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Abstract The processing of carbon fiber-reinforced
ceramic matrix composites (CMC) made by the precursor
impregnation and pyrolysis (PIP) method was improved,
and factors which deteriorate the thermal stability of the
CMC were investigated. The processing time for cross-
linking of a precursor polymer was substantially reduced
by the application of a sealed metal container due to the
suppression of the vaporization of oligomers. The strength
of the as-fabricated CMC was 286 MPa and 77% of the
original strength was retained after a heating at 1350 °C for
24 h in Ar. The reduction of the strength after the heating
was due to the decomposition of SiO, which remained at
the surface of the SiC filler particles. The decomposition
reaction induced deterioration of carbon fibers and the
matrix of the CMC at high temperature.

Introduction

Ceramic matrix composites (CMC) are promising candi-
dates for reliable applications at high temperature [1].
Techniques such as chemical vapor infiltration (CVI),
liquid silicon infiltration (LSI), and precursor impregnation
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and pyrolysis (PIP) have been most frequently reported as
fabrication methods of CMC. Composites made by the first
route have superior high temperature properties compared
to those made by the latter two (LSI and PIP) techniques
[2]. LSI and PIP technique benefit from the low production
costs [3]. However, a silicon melt formed during the
exposure of CMC made by LSI method at high tempera-
tures acts as a source of failure [4, 5]. The PIP technique
does not suffer from such problems and therefore has been
intensively investigated during the last two decades for the
fabrication of CMC [6].

The general procedure of the PIP technique is first,
impregnating woven fiber fabrics with a liquid polymer,
second, cross-linking the polymer by heating or UV irra-
diation, and finally pyrolyzing it at elevated temperatures
(1000-1400 °C) in a controlled atmosphere.

Important properties of precursor polymers, such as
viscosity, vapor pressure, and ceramic yield, depend to a
great extent on the degree of cross-linking, and thus can be
optimized by proper heat treatments. However, such heat-
treatments cause evaporation of low molecular weight
oligomers in the precursors, which frequently results in
weight loss [7] and flaw formation of the material. In spite
of the importance, improvement of the cross-linking pro-
cess has not been so frequently investigated for the PIP
technique [8, 9].

Tanaka et al. [10] reported that although the open
porosity of CMC could be decreased to 5% after 10 times
of impregnation, the overall relative density was still only
83% since they contained large closed pores between the
fiber yarns. In order to reduce the volume of free space
which have to be filled by impregnation, filler materials
such as SiC have been applied in PIP technique [11].
Researches have been performed concerning the effect
of filler materials on the mechanical properties of CMC
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[12, 13], but their effects on the high temperature stability
of fiber-reinforced CMC have been rarely reported.

In the present investigation, the processing of a CMC
composed of carbon fiber fabrics, SiC filler, and Si—-C-N
precursor-derived ceramic matrix (termed Cgpe,/SiCijjer/Si—
CNinaunix) Was improved in terms of cross-linking, and the
microstructure, mechanical properties, and high tempera-
ture stability of the resultant CMC were analyzed. In
addition, the possible deterioration mechanisms of the
CMC after a heating at 1350 °C in Ar were discussed.

Experimental procedure

Twelve layers of 2D-woven carbon fiber fabrics (Fiber:
T300J-3K-40, Toray. Weaving and coating: M&T Ver-
bundtechnologie GmbH, total thickness ~4 mm) were
stacked in a mold, and infiltrated with an aqueous slurry
composed of 43 vol.% SiC (A-10, H. C. Starck, dsg:
0.51 pum, oxygen content: 0.9 wt%) and 1.5 wt% PEI
(polyethylenimine, Aldrich Chem., Mw: 25,000) as a dis-
persant. The pH of the slurry was adjusted to 6.5 by
1 mol% HCI [14]. A modified infiltration technique was
applied for the homogeneous distribution of the filler par-
ticles between the woven fabrics by the application of a
mold with a deformable wall [14]. The inner space of the
mold could expand during slurry infiltration, which
enhanced penetration of the viscous slurry into the woven
fabric layers. After the infiltration, the molds were placed
in an oven first at 80 °C for 24 h for drying the Cgpe/
SiCjier compact and then at 350 °C for 6 h in vacuum to
remove the residual moisture.

