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Properties of Silicon Carbide-Carbon Fiber Composites Prepared by
Infiltrating Porous Carbon Fiber Composites with Liguid Silicon
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Silicon carbide-carbon fiber composites have been prepared by partially infiltrating porous carbon fiber composites
with liquid mbicon at & reaction temperature of 1670°C. Reaciion between molten silicon and the fber preform
yielded silicon carbide-carbon fiber composites composed of aggregates of loosely bonded S1C crystallites of
about 10 um 1n size and preserved the appearance of a fiber. In addition, the SiC/C fiber composites had carbon
fibers coated with a dense layer consisted of SiC particles of sizes smaller than 1 um. The physical and mechanical
properties of SiC/C fiber composites were diseussed in terms of infiltrated pore volume fraction of carbon preform
neeupied by liqmd silicon at the beginning of reaction. Lawer bending strength of the S1C/C fiber composites which
had a heterogeneous structurc in nature, was attributed to the disruption of geometric configuration of the
original carbon {iber preformm and the formation of the fibrous aggregates of the loosely bonded coarse SiC particles

produced by solution-precipitation mechanism
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I. Introduction

ince reaction-bonded silicon carbide (RBSC), in which

liguid silicon reacts with solid carbon to form SiC,
was developed by P. Popper in 1960," a number of com-
mercialized EBSC products such as K-T, NC-435, or RE-
FEL are available and widely used for structural ap-
plications in high-temperature environments,” Most of
studies on RBSC have been focused on fabrication tech-
mques of carbonaceous porous preform containing 31C
powders, and effect of composition variables on the pro-
perties of dense SifS10 compogite materials.™ The raw
materials used for preparation of preform to produce Si/
SiC composites generally consists of SiC powders and ele-
mental carbon, which can be added as particles or pro-
duced in situ as carbonaceous powders by decomposition
of polymers.

Another method of consolidating Si/SiC composites, so
called SILCOMP process, utilizes carbon fiber rather
than carbon powder as a source of elemental carbon.™"
The SILCOMP process uses carbon fibers in the farm of
tow, cloth, [elt or yarn to build up complex shapes of pre-
form by any of the methods used to make fiber-rein-
forced polymer malirix composites During infiltration
with melten silicon, the capillary formed by carbon {iber
allows rapid infiltration of liquid silicon into the interior
of the preform and the individual carbon fibers convert
to aggregates of SiC particles by dissolution pre-
cipitation mechanism. The resulting Si/3iC materials pro-
duced by SILCOMP process are fully dense materials
with the SiC content varying 25~90%. It is claimed that

reaction between carhon fiher and liquid silicon forms
SiC crystals, which maintain the original filament dis-
tribution of the carbon fibers. This suggests that melt in-
filtration process has a potential for producing complex
shapes of SiC fiber composites directly from carbon fber
compogsites.

In this study based on infiltration techniques similar
to SILCOMP process, porous SiC/C fiber composites
were prepared by partial infiltration of liguid silicon into
porous carbon fiber composite preform at 1670°C. The
present work is aimed for development of a fabrication
route by exploitation of porous carbon fiber composites to
vield porous SiC fiber composites. The effects on the phy-
sical and mechanical properties of the resultant SiC/C
fiber composite materials were investigated hy varying
molar ratios of infiltrating liquid silicon and carbon pre-
farm, which consequently determined a level of direct
contact of the former with the latter. We focus our al-
tentions on the morphology of converted SiC fiber and
its effects on the strength of SiC/C fiber composites.

II. Experimental Procedure

1. Reaw materials and preparation of carbon fiber
composite preform

A carbon fiber composite preform of 20 mm in di-
ameter and 10 mm thick was fabricated from a mixture
of chopped carbon fibers and phenolic resin using a va-
cuum molding process.”” The carhon fiher (TZ-807, Tae
Kwang, Korea) has a nominal diameter of 6.3 pm and a
density of 1.80 g/cm®. The average particle size of phenol-
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Fig. 1. Micrograph of carbon preform.

ic regin (KNG-118. Kolong, Korea} was 24 uym and the
carbon yield after pyrolysis was 55 wit%. The carbon fib-
er tows were chopped to pass through a sieve screen of
40 mesh with a rotary knife cutter. The chopped fibers
were mechanically slurried in water and a phenolic resin
was added to the water-fiber mixture. The weight ratio
of phenolic resin to the carbon fiber was 4:6. The slurry
was vacuum wolded into a disc shape of 20 mm in di-
ameter and 10 mm thick. After drying of the molded
samples, carbonization of phenolic resin binder was
achieved at 850°C for 30 minutes 1n flowing N, gas.

