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bstract

xidation kinetics of carbon short fibre reinforced C/SiC composites was measured by a thermobalance. The oxidation along the carbon fibre
undles and their contacts was identified as the dominating mechanism. To improve oxidation resistance, oxidation barriers in the junctions between

he fibre bundles have to be established. Therefore, the infiltration of the carbon prepregs by molten silicon, which is essential for the formation of

icrostructure during the production of the composites, was investigated. The infiltration was monitored in situ using a thermooptical measuring
evice (TOM). Infiltration kinetics was controlled by SiC formation at a temperature below 1500 ◦C and by capillary flow at a temperature of
700 ◦C.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

C/SiC composites have an excellent fracture toughness. For
uture applications composites are required which have long-
erm oxidation resistance at high temperatures and can simul-
aneously withstand high mechanical loads. No carbon fibre
einforced ceramics exist until now which possess long-term
xidation resistance without an external oxidation barrier at tem-
eratures higher than 500 ◦C.1–6 Future applications like brake
isks for heavy vehicles, e.g. trucks and trains, require exactly
his property because it is not possible to protect the friction sur-
ace with an oxidation protecting coating. For lighter vehicles
ike passenger cars, brake disks made of carbon fibre reinforced
iC ceramics are already produced.7,8 They last for more than
00,000 km which is above the life time of most passenger cars.
s usual the C/SiC ceramics are produced from porous preforms
f carbon fibres which are bound by low-density carbon. These
/C preforms are infiltrated by liquid silicon (LSI9,10) which

eacts with the low-density carbon to form SiC. The advantage
f the novel C/SiC ceramic is the use of short fibres bundles
nstead of the conventionally used long fibres.11 Short fibres

llow the development of an inner oxidation protection. In this
ase only the short fibre bundles which have direct contact to
he surface of the brake disks oxidise, whereas the inner short
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bres are protected by the matrix. The short fibre bundles are
roduced from long carbon fibres by adding resins as binder,
yrolysis giving the low-density carbon binder and chopping of
he filaments.

One problem preventing such an inner oxidation protection
n C/SiC ceramics could be the network of microcracks which
esults from the mismatch of thermal expansion between the
arbon fibre bundles and the SiC matrix during cooling after
he LSI process.9 Microcracks between the short fibre bundles
pen diffusion paths for oxygen to the inner bundles. Further
iffusion paths could be junctions between the short fibre bun-
les. The paper presents results from a joint project which aims
t a better understanding of the relation between processing,
icrostructure and oxidation behaviour by using in situ mea-

uring methods for monitoring infiltration and oxidation of the
/SiC composites.

. Experimental

Most experiments were performed using cube shaped C/SiC
r C/C samples with an edge length of 30 mm. These samples
ere prepared from large compacts by sawing, grinding and
olishing with a diamond saw, diamond paper and diamond sus-
ension, respectively. In this way for the C/SiC samples short

bre bundles were cut off at the surface of the cubes and only

nner bundles were protected by the matrix. The composition of
tandard C/SiC samples was 30 wt% carbon, 60 wt% SiC and
0 wt% Si. The liquid silicon infiltration into the C/C samples

mailto:raether@isc.fraunhofer.de
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.019
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mation was not so fast that infiltration was slowed down by the
narrowing of pore channels.

Fig. 2 shows the weight loss during oxidation of carbon short
fibre bundles and of C/SiC samples at different temperatures.
218 F. Raether et al. / Journal of the Europ

nd the oxidation of the C/SiC samples were investigated using
n-house built thermooptical measuring devices: TOM. These
evices enable a simultaneous in situ measurement of changes
f sample shape, mass and heat transfer during heat treatments
n various atmospheres.12

Liquid silicon was infiltrated in vacuum after melting the Si
n a carbon crucible within a graphite furnace. The C/C sample
as preheated to the same temperature in the same furnace by

uspending it some centimetres above the silicon melt. Then the
/C sample was lowered until it had contact to three porous car-
on stilts which were placed within the melt. There was no direct
ontact between the C/C sample and the melt and the infiltration
ccurred only via the carbon stilts. The infiltration frontier was
easured by an optical dimension measuring system. Different

missivities of Si and C during the infiltration provided a suf-
cient optical contrast to measure the vertical position of the
orderline between the infiltrated and not infiltrated region of
he sample. Accuracy of position measurement was ±1 mm.