For the formation of the matrix, a commercially avail-
able liquid Si—-C-N precursor (VL 20, KION) was
dissolved in de-hydrated tetrahydrofuran (1:1 by volume)
in order to decrease its viscosity for impregnation. Cur-
rently SiC precursors are commercially available, but they
should be kept below —10 °C for the storage [15]. In
contrast, Si—-C—N based precursors can be stored at room
temperature up to 5 years, thus are friendlier for com-
mercialization [16]. After the impregnation, the solvent
was removed by evacuating the mold at 40 °C for 6 h. The
mold was then capped and heated for cross-linking the
precursor in two devices providing different conditions
(Fig. 1). The equipment shown in Fig. la is a conven-
tionally used glass tube equipped with a gas bubbler for an
easy release of gaseous species formed during cross-link-
ing. In order to reduce the vaporization of the precursor
during cross-linking, a sealed stainless steel container as
shown in Fig. 1b was developed. The inner free volume of
the container was minimized and it could sustain increased
pressure caused by the evaporation. A dish containing a
small amount of excess precursor was placed in the
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Fig. 1 Open glass tube (a) and sealed stainless steel container (b)
used for cross-linking

container so that the equilibrium vapor pressure of the
oligomer could be achieved in a short time. For cross-
linking the precursor, the setups were heated in a furnace
for 6 h at 370 °C (glass tube) or 430 °C (steel container).
Using lower temperatures resulted in incomplete cross-
linking. The deformation of the cross-linked precursor was
measured by thermo-mechanical analysis (TMA 2000,
Baehr, ground force: 1 N, pulsed force: 1 N, frequency:
0.1 Hz) in the temperature range of 25-300 °C in Ar with a
heating rate of 5 °C/min.

After the cross-linking, the samples were demolded, and
pyrolyzed subsequently at 1350 °C for 2 h in Ar (Ar 4.8,
purity: >99.998 vol%, Messer). The heating rates for the
first and following cycles were 1 °C/min and 5 °C/min,
respectively. In order to avoid oxidation of the samples
during pyrolysis as much as possible, the argon gas was
pre-treated with a gas purification system (oxisorb®,
Messer) [17]. The cycle of impregnation and pyrolysis was
repeated up to 10 times.

The true density of the CMC (pcvmce) was calculated
after each cycle by using the equation, pcmc = fearbon -
Peavon + Isic * Psic + tsicn * PsicN (Peabon = 1.81 glen’,
psic = 3.22 glem’®, psi_cn = 2.56 g/cm?) [18]. The vol-
ume fraction of the carbon fibers (f.,p0n), the SiC filler
(tsic), and the Si—C-N matrix (fs;_c_n) Was estimated by
measuring the weight and true density of each component,
respectively. The bulk density of the CMC with increasing
the number of impregnation/pyrolysis cycles was estimated
by dimensional measurement.

Thermo-gravimetric analysis (TGA, STA 501, Netzsch)
of the CMC was performed in flowing Ar (100 mL/min) in
the temperature range of 25-2100 °C with a heating rate of
3 °C/min.

The as-fabricated CMC was machined into bars
(30 x 1.5 x 2 mm) and polished up to 1 pm finish. Sub-
sequently, four point bending strength was measured
(1476, Zwick GmbH, upper and lower span: 7 and 20 mm,
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respectively). A part of the testing samples were heated at
1350 °C for 24 h in Ar using an alumina tube furnace.
Subsequently, the microstructure and phase evolution of
the as-fabricated or the heated CMC were analyzed by
optical microscopy (DM RM, Leica), scanning electron
microscopy (SEM, Stereoscan 200, Oxford), energy dis-
persive spectroscopy (EDS, Phoenix, EDAX), and X-ray
powder diffraction using Cuk, radiation (XRD, D 5000,
Siemens), respectively. The four point bending strength
was measured with a universal testing machine (Hydro-
puls® PSA, Schenck, upper span: 7 mm, lower span:
20 mm, five as-fabricated samples, three heated samples).

Results and discussion
Cross-linking

For a controlled cross-linking in the glass tube (Fig. 1a),
the precursor had to be heated slowly. Due to bubble for-
mation and foaming, the precursor became opaque when
heated too fast. For fast heating, the total time to reach the
cross-linking temperature was set as 160 min. In contrast, a
dense and transparent polymer was obtained when a slow
heating schedule was applied (total heating time up to
370 °C: 900 min). Bahloul et al. pointed out that there is a
competition between cross-linking and evaporation. When
heating is too fast, evaporation of low molecular weight
oligomers occurs intensively before cross-linking can take
place [19].

Since impregnation and pyrolysis must be repeated
several times to obtain dense samples, slow cross-linking
significantly increases the total processing time. Therefore,
fast heating (160 min) was applied with suppressing the
evaporation of oligomers by the application of a sealed
container with an additional source of oligomer as descri-
bed above and shown in Fig. 1b. By the application of the
sealed stainless steel container, the total cross-linking time
was expected to reduce to a quarter compared to using the
conventional glass tube process, which would be in total
5 days after 10 PIP cycles.