The measured porosity and bulk density of the resul-
tant carbon fiber compasites using Archimedes' pringiple
were asbout 82% and 0.28 glem’, respectively, Fig. 1
shows a microstructure of a porous carbon preform, in
which carbon fibers are bonded with carbonized phenolic
resin particulates. The medium pore diameter of the car-
bon preform measured by mercury porosimetry was
about 43 pm, and pores were monodispersed.

2. Infiltration process and characterization

The porous carhon fiber composite preform was in-
filtrated with liguid sibeom 1n a vacuum of 13.3 Pa at
about 1670°C by induction heating and kept at that tem-
perature for one hour. The reaction temperature was cali-
brated using Ti powder. The molar amount of the silicon
powder used for a reaciion was in the range of 1-2.6
times of that of the carbon preform The amount of
Yiquid silicon required for a complete infiltration into a
parous carbon preform was estimated from Eqs. (1) and
(2) with the measured physical properties of carbon pre-
form.

8i{28 g/moly+ C{12 g/mal) — SiC (4D g/mol) 1
Ve =(W/p) %P (2

where V,, W, p and P denote the pore volume, weight,
bulk density and porosity of the carbon preform, respec-
tively. According to the Eq. (1), the amount of silicon me-

Val.3, No.4

tal required for a complete reaction with 1 g of carbon is
aboui 234 g For the complete infiltration of liguid
silicon into a pore volume of one gram of carbon preform
with a bulk density of 0.28 g/em® and a porosity of 82%,
7.2% gram of silicon metal with a density of 2.47 g/m® is
required. Therefore, the molar ratio of infilirating lguid
gilicon and carbon preform, ie., Si/C molar ratio, is
about 3: 1 to saturate the pore volume of the carbon pre-
form with a liquid silicon.

In this work the Si/C molar ratios of 1.0, 1.6, 2.2 and
2.6 were employed lo react liquid silicon with carbon pre-
cursor at reaction temperature of 1670°C for one hour.
The primary reason ta choose such a reaction tem-
peralure much higher than the one used mn a con-
ventional silicon process, ie., 1415°C, was to remove a
part of unreacted silicon from a reaction product by high
temperature evaporation in vacuum, and thereby, any
risk of fiher fracture in the reacted sample due to a 95
vol% expansion of unreacted silicon on freezing” was
reduced.

The required amount of silicon metal powders was
packed on the top nf the carbon preform contained in a
graphite crucible. The diamster of the preform was just
fit into the crucible so that all the liqud silicon in the
cructhle was nfiltrated into the pore of carbon preform.
The ratio of the caleulated pore volume of carbon pre-
form occupled by liquid silieon at the beginning of reac-
tion and that of carhen preform before infiltration is de-
fined as infiltrated pore volume fraction (IPVF) in this
work. For the S51/C molar ratios of 1.0, 16, 2.2 and 2.6,
calculated values of IPVFs are 32, 52, 71 and 84%,
respectively All the properties of the resultant SiC/C fib-
er composites reported in this work were measured after
elimination of residual i phase from the reacted sample
by boiling in 10% NaOH. The strength of the SiC/C fiber
composites was compared hy the three-point hending
test for the 6 mmx6 mmx17 mm specimens with a
span length of 11 mm. The reason chosen the IPVF as a
major variable 1n this paper 1s that the value of IPVF
directly shows a level of physical contact of liquid silicon
with a carbom fiber preform, which is necessary for the
description of properties of SiC/C fiber compnsites with a
heterogeneous structure as described below.

III. Results and Discussion

1. Density and porosity

Fig. 2 shows the variations in apparent density (A)
and bulk density (B) and porosity (C) of SiC/C fiber com-
posites with infiltrated pore volume fraction The ap-
parent density and bulk density, and porosity of carbon
preform before reaction, i.e., at 0% IPVF, were 1.56 g/em®,
0.28 glem’ and 82%, respectively. At 71% TPVF, both of
the apparent density and bulk density of 3iC/C fiber com-
posites increased te 2.86 giem® and 0.96 g/em®, respec-
tively, while the porosity decreased to 66%. It can be not-
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Fig. 2. Elfect of infiitrated pore volume fraction on pro-
perties of 3iC/C (iber composites. (A) apparent density, (B)
bulk density and (C) porosily.

