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Abstract—We have studied the surface morphology, phase composition, and oxidation resistance of multilay-
ered tetragonal zirconia coatings produced on silicon carbide fibers by a sol—gel process and measured the
tensile strength of individual fibers as a function of the number of layers in the coating. SiC-fiber-reinforced
silicon carbide minicomposites have been prepared through pyrolysis of an organosilicon polymer, and their
fracture surfaces have been examined. Using microindentation, we have determined the critical fiber—matrix
debonding stress. The results demonstrate that the ZrO, coating on the fibers has the form of uniform, weakly
bonded layers. The presence of a multilayered ZrO, interphase alters the fracture behavior of the SiC/SiC
composites. The fiber debond stress in the composites markedly decreases with an increase in the number of

layers in the interphase.
DOI: 10.1134/S0020168511090238

INTRODUCTION

Advances in aerospace engineering are highly
dependent on the development of novel oxidation-
resistant high-temperature ceramic materials possess-
ing high thermomechanical performance. Among
such materials are SiC-fiber-reinforced silicon car-
bide composites. An effective approach for raising the
fracture resistance of SiC/SiC composites is to pro-
duce an interfacial layer between the fiber and matrix
(interphase), which weakens the fiber—matrix bond-
ing, thereby raising the fracture toughness of the mate-
rial [1].

The best results were obtained with coatings con-
sisting of pyrolytic carbon, hexagonal BN, or alternat-
ing C/SiC layers, which markedly improved the
mechanical performance of SiC/SiC composites
owing to their layered structure and low debond stress
[2—4]. At the same time, the low oxidation resistance
of such coatings considerably lowers the maximum
working temperature of the composites [5].

An alternative approach to producing an appropri-
ate interphase for SiC/SiC composites is to use oxy-
gen-containing compounds (refractory oxides or salts)
capable of weakening the fiber—matrix bonding and
raising the fracture toughness of the composite owing
to some specific features of their structure or the pos-
sibility of various stress-induced processes (interlayer
shear, twinning, and phase transitions) [6]. A candi-
date material for this application is zirconia, ZrO,,

which possesses high stability in oxidizing atmo-
spheres at elevated temperatures. Yttria-stabilized tet-
ragonal ZrO, offers high fracture toughness owing to
the 7-ZrO, — M-ZrO, phase transition induced by
the mechanical stress of a growing crack and accom-
panied by an increase in volume [7].

In this paper, we report a coating design that com-
bines the advantages of the two approaches above,
namely, a multilayered structure made up of poorly
bonded, thin layers consisting of one, oxidation-resis-
tant material.

EXPERIMENTAL

Zirconia coatings were produced on Nicalon sili-
con carbide fibers (13—15 pum in diameter, ceramic
grade, Nippon Carbon Vo., Japan). Before the coating
process, the sizing was removed by etching for 24 h in
a 1 : 1 mixture of ethanol and acetone, followed by
room-temperature drying and heat treatment at 450°C
for 1 hin air.

Coatings were applied by immersing fiber tows in a
film-forming sol, followed by drying at room temper-
ature. Next, the fibers were heated in vacuum to 950°C
and held there for 1 h. The sol was prepared by dissolv-
ing zirconyl chloride octahydrate, ZrOCl, - 8H,0, in
an 8 : 1 mixture of ethanol and water with additions of
polyethylene glycol and rare-earth nitrates. To pro-
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duce multilayered coatings,
repeated several times.

The surface morphology and microstructure of the
coatings were examined by high-resolution scanning
electron microscopy (SEM) on an LEO 1430VP (LEO
Electron Microscopy Ltd, UK). Raman spectra were
taken with a SPEX Triplemate spectrometer (France)
equipped with a CCD detector and microscope. The
spectra were measured from 40 to 1700 cm~'. As the
excitation source, we used a 488-nm laser beam,
which was focused by a lens to a 2-pum spot diameter
on the fiber surface. Uncoated and coated fibers were
tested in tension on an FM-27 tensile testing machine
(Hungary) at room temperature.

Uncoated and coated fibers were oxidized in air at
1000°C for 35 h in a KO-14 muffle furnace (Roemhild,
Germany). To determine the sample weight, the fibers
were withdrawn from the furnace, cooled to room
temperature in a desiccator, and weighed on an AX
120 electronic balance (Shimadzu, Japan), having
0.1-mg divisions.