Figure 2 shows the weight gain of the CMC cross-linked
with the two different equipments as a function of the
number of impregnation/pyrolysis cycle. Generally, the
efficiency of process cycle decreases by the repetition,
which is a consequence of the formation of closed pores
[12]. The low weight gain after the first cycle was due to
the high relative density of the SiCgye/Chper compact and
decomposition of surface SiO, layer formed on the SiC
filler particles during the first pyrolysis step. The regarding
phenomena will be discussed in the following paragraphs.
The weight gain increased during the second pyrolysis step
due to the increased free space in the compact caused by
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Fig. 2 Weight gain of the CMC after the application of different
cross-linking equipments using fast heating rate and subsequent

pyrolysis

the swelling of the CMC during the first pyrolysis. The
efficiency of PIP decreased at the third cycle.

The metal container increased the efficiency of the PIP
cycles even when the sample was pre-densified three times
in the glass tube. This is due to the fact that the oligomers
could escape freely through the bubbler in the glass tube,
while such evaporation was suppressed in the closed metal
container. Kroke et al. [20] reported that the most impor-
tant prerequisite to raise ceramic yields during pyrolysis is
to prevent evolution of volatile Si-containing species.

Beside the mass loss, another important problem during
the cross-linking of the polymer is the formation of bub-
bles. Bubbles were formed by the evaporation of oligomers
and were transformed to defects during pyrolysis. In order
to prevent the formation of bubbles, slow heating must be
applied during cross-linking when using glass tube. In
contrast, the high pressure inside the metal container effi-
ciently suppressed the evaporation of oligomers and so did
the bubble formation even during the fast heating.

Densification, microstructure, and mechanical property

The chemical composition of the Si—~C-N precursor after
the cross-linking and pyrolysis at 1350 °C for 2 h in Ar
was measured to be SiCg ¢gNgo; [20].

Figure 3 shows the relative density of the CMC samples
as a function of the number of impregnation/pyrolysis
cycles. The relative density of the stacked woven fabrics
was estimated to be 39%. After the infiltration of the SiC
slurry, the relative density of the Cgpe/SiCphper compact
increased to 71%. The value decreased due to a swelling
during the first pyrolysis cycle, which was a consequence
of the gas formation during pyrolysis and the softening of
the cross-linked precursor. TMA measured the dimension
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Fig. 3 Relative density of the CMC vs. number of impregnation/
pyrolysis cycles using the stainless steel container for cross-linking

of the specimen with changing temperature and applied
force. During the measurement, the dimension of the
specimen increased linearly due to thermal expansion
below 150 °C. The viscosity of the precursor decreased
above 175 °C by softening, thus the specimen could be
more easily deformed by the repeatedly applied force [21].
As a result, the amplitute of the TMA data increased above
175 °C (Fig. 4). The precursor compact shrank above
200 °C because it could not sustain the pressure for TMA
measurement.

The relative density of the CMC was 92% (2.14 g/cm3)
after the 10th PIP cycle [21, 22]. The swelling of the CMC
did not occur after the second PIP cycle due to the for-
mation of a rigid Si—-C-N ceramic network. The swelling
increased the free space in the samples. As a result, the
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Fig. 4 TMA data of the cross-linked precursor (Ar, 5 K/min).
Thermal expansion of the precursor became distinct above 60 °C.
The amplitude of vibrations increased above 175 °C due to the
softening of the precursor. The sample shrank above 200 °C due to
the softening. The precursor compact was broken at 230 °C
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amount of the impregnated liquid precursor increased at
the second processing cycle. Importantly, the formation of
macropores at the free space between the bundles or woven
fabrics was clearly suppressed by using the modified SiC
slurry infiltration process (Fig. 5a, b) [14].

Cracks were observed in the as-fabricated CMC. A part
of the cracks formed a regular array and existed even after
repeated impregnation and pyrolysis cycles (Fig. 5a). The
coefficient of thermal expansion (CTE) of the carbon fiber
is largely different from those of the other two components
used for the CMC (SiC: 4.5-4.9 x 107%K, Si-C-N:
3.2 x 107%K, carbon: ~0/K) [23]. The difference caused
cracking during the cooling of the CMC.

Fine microcracks were observed in areas in between the
layers of woven fabrics (Fig. 5b). They were presumably
originated from the shrinkage of the infiltrated SiC slurry
during drying and/or from the swelling of the CMC during
the first pyrolysis. The microcracks could not be removed
completely by the repeated PIP cycles.

