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Abstract

A pulsed laser was used to investigate the ablation behavior and mechanism of C/SiC composite. The results indicated that linear

ablation rate of the composite increased with increasing laser power densities and decreased with prolonged ablation time. Three

ablation regions were identified on the ablated surface. The ablation center exhibited a needle-like structure with taper-ended carbon

fibers standing on the ablation surface filled with some nano-structure carbon sheet. Many spheric SiC particles were deposited in the

transitional zone. The ablation edge region was covered by a SiO2 layer. Furthermore, the ablation mechanisms of different regions were

proposed.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ablation is an erosive phenomenon with a removal of
material by a combination of thermo-mechanical, thermo-
chemical, and thermo-physical factors from high tempera-
ture, pressure and velocity of combustion flame [1].
Materials with outstanding thermo-mechanical and thermo-
chemical properties are required for future engine compo-
nents, in particular combustion chambers and expansion
nozzles which are subjected to high thermal loads [2]. SiC
ceramic matrix composite reinforced by continuous carbon
fibers (C/SiC) is one of the most promising candidate
materials for high-temperature components due to its
unique properties such as low density, low coefficient of
thermal expansion, high specific strength/modulus and
excellent resistance to ablation [3–5]. Ablation resistance
is one of the most important properties in evaluating the
usability of the C/SiC composite. Great efforts should be
devoted to the investigation on the microstructure evolu-
tion during ablation and the ablation mechanism of the
C/SiC composite before its practical application in the
ablation environment. The main experimental methods for
ablation process are oxyacetylene flame ablation, plasma
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arc ablation and kerosene-liquid oxygen flame ablation
[6–9]. During the past years, numerous work has been
made on the ablation-resistant properties of the C/SiC
composite by these experimental methods and great
achievements have been made [10–12]. Recently, the laser
beam has been used to evaluate the ablation-resistant
properties of materials [13–16], which provide us more
knowledge about the usability of materials and developing
protection against laser irradiation. However, no reports
are available on the laser ablation behavior of the C/SiC
composite so far. In present work, an impulse laser beam
was used to evaluate the ablation resistance of the C/SiC
composite and the laser ablation behavior and ablation
mechanism of the composite were investigated.
2. Experimental

2.1. Materials

The C/SiC composite used in the experiment was
fabricated using a polymer infiltration and pyrolysis
(PIP) method by Key Laboratory of Advanced Ceramic
Fibers and Composites (National University of Defense
Technology, Changsha, China). Three-dimensional braided
carbon fiber preform was used as the reinforcement. Fiber
volume fraction in x, y and z directions of the preforms were
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8:1:1. Polycarbosilane (PCS), the precursor of SiC matrix,
was synthesized in the laboratory. Divinylbenzene (DVB)
was used as solvent and cross-linking reagent for PCS. The
carbon fiber preforms were firstly infiltrated with PCS/DVB
solution in vacuum at room temperature and the preforms
filled with PCS/DVB solution were then cured at about
150 1C. Finally, in an inert atmosphere, the cured preforms
were pyrolyzed at 1200 1C to form the SiC matrix. In order
to densify the composites, the other several infiltration-cure–
pyrolysis cycles were repeated. The details of the polymer
infiltration and pyrolysis method were described elsewhere
[17].
2.2. Ablation tests

The ablation properties of the C/SiC composite were tested
by a pulsed laser in the air. The laser ablation equipment is a
Nd: YAG pulsed laser (wave length 1.064 mm) with the
following parameters: frequency 20 Hz, pulse width 1 ms,
laser spot diameter about 1.5 mm. The laser power densities
of 150, 500, 1000 and 1500 W/cm2 were selected to test the
composite’s ablation properties. During the ablation testing,
the C/SiC composite was located in a test chamber and was
then vertically irradiated by the pulsed laser. Three samples
were examined in each ablation testing. The ablation depth of
C/SiC composite was given by the thickness change before
and after the ablation testing, which was measured by a
microscope. The linear ablation rate of the C/SiC composite
Fig. 1. XRD patterns of the C/SiC composite.

Fig. 2. Cross-section micrographs of the
was calculated by the eroded depth at the ablation center
dividing the ablation time.