Weight changes during corrosion of the C/SiC cubes were
easured at constant temperatures between 500 ◦C and 1300 ◦C

n ambient air in a MoSi2 resistance heated furnace. The samples
ere suspended from a commercial balance above the furnace.
drift of the balance was eliminated by carefully stabilising its

emperature. Accuracy of weight measurement was 0.02%. The
/SiC samples were heated with a heating rate of 5 ◦C/min to the
olding temperature. (Due to oxidation during the heating period
weight loss up to 4% occurred before the isothermal measure-
ents were started.) Also single short fibre bundles were investi-

ated using customary thermogravimetry (SETARAM TAG 24).
hose fibre bundles had a length of 10 mm, a width of 2 mm and a
eight of 0.8 mm. They were measured at constant temperatures
n synthetic air (flow rate 1 l/h). The microstructure investiga-
ion was performed with a scanning electron microscope LEO
450VP.

. Results and discussion

Fig. 1 shows the infiltration of the liquid silicon into the
orous C/C preform at 1485 ◦C and 1700 ◦C. (The melting point

◦
f silicon is at 1420 C.) Whereas infiltration depth was propor-
ional to infiltration time at 1485 ◦C, it was proportional to the
quare root of the infiltration time at 1700 ◦C (compare solid
ines in Fig. 1).

ig. 1. Silicon infiltration depth at 1485 ◦C and 1700 ◦C (open symbols) showing
quare root and linear dependence, respectively (solid lines).
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The infiltration of porous bodies is described by the well
nown Washburn equation13:

2 =
(

γ · cosΘ

2 · η

)
· r · t, (1)

here x: infiltration depth, r: pore radius, t: infiltration time, η:
iscosity, γ: surface tension and Θ: contact angle. The term in
rackets is the so-called penetration coefficient. Comparing the
nfiltration curves in Fig. 1 the infiltration at 1700 ◦C is about
2 times faster than at 1485 ◦C. Because the porosity and the
verage radius of the pores of the C/C preform were the same
n both experiments, the difference in the infiltration rate can
olely result from the different penetration coefficients. The vis-
osity of molten silicon decreases only by a factor of 1.3 between
485 ◦C and 1700 ◦C14 and cannot explain the higher infiltra-
ion rate at 1700 ◦C. The changes of surface tension and contact
ngle also cannot explain it: surface tension decreases between
485 ◦C and 1650 ◦C by about 10%15,16 and the contact angle
sually decreases slowly with temperature, too. The solubility
f carbon in silicon increases from 0.01 atom% to 0.08 atom%
etween 1485 ◦C and 1700 ◦C17 but this does not change the
ontact angle.18

However, silicon reacts with carbon during infiltration and
orms solid SiC. This drastically improves wetting behaviour15

ehind the infiltration front. Considering the experimental
esults (Fig. 1) it was concluded that infiltration kinetics at
485 ◦C was controlled by the formation of SiC, whereas at
700 ◦C SiC formation was much faster and infiltration kinetics
as controlled by the Washburn equation. Apparently SiC for-
ig. 2. Dependence of the weight loss of carbon on the oxidation time at different
emperatures: (a) carbon short fibre bundles and (b) carbon in the C/SiC samples.
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direction. On the other hand, due to the anisotropy of fibre orien-
tation, oxidation via the fibre bundles and its contacts required a
longer zigzag-path parallel to the pressing direction than perpen-
ig. 3. Oxidation rates of the carbon short fibre reinforced SiC ceramic and
f single carbon short fibre bundles: measured values (symbols) and Arrhenius
urves (dotted lines).

ata were scaled by the initial carbon mass M0 of the sam-
les. A strong increase of weight loss with temperature was
bserved. Whereas a linear weight loss was measured for the
ingle fibre bundles (Fig. 2a), the weight loss rate of C/SiC sam-
les decreased at longer oxidation times and at temperatures
bove 700 ◦C (Fig. 2b). This was attributed to the protection of
he carbon fibre bundles by the matrix in the C/SiC samples: after
xidation of the exposed bundles at the cube’s surface, further
xidation required diffusion of oxygen to the reaction front and
ransfer of the arising CO or CO2 to the outside of the sample.
his slowed down oxidation when the reaction rate at the car-
on interface was high – at high temperatures – and the diffusion
ath was long—after prolonged oxidation.