The average value of the maximum strength was 286 MPa
(standard deviation: £32 MPa). The strength of Cgpe,/Si—C—
Niawix CMC made by PIP technique has been frequently
reported to be lower than 200 MPa (125 MPa, 150-
200 MPa) due to the presence of cracks [24, 25]. The rela-
tively high strength of the CMC in the present investigation
was partly attributed to the absence of the macro-interyarn
pores by using the modified slurry infiltration technique.

The fiber-reinforced CMC showed excellent damage
tolerance. Due to their pyrocarbon coating, the carbon fiber
provided a weak bonding with the matrix [26]. Cracks
propagated predominantly along this coating (Fig. 5c¢), and
fiber pull-out (>400 um) was observed at the fracture
surface (Fig. 5d). The entire bar samples were bent during
the strength measurement, and did not show brittle fracture.
The fibers bent and bridged the fractured parts (Fig. Se).

High temperature stability

Although the deterioration of the CMC was not expected at
1350 °C in Ar due to the thermal stability of the constit-
uents, the CMC retained only 73% of the original strength
after a heating for 24 h (286 vs. 209 MPa). Accordingly,
the possible reasons for the deterioration were analyzed.

Figure 6 shows TGA data of the Si-C-N ceramics and
the Ceiper/SiCoijer/Si-C—Nmawix CMC up to 2100 °C in Ar.
The amorphous Si—-C-N ceramics have been reported to
crystallize above 1300 °C into Si3Ny, SiC, and free carbon
[27]. Consequently, the mass loss of Si—-C—N (curve a)
above 1450 °C has been attributed to the reaction of SizNy
with free carbon and the degassing of nitrogen [28]. The
reaction became less intensive above 1700 °C due to the
consumption of the reactants. At 2100 °C, the total weight
loss of the Si—-C-N was 26.5 wt%.
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Fig. 5 Cracks, flaws, and fiber
pull-out in the CMC. a arrays of
cracks observed at the polished
surface (I>) by the difference of
CTE between the fiber and the
matrix, b microcracks in the
matrix located between fiber
bundles (=), ¢ cracks propagate
through the pyrocarbon coatings
(=>: crack propagation, >:
detached coating), d fiber pull-
out (>: pulled-out fibers at
different layers) and e fiber
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Fig. 6 High temperature TGA of, (a) Si—-C-N bulk ceramics and (b)
Ciiber/SiCiner/Si—-C—-Nparix CMC
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The total weight loss of the CMC (Fig. 6b) was 10.7%.
Both SiC and carbon are thermally stable up to 2100 °C
[29]. Because the content of the Si—C-N within the CMC
was 33.2 wt%, the mass loss of the Si—C-N matrix in the
CMC was estimated to be 32.4 wt%. This value is higher
than that of the pure Si—C-N.

SiC has been used as a filler for PIP process, but the
detrimental effect of surface SiO, on the filler has been
rarely considered. The SiO, surface layer of the SiC filler
induced weight loss above 1500 °C in Ar by the reaction
with SiC according to [30];
28i0y) + SiCs) — 3SiO(q) + COyy), (1)

and/or with the carbon of the surrounding Si—~C—N matrix
and carbon fiber above 1200 °C; [31]

SiOy(5) + C(s) — SiO(y) + COyy), (2)
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SiOz(s) + 3C(S) — SiC(S) + 2C0(g). (3)

The oxygen content of the SiC powder used in the
present investigation was 0.9 wt% [14]. The value
corresponds to 1.7 wt% of SiO, and this oxide reacts and
additionally consumes 1.1 wt% of SiC by reaction (1),
0.3 wt% of carbon by reaction (2) and 1.0 wt% of carbon
by reaction (3). The mass loss of reaction (3) was partly
compensated by the formation of SiC (1.1 wt%).
Therefore, the mass loss by reaction (1), (2), and (3) is
calculated to be 2.8, 2.0, and 1.6 wt%, respectively, when
containing 0.9 wt% of oxygen in the CMC. Because the
CMC contained 38.2 wt% of the SiC filler, the total oxygen
content of the CMC and consequent mass loss by reactions
(1), (2), and (3) are estimated to be 0.3 wt% and 1.06, 0.76,
0.58 wt%, respectively.