ed that the SiC/C fiber composites prepared with 84%
IPVF show higher apparent density (2.93 glem® and
porosity (68%), and a lower bulk density (0.94 g/em®

than those (2.86 glem’, 66%, 0.96 glem’, respectively) of

the composites prepared with 71% IPVF. Thiz results
suggest that the strueture of SiC/C composites prepared
with 54% IPVF expands more than the one with 71%
IPVF. The structural expansion of SiCY/C fiher com-
posites seems to occur because of either volume ex-
pansion caused by the freezing of unreacted gilicon re-
mained in the pore of the composites upon ceoling to
room temperature, or conversion of original earbon fiher
to 51C/C fiber.,

The weight fractions of SiC in the resultant SiC/C
fiber composites are calculated and shown in Fig. S(A),
assuming that the apparent density shown in Fig. 2(A)
is equal to the theoretical density. If the density of mul-
tiphase materals follows the rule of mixtures, density of
the composites consisted of 8iC and carbon fiber can be
written as p=puc po/Kec petie Psc) where X is the
weight fraction of SiC or carbon fiber, SiC and C refer to
the SiC reaction product and carbon fiber reactant, Xgo+

Infiltrated pore volume
fractian {%)
Fig. 3. Eifect of infiltrated pore voluem fraction on pro-

perties of SiC/C fiher composites. (&) SiC yield, (B) bending
strength and (C) median pare diameter.

Xe=1, and p is the assumed theoretical density of SiC
grain or carbon fiber, pge=3.20 giem® and pe=1.80 giem®,
respectively. As the infiltrated pore volume fraction in-
creases from 32% to 84%, the measured weight fraction
of 8iC i SiC/C fiber composites increases from 68% to
91% as shown in Fig. 3(A). If the formation of SiC oceurs
enly in the pore region of carbon preform occupied by
liguid silicon, it can be shown that 61% and 94% are the
weight fractions of SiC in SiC/C fiber composites pro-
duced with IPVFs of 32% and 8§4%, respectively.

2. Pore size distributions

Mercury porosumetry were performed on the earbon
preform and SiC/C fiber composites to acquire mi-
crostructural information. Shown in Fig. 3(C) are the
variations in median pore size of SiC/C fiher composites
plotted as a function of weight fraction of SiC yielded in
the reacted samples. As the weight fraction of SiC in-
creages from 0% to 73%, the median pore diameter de-
creases from 43 um to 29 um. The reduction of the medi-
an pore size with increasing SiC fraction can be ex-
plained in terms of the molar volume of reactants and
products. The molar volumes of the carbon fiber, liquid
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silicon and silicon carbide grain are 6.7 ml, 11.3 mL and
12.5 mL, respectively. The volume accupied by the car-
ban fibers bhecomes double as the carben fiber iz con-
verted to SiC. The volume increase results in the reduc-
tion of the median pore size of 5iC/C fiber composites as
the weight fraction of SiC increases. However, the medi-
an pore size of the SiC/C fiber composite sample of 89
wt% 3iC is larger than that of 73 wt% SiC. Therefore, it
can be concluded that for the SiC/C fiber composite of 89
wt% SiC, an increase in the pore size caused by volume
expansion of unreacted silicon remained in pores om
freezing is larger than a reduction im the pore size caus-
ed by molar volume increase resulted from conversion of
carbon to SiC.

3.8 Strength and morphology

Figure. 3(B) shows the bending strength of SiC/C fiber
composite samples as a function of infiltrated pore
volume fraction. The number of sample in each data was
six. The strength of the samples varied from 2.6 MPa to
8.3 MPa. The highest strength was found for the sample
prepared from a preform with 52% IPVF. Because of the
scatter in the strength data, only a qualitative inter-
pretation would be meaningful as described below. In
literature on the mechanical behavior of porous fiber ma-
terials with homogeneous structure,”* the general trend
of an Increasing strength (i.e., from 0.52 MPa to 1.12
MPa) with increasing bulk density (Le., from (.19 g/em’
10 0.25 glem® is found, although strength data shown in
the literature are much scattered. However, the strength
of composite samples prepared in this study does not
seem to depend on the bulk density of composite as
shown in Figs. 2(A) and 3(B).