The silicon carbide matrix was prepared through
vacuum  pyrolysis of  polydimethylsilethyne,
(—(CH;),Si—C=C-),,, at 950°C. Uncoated and coated
fibers were immersed in a polymer suspension in chlo-
roform. The resultant samples were dried at room
temperature, and then the polymer was pyrolyzed for
1 h. The procedure was performed twice in order to fill
the spaces between the fibers. The volume fraction of
the filler in the unidirectional composites was =40%.

Vickers microhardness was measured at room tem-
perature using the MPH 100 diamond microindenter
of a NEOPHOT-21 optical microscope (Carl Zeiss
Jena). The fiber debond stress was measured as
described by Marshall [8]. A fiber was indented with a
diamond pyramid. Above a critical load, the fiber deb-
onded from the matrix and slid into the composite.
From analysis of indents on the fiber and matrix, we
evaluated the critical fiber—matrix debonding stress.

Indented minicomposite surfaces were imaged by
scanning electron microscopy (TM-1000, Hitachi,
Japan and LEO 1430VP, LEO Electron Microscopy
Ltd, UK).

the procedure was

RESULTS AND DISCUSSION

SEM examination of the surface morphology and
microstructure of the coated fibers showed that the
coating had the form of dense, uniform layers ranging
in thickness from 50 to 100 nm (Figs. 1a, 1b). No
bonding between fibers through the coating was
detected, but some of the fibers had elongated ridges
on their surface. This was because the sol was retained
between the closely spaced fibers, leaving ridges after
heat treatment (Fig. 1c). The retained sol volume
depended on the viscosity of the sol. In view of this, to
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Fig. 1. Coated fibers: (a) general view of a fiber tow, (b) sur-
face of an individual fiber, (c) surface ridge and schematic
illustrating ridge formation.

reduce the density of flaws the initial total salt concen-
tration in the sol was lowered to 0.1 M, and polyethyl-
ene glycol was added to the sol in order to maintain its
film-forming properties unchanged.
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Raman spectroscopy data for the surface of the
coated fibers demonstrate that the coating consists
predominantly of tetragonal zirconia (Fig. 2). SEM
images of some fibers having three- to five-layer coatings
showed local peeling of the outermost layer (Fig. 3). This
was caused by the mechanical stress arising during
cooling because of the thermal expansion mismatch
between SiC and ZrO,. The peeling of the outermost
layer of the coating from the underlying layers points
to poor adhesion between the layers in the multilay-
ered coating.

A similar multistep sol—gel coating process was
reported by Fair et al. [9—11], but they obtained
monolithic coatings, in contrast to the poorly bonded
layers in this study, and the only effect of each process-
ing step was to increase the thickness of the coating.
The likely reason for this was that the layers were not
sufficiently well crystallized before the next coating
cycle and were thus well bonded to one another. In this
study, the fibers were heat-treated at high temperature
after each coating cycle, so each layer was deposited on
the surface of a dense, well-crystallized layer, without
firmly adhering to it. Moreover, the loss of water and eth-
anol molecules during heating reduces the thickness of
the growing layer, resulting in spaces between the layers,
which further reduce the interlayer bonding.

To assess the coating effect on the mechanical
properties of the fibers, we measured the tensile
strength of all the types of fibers. The experimental
tensile strength data were analyzed in terms of the
Weibull statistics. The results were used to determine
the average tensile strength for each type of fiber.
According to data in the literature, the strengths of the
unprocessed and heat-treated fibers are 2.0 and
1.8 GPa, respectively [12]. In our measurements, the
tensile strength of all the coated fibers was =1.6 GPa.
Thus, the first coating layer reduces the mechanical
strength of the fiber by =10%, which is probably due to
the formation of above-mentioned surface ridges on
the coated fibers. Analysis of SEM images of the end
portions of the coated fibers suggests that surface
ridges may initiate fiber fracture. The strength of the
fibers coated with two or more layers is also 1.6 GPa,
despite the larger number of surface ridges. It seems
likely that the strength of the fibers is only influenced
by the flaws in the first coating layer, which is well-
bonded to the fiber. The ridges in the next layers do not
reduce the mechanical strength of the fiber because of
the poor bonding between the layers.