After the heating of the CMC at 1350 °C for 24 h in Ar,
a coating which has a bright contrast was observed on the
surface of the samples by SEM (Fig. 7a). Figure 8 shows
the XRD patterns of the CMC before and after the heating.
The main peak of cristobalite (SiO,), which was not
overlapped by SiC peaks, was detected in the heated

. 1A105

Fig. 7 Morphology of the CMC. a Formation of a white coating at
the surface of the CMC. b EDS data of the white coating. ¢ Cross-
sectional morphology of surface-near area before the heating.

@ Springer

sample. EDS analysis confirmed that the coating was
mainly composed of SiO, (Fig. 7b). Only minute burn-out
of carbon fibers was observed beneath the white coating
(Fig. 8a), indicating that the SiO, was not formed by the
passive oxidation of SiC and the Si—~C-N matrix; otherwise
the carbon fibers should be heavily damaged.

The above results indicate that SiO, formed on the SiC
filler partly remained after the fabrication and induced
thermal decomposition by reaction (2) and (3) during the
heating of the CMC at high temperatures and/or prolonged
time. The oxygen partial pressure within the CMC is
believed to be low by the reaction with the free carbon
contained in the Si—C—N matrix and carbon fibers. Accord-
ingly, residual SiO, in the CMC could be presumably easily
decomposed. SiO gas thus formed was migrated to the sur-
face through the open pores and reacted with oxygen which
was supplied from the atmosphere according to [31];

2Si0(g) + Oa(g) — 2SiO0y)- (4)

The slight burn-out of the carbon fibers at the surface
areas of the specimens (depth of the area: <20 pm,

12000 -
(b) Si
10000 - ”
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S 6000
[=]
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L} 1 T X T
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Deterioration of the fibers or the matrix is not observed, and d after
the heating. (®: fiber-matrix debonding by a slight burn-out of the
fiber, >: damaged matrix, =: crack)
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Fig. 8 XRD data of the CMC (a) before, and (b) after the heating at
1350°C for 24 h in Ar. (M: cristobalite, #: graphite, and others: SiC)

Fig. 7d) indicated the presence of oxygen in Ar. The
weight loss of the CMC after the heating was 2.8 wt%.
In contrast to the dense matrix of the as-fabricated CMC
(Fig. 7c), microcracks were formed in the matrix of the
heated specimen, (Fig. 7d). The decomposition of SiO, by
reaction (2) and (3) was believed to induce the damage of
the matrix, which partly attributes to the loss of strength
during the heating of the Cgpe/SiChier/Si—C—Npanix CMC.

Figure 9a and b show fractured surfaces of the CMC
samples before and after the heating, respectively. Clear
detachment of the fibers was observed in the fractured
surface of the as-fabricated CMC. In contrast, the fibers
were adhered by a reaction product after the heating
(Fig. 9b). The pulled-out fibers within the heated CMC
were also coated with the reaction product (Fig. 9c). The
formation of whiskers was also observed in the heated
specimens. EDS data informed that the product formed at
the surface of the carbon fiber and the whiskers was SiC
(Fig. 9d).

Once SiO gas is formed by reaction (1) and (2), it reacts
with carbon in the matrix and the fiber according to [32];

SiO(g) + 2C(5) — SiCs) + COyg). (5)

The damage of the fibers is believed to be another main
reason for the deterioration of the CMC after the heating.
The attachment of SiC by reaction (5) and consequent
damage of the fiber occurred even inside the specimens,
which was evident from the pulled-out fibers (Fig. 9c).

The above discussion indicates that the main reasons for
the deterioration of the heated CMC were the weakening of
the matrix and the deterioration of carbon fibers. In both

Fiber surface

04 T T T T ) /\

50 100 0 20 250
Energy

Fig. 9 Morphology of fractured surface of the CMC before and after the heating at 1350 °C for 24 h in Ar. a before the heating, b after the
heating, ¢ over view of fiber pull-out after the heating, and d EDS data of the damaged fiber surface and the whisker
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cases, SiO, layer at the surface of the filler particles played
an important role.

Summary and conclusions

The cross-linking time for the production of the CMC was
reduced and flaw formation was suppressed by the appli-
cation of a sealed metal container. The suppression of the
vaporization of oligomers during cross-linking was
important to improve the efficiency of the PIP process.
Swelling of the CMC occurred during the first pyrolysis
due to the softening of the cross-linked precursor. Room
temperature bending strength of the CMC was 286 MPa.
The CMC retained 77% of the original strength after a
heating at 1350 °C for 24 h in Ar. The deterioration of the
CMC after the heating was attributed to the weakening of
the SiCye,/Si—C—N matrix and damage of the carbon fibers
by the decomposition of surface SiO, layer formed on SiC
filler.
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