The strength results shown in Fig. 3(B) were evalu-
ated by chservation of SiC/C fiber composite with a scan-
ning electron microscope (SEM). Microstructures of the
samples with two different IPVFs, 71% and 52%, are
shown in Figs. 4 and 5, respectively. SEM observation re-

o
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Fig. 4. Micrograph of SiC/C fiber composites obtained with
71% IPVF showing extensive clustering of SiC particles.
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vealed some differences in microstructure between these
two samples. Though the sample shown in Fig. 4 retains
a porous structure of the original carbon preform as det-
ermined by mercury porosimetry (Fig. 3(A)), much
amount of its original fibrous structure shown in Fig. 1
seems to be lost due Lo the extensive clustering of coar-
sened and agglomerated SiC particles as shown in Fig. 4.
On the other hand, the SiC/C fiber composite sample pre-
pared with 52% IPVF (Figs. 5(A), (B) and (C) shows a
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Fig. 5. Micrograph of SiC/C fiber composites obtained with
52% TPVF: (A) aggregated fibrous SiC/C composites, (B)
chains «f loosely bonded SiC particles of aboul 10 pm in size
and (C) carbon fiber coated with fine SiC crystallites of sizes
smaller than 1 yum.
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structure of relatively less clustered 8iC particles and re-
taing more of its origimal fibrous structure of the carbon
fiber preform than the one prepared with 71% IPVF (Fig.
4). The fibrous SiC fibers shown in Fig. 5(B) resemble
the chains of 8iC grains and conmst of an aggregate of
loosely bonded SiC crystallites as large as 10 pm. From
the studies of the microstructure of SILCOMP, it has
been deduced that the reaction between melten silicom
and carbon fiber occurs al the fiber-liquid interface or
the converted SiC solid-liquid interface, and disselution
or precipitation of the converted solid-liquid interface."
Microstructures of the SiC particles similar to the one
shown in Fig. 5(B) can be found in the work of Hillig et
al.”" who had studied a fully dense Si/SiC ceramic com-
posite using carbon tows. They showed carbon fibers
directly contacted with molten silicon converted to coar-
gened SiC crystallites of sizes in the range of 1 to 50 pm,

Meanwhile, the SiC/C fiber compogite sample prepared
with 52% TPVF (Fig. 5(C)) reveals carbon fibers coated
with a dense layer consisted of fine SiC crystallites of
sizes smaller than 1 um . These fine SiC layers must be
formed hy reaction of carbon fiber with silicon vagpor,
and responsible for an increase in the strength of SiC/C
finer composite made of partial infiltration of lquid sil-
icon into carbon preform. Therefore, we may conclude
that the structure of the SiC/C fiber composites has a
heterogeneocus nature due to the reaction condition in
this study. It is also considered that formation of SiC
crystallites grown by dissolution-precipitation rmechan-
ism may disrupt geometric configuration of the original
carbon fiber preform, which may weaken the structure
and led to a decrease in the strength of the SiC/C fiber
composites,

IV. Summary and Conclusions

Silicon carbide-carbon fiber composites were prepared
by partial infiltration of perous carbon fiber preforms
with Lquid silicon. Experiments were performed to
characterize the role of SiC crystallites formed from the
converted carbon fiber on the mechanical properties of
SiC/C fiber composites. FExperimental results were in-
terpreted in terms of the infiltrated pore volume fraction
of carbon preform by liquid silicon, which directly charac-
terized the reaction condition between carbon preform
and molten silicon. An increase in the pore size caused
by volume expansion of unreacted silicon remained in
pores on freezing and a veduction in the pore size eaused
by molar volume increase resulted from conversion of car-
bon to SiC cceurred simultaneously in SiC/C fiber com-
posite. The mechanical strength of SiC/C fiber com-
posites was not simply depended on the SiC fraction or
bulk density of reaction product. The S¥/C molar ratic
that wag required to preduce SiC/C fiber composites of
the maximum strength and bulk density, and the min-
imum porogity was 1.6, which corresponded to the 52%
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infiltrated pore volume fraction of carbon precursor. It
was found that lower strength of SiC/C fiber composites
resulted from disruption of geometric confipuration of
the original carbon fiber preform and formation of fi-
brous aggregates of loosely bonded coarse SiC particles
as large as 10 pm grown by dissolution-precipitation
mechanism. During reaction between carbon preform
and liquid silicon, silicon vapor was produced and react-
ed with carbon fiher to preduce fine crystallites of sizes
smaller than 1 pwm, which increased the strength of the
BiC/C fiber composites. Therefore, the difficulty in ob-
taining 100% SiC fiber structure of fine SiC crystallites
and geometric configuration of the original carbon fiber
preform hinders application of melt infiltration process
to carbon fiber preform to produce SiC fibrous material
for a structural use.
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