An initial oxidation rate was determined by calculating the
verage slope of the curves in Fig. 2 between 5 mass% and
0 mass% loss. It was scaled with the initial carbon surface of
he respective samples. Fig. 3 shows these oxidation rates in an
rrhenius type diagram. There were two temperature regimes

bove and below 730 ◦C which had constant activation energy
or both types of samples: carbon fibre bundles and C/SiC.
he activation energies were 5 kJ/mol for C/SiC and 10 kJ/mol

or carbon fibre bundles in the high temperature regime and
4 kJ/mol (C/SiC) and 164 kJ/mol (carbon fibre bundles) in the
ow temperature regime, respectively. Two different activation
nergies for the oxidation of carbon were already identified and
ere attributed to a reaction kinetics which is controlled by the

nterface reaction of oxygen with carbon in the low temperature
egime and the diffusion of oxygen to the interface in the high
emperature regime.19–23

The smaller oxidation rates of the carbon fibre bundles com-
ared to the C/SiC samples (Fig. 3) were in disagreement to the
rotecting effect of the C/SiC matrix. An explanation of this phe-
omenon was obtained by investigating partially oxidised C/SiC
amples in the SEM (Fig. 4). It can be seen that the carbon fibres
tick out of the low-density carbon matrix, i.e. their oxidation
as much slower than the oxidation of the carbon matrix. This

ed to a steep increase of the exposed carbon surface during
xidation. Since the initial specific surface of the C/SiC sam-

les was much smaller than that of the single fibre bundles the
elative increase of surface due to the preferential oxidation of
he carbon matrix was much larger resulting in seemingly larger
xidation rates. Therefore, the slope of the oxidation rates of

F
c

ig. 4. SEM image of a carbon short fibre bundle in a partially oxidised C/SiC
ample (the surface was exposed to oxygen).

he C/SiC samples in the Arrhenius diagram (Fig. 3) reflects
mixture of the activation energy of the local oxidation reac-

ions and geometric changes. The differences between the two
ample types decreased at higher temperatures (Fig. 3) which
s consistent with the SEM observations showing smoother sur-
aces within the fibre bundles at higher oxidation temperatures
ue to enhanced oxidation of the carbon fibres.

The effect of the matrix was investigated in more detail by
xidising C/SiC cubes which were coated with an oxidation
rotective layer at five of its six side faces. Fig. 5 shows the
omparison between the oxidation of a cube where the uncoated
ace was parallel to the pressing direction of the C/C preform
nd a cube where it was perpendicular (measured at 900 ◦C).
he oxidation rate perpendicular to the pressing direction was

wice as much as the rate parallel to the pressing direction. This
as explained by a preferred orientation of the fibre bundles
erpendicular to the pressing direction (Fig. 6).

The orientation of the microcracks in the C/SiC samples
not visible in Fig. 6) was perpendicular to the fibre bundles,
.e. mainly parallel to the pressing direction. The reason is the
ell known anisotropic stress caused by mismatch of thermal

xpansion between fibre bundles and matrix during cooling of
he samples after the LSI process. Therefore, oxidation via the

icrocracks would have led to a preferred oxidation in pressing
ig. 5. Dependence of the weight loss on the oxidation time of a C/SiC sample
orroded parallel and perpendicular to the bundle orientation, respectively.
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Fig. 6. Back scattered electron SEM image of a polished section of a C/SiC
sample (black: carbon; grey: SiC; white: Si).
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2005, 16, 354–362.
ig. 7. Oxidation of C/SiC samples with different total carbon contents: (a)
0 wt%; (b) 20 wt%; (c) 10 wt%.

icular to it. Therefore, it was concluded that oxidation via the
ontacts between the fibre bundles was the dominating mecha-
ism.

Fig. 7 shows the oxidation behaviour of differently processed
/SiC samples resulting in varying carbon concentrations. The
ontacts between the carbon fibre bundles were strongly reduced
y decreasing their fraction from the standard sample with
0 wt% carbon to the sample with 20 wt% and 10 wt% carbon. A
ignificant reduction of oxidation rate was observed by this pro-
edure which cannot be explained by the reduced percolation of
he fibre bundles due to their decreasing volume fraction alone.
ote that the data were scaled by the initial carbon content M0.

. Conclusions

For the first time liquid silicon infiltration into a C/C preform
as been investigated in situ. The results show a change of the
nfiltration mechanism from a linear time dependence to a square
oot time dependence by increasing the infiltration temperature
rom 1485 ◦C to 1700 ◦C. It was also the first time that the oxida-

ion behaviour of a carbon short fibre reinforced SiC composite
as investigated. The composite oxidises along the short fibre
undles and their contacts. The effect of the microcracks on the
xidation behaviour is negligible. Further development aims at

1

1

eramic Society 27 (2007) 1217–1221

ncreasing the carbon short fibre bundle content simultaneously
o the reduction of bundle contacts.
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