens with alumoxane-derived inter-
layers were fabricated for analysis of interlayer debond-
ing. A summary of the composite samples prepared is
given in Table I.

As shown in Fig. 8, microscopic analysis of sample
C1 (see Table I) following mechanical testing indicates
that failure occurred both by debonding at the inter-
faces as well as by cleavage within the layers of the

Figure 8 FESEM images of sapphire fiber/alumina matrix composites with hibonite (C1) interphase layer after interlayer failure showing the residual
coating on the fiber surface.

TABLE I Summary of fiber-interlayer-matrix materials and fabrica-
tion method employed in FRCMCs

Reinforcement Interlayer
Sample phase coating Matrixa Methodb

C1 Sapphire CaAl12O19 Al2O3 Flexure bar
C2 Sapphire LaAl11O18 Al2O3 Flexure bar
C3 Sapphire Y3Al5O12 Al2O3 Flexure bar

aPre-fired matrix material.
bRefer to experimental.

CaAl12O19 coating, whereby residual coating can be
observed on the fiber surface. This mode of failure is
desired for effective load transfer from matrix to fiber
[3, 8].

Fiber pull-out, push-out and indentation tests have
been widely used to measure the interface shear strength
and the interface shear stress in a range of fiber-
reinforced composites [26–29]. In the present study,
fiber push-out tests were performed, on a minimum of
20 fibers for each coating studied, using an indentation
technique first proposed by Marshall [30]. A load is ap-
plied using a sharp indentor (Vickers pyramid diamond
tip) to the center of the fiber, normal to its axis, in a pla-
nar section of the composite. A load is applied so that
the fiber will slide along the fiber-matrix interface over
a distance determined by the force on the indentor. The
fiber is therefore elastically compressed by the indentor
load over the debonded length, which was assumed to
be determined by the interfacial friction. The resulting
relationship between the interfacial sliding resistance,
τ (also called interfacial friction stress), the force, F ,
on the indentor, and the distance, u, that the fiber is de-
pressed with respect to the composite matrix surface is
shown in Equation 1, where r is the radius of the fiber
and Ef is the fiber modulus.

τ = F2

4π2ur3Ef
(1)
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Figure 9 FRCMC (C1) consisting of a sapphire monofilament with a hibonite interlayer in alumina matrix, optical micrograph (a) prior to testing
and optical micrograph (b) after indentation testing (the after indentation image is back lit for clarity).

If the interface is sufficiently weak, the fiber is expected
to debond and slide under the applied force. If the in-
terface is strong, then radial indentation cracks are de-
flected into the interface layer and the matrix, and possi-
bly also may penetrate into the fiber. Interface systems
that satisfy this debond criterion typically have τ > 100
MPa [3, 7, 8].

Composite samples evaluated using this technique
included: sapphire monofilament with a hibonite inter-
layer in an alumina matrix (C1), sapphire monofila-
ment with a lanthanum hexaluminate interlayer in alu-
mina matrix (C2), and sapphire monofilament with a
YAG interlayer in alumina matrix (C3). The samples
were characterized by FESEM and optical microscopy
before and after testing. Both the hibonite (C1) and
lanthanum hexaluminate (C2) interlayers allowed the
fibers to slide, indicating that the fiber-matrix interface
is sufficiently weak to allow debonding (see, Fig. 9).
The frictional sliding resistance calculated using Equa-
tion 1 was determined to be 30 ± 10 MPa when the in-

terlayer was hibonite and 25 ± 10 MPa for a lanthanum
hexaluminate interlayer. This is within the range ex-
pected to be suitable for effective reinforcement of com-
posites [3, 7, 8]. In contrast, high applied loads (up to
120 N) were applied in the presence of a YAG inter-
layer, which caused many of the FRCMCs to fail catas-
trophically before interfacial debonding and/or sliding
occurred (see Fig. 10). A similar result was obtained
for uncoated fibers. In every attempt, ceramic matrix
cracking was observed prior to the fiber sliding so that
no reproducible results were obtained. Moreover, if val-
ues were determined under these high applied loads it
is uncertain whether the numbers would actually reflect
the interfacial stress, chemical bond strength, or some
combination of these and other factors.

The difficulties in pushing out the YAG-coated fibers
appeared to be due, in part to high interfacial sliding
resistance resulting from interfacial roughness upon
debonding [31, 32], or bonding between the coating and
the fiber or matrix. The thermal expansion mismatch of
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Figure 10 FRCMC (C3) consisting of a sapphire monofilament with a YAG interlayer in alumina matrix, FESEM image (a) prior to testing and
optical micrograph (b) after indentation testing (the after indentation image is back lit for clarity).

alumina and YAG likely contributed to the high degree
of debond roughness, so that even if the fibers debonded
they were prevented from sliding due to increased fric-
tion [33]. This was evidenced by the observation of
radial cracks spreading through the matrix as the fiber
was depressed (see, Fig. 10).

4. Conclusions
Yttrium-, calcium- and lanthanum-doped carboxylate-
alumoxane nanoparticles may be used as simple, in-
expensive, readily processable precursors for hexa-
luminate and YAG ceramic coatings. Aqueous and
chloroform solutions of these carboxylate-alumoxane
nanoparticles were found to effectively wet sapphire
monofilament fibers and form uniform, conformal, and
contiguous coatings over a flexible range of process-
ing (e.g., dipping, drying, etc.) conditions. The long
term stability of precursor materials is a key advan-
tage. In addition, the alumoxane methodology allowed
for reproducible thickness control as well as proved
an effective method to repair cracks and other coating

surface damage. Ceramic coatings were stable to tem-
peratures exceeding 1400◦C and also during repeated
thermal cycling in air at temperatures where structural
FRCMCs are likely to be used. No apparent reduction
in tensile strength was measured following coating and
processing of the sapphire fibers.

The rationale for the use of the lanthanum and cal-
cium hexaluminates as interlayer coatings in FRCMCs
was that their layered structure would provide means for
controlling failure properties at the fiber-matrix inter-
face. Our push-out data supports this proposal, since the
lanthanum and calcium hexaluminate coated fibers per-
formed well on fiber push-out tests. However, FRCMCs
containing YAG-coated fibers failed catastrophically
before interfacial debonding and/or sliding occurred.
Analyses following mechanical failure as well as mi-
crostructural investigation of samples with a magneto-
plumbite interphase in cross section showed cleavage
planes oriented parallel to the surface of the fibers, sug-
gesting that such an interphase is capable of protecting
the fiber by deflection of cracks along the easy-cleaving
planes. Furthermore, debonding at the fiber-matrix
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interface and interlayer sliding of the basal planes were
observed as primary modes of failure.
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