Oxidation testing results showed that, in the initial
stage of oxidation (less than 10 h), all of the coated
fibers had enhanced oxidation stability (Fig. 4). At
longer oxidation times, the oxidation rate of the fibers
having three- and five-layer coatings was slower. It
seems likely that the microstructure of the single-layer
coating was not dense enough to prevent atmospheric
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Fig. 5. Fracture surfaces of SiC/SiC composites: (a) no interphase, (b) three-layer interphase.

oxygen from reaching the fiber surface. The next layers
closed the pores in the first layer, thereby reducing the
oxidation rate of the fiber.

Using SEM, we examined fracture surfaces of
minicomposites reinforced with uncoated and coated
fibers. Micrographs of the composites reinforced with
uncoated fibers point to brittle fracture behavior of the
materials: there is no fiber pullout from the matrix,
and the surface is weakly branched (Fig. 5a). In the
case of the fibers with multilayered coatings, the
appearance of fracture surfaces points to ductile frac-
ture: the fibers are pulled out of the matrix, and the
fracture surfaces have a complex shape (Fig. 5b). A
more detailed examination of fracture surfaces of the
composites having a multilayered interphase indicated
that the fibers debonded from the matrix along an
interface between the layers of the interphase, which
remained bonded to both the fiber and matrix (Fig. 6).

To evaluate the fiber—matrix bonding strength in
the composites, we measured the critical fiber—matrix
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Fig. 6. Interphase delamination upon fracture of the
composite.
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Fig. 8. Schematic illustrating fiber sliding relative to the
matrix: (a) sliding hindered by an asperity; (b) a change in
sliding plane to obviate an asperity.

debonding stress. The measurement results are pre-
sented in Fig. 7. Indentation of the interphase-free
composites caused no fiber debonding from the
matrix. Instead, the fiber cracked, and the cracks
propagated into the matrix. The single-layer coatings
failed to ensure the desired weakening of the fiber—
matrix bonding. Indentation of such composites
caused partial fiber debonding from the matrix and
fiber cracking.

In the case of the fibers coated with two or more
layers, the composites exhibited a different indenta-
tion behavior: the fiber completely debonded from the
SiC matrix and slid relative to it. It is worth pointing
out that the fiber debond stress in the composites
markedly decreases with an increase in the number of
layers in the interphase (Fig. 7). The likely reason for
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this is that the presence of a multilayered interphase
with weak interlayer bonding in the composites leads
to the development of potential surfaces along which
the fiber may slide relative to the matrix. The fiber deb-
ond stress then depends on the interlayer bonding
strength, the roughness of the sliding surfaces, and the
density of flaws that impede sliding (Fig. 8a). When
there are flaws or asperities that prevent sliding, an
interphase consisting of several layers enables a change
in sliding plane to obviate the asperity (Fig. 8b),
thereby reducing the fiber debond stress.

Under service conditions, the interlayer bound-
aries in an interphase may act as facilitated propaga-
tion paths for microcracks nucleating in the matrix.
Microcrack deflection by the interphase and facili-
tated fiber sliding in the composite ensure reinforce-
ment integrity during matrix crack propagation and
raise the fracture energy of the composite.

CONCLUSIONS

A multilayered interphase design concept was
applied to silicon carbide fiber reinforced composites.
Using a sol—gel process, we produced multilayered
yttria-stabilized zirconia coatings on SiC fibers, with
weak interlayer bonding in the coatings. Reinforcing
SiC composites with the coated fibers, we obtained
composites with ductile fracture behavior. The ductile
fracture behavior is assumed to result from the weak-
ening of the fiber—matrix bonding on account of the
multilayered ZrO, interphase. The proposed inter-
phase design allows one to control the fracture behav-
ior of composites and ensures high thermal stability
and oxidation resistance of the fiber, which makes it
highly attractive for the fabrication of SiC/SiC com-
posites.

The proposed approach to producing multilayered
coatings can be successfully used to apply other oxide
coatings to various substrates using film-forming sols.

Therefore, optimizing not only the coating mate-
rial, possessing appropriate physicochemical proper-
ties and microstructure, but also the number of layers
in the coating, one can effectively control the pro-
cesses at the fiber/matrix interface in SiC/SiC com-
posites. This, in turn, offers the possibility of tailoring
the thermomechanical properties of the entire com-
posite material.
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