2.3. Characterization

The morphologies of the samples were observed by a
Hitachi-S4800 scanning electron microscope (SEM). The
chemical composition was examined by an energy disper-
sive spectroscopy (EDS). The phases were identified by
X-ray diffraction (XRD, Rigaku D/Max 2550VB-) using a
Ni-filtered Cu Ka radiation at a scanning rate of 51/min
and scanning from 101 to 801 of 2y.

3. Results and discussion

3.1. Microstructure and composition of the C/SiC

composite

Fig. 1 shows the XRD diffraction result of the C/SiC
composite. It is indicated that the composite is composed
of carbon and SiC phases. The cross-section micrographs
of the C/SiC composite are shown in Fig. 2. As can be
seen, the composite is generally dense with two kinds of
pores. One is small distributing in the intra-fiber bundles
and the other is larger locating in the inter-fiber bundles.
The pores in the C/SiC composite can be attributed to the
PIP process. The SiC matrix in the composite is derived
from the pyrolysis of polycarbosilane. A lot of small mole-
cule gases are formed during the pyrolysis of the poly-
carbosilane. Thus, the pores are inevitable in the C/SiC
composite prepared by the PIP process even though several
repeated cycles were used to densify the composite. Apart
from these pores in the composite, both the regions in the
intra-fiber bundles and in the inter-fiber bundles are
completely filled by the pyrolytic SiC.

3.2. Laser ablation behavior and mechanism of the C/SiC

composite

Fig. 3 shows the linear ablation rate of the C/SiC
composite versus the laser power densities. It is indicated
that the linear ablation rate of the composite increases with
increasing laser power densities. During the ablation process,
the laser energy is absorbed by the composite with an
C/SiC composite (a) � 50 (b) � 350.
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absorption coefficient, a heat conduction width and a heat
penetration depth [18]. Along the heat penetration depth and
conduction width, the conduction laser energy respectively
decreases progressively from their input value, which in turn
can affect the corresponding temperature distribution. The
higher the laser power density is, the greater the heat
Fig. 3. Linear ablation rates of the C/SiC composite versus the laser

power densities.

Fig. 4. The ablated surface morphologies of C/SiC composite at 1000 W/cm2

morphologies of the ablation center; (d) and (e) large magnification morpholog
penetration depth is. Therefore, the linear ablation rate
increases with increasing the laser power densities.
Fig. 4 shows the ablated surface morphologies of the

C/SiC composite at 1000 W/cm2 for 20 s. Three ablated
regions can be distinguished on the ablated surface of the
composite: region I ablation center with a deep pit, region
II transitional zone with a lot of spheric particles and
region III ablation edge covered by a white glassy layer
(Fig. 4(a) and (b)). The detailed SEM observation of
region I (Fig. 4(c) and (d)) shows that the ablation center
exhibits a needle-like structure. Carbon fibers with taper
ends stand on the ablation surface filled with some nano-
structure sheet. EDS analysis (Fig. 5) was carried out to
determine the composition of the nano-structure sheet and
the three ablated regions. The results show that the nano-
structure sheet is composed of carbon, which indicates that
it is the nano carbon sheet. The spheric particles in the
transitional zone are SiC phase with a composition of
silicon and carbon owning the atom proportion of
54.47:45.53. The white layer in the region III ablation
edge is SiO2 composed of silicon and oxygen with the atom
proportion of 33.58:66.42.
During the ablation testing, the center region was

instantly heated to a very high temperature, which was
for 20 s (a) and (b) three ablated regions on the ablated surface; (c) macro

ies of the ablation center; (f) large magnification of the marked area in (e).



Fig. 5. EDS analysis of C/SiC composite surface after laser ablation at 1000 W/cm2 for 20 s (point 1, nano carbon sheet; point 2, region II transitional

zone; point 3, region III ablation edge).
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estimated approximately higher than 3500 1C due to the
large amount of ablated carbon fibers in the ablated center
region. The SiC matrix reaches its decomposition and
sublimation temperatures to form a hot mixture of gases
and vapors due to its low thermally stable temperature
[19]. The carbon fibers also get to its sublimation tempera-
ture to form a carbon vapor. The possible reactions in the
ablation center region are as follows:

SiC (s)-Si (g)þC (g) (1)

SiC (s)-SiC (g) (2)

C (s)-C (g) (3)

SiC (s)þO2 (g)-SiO2 (g)þCO (g) (4)

SiC (s)þO2 (g)-SiO (g)þCO (g) (5)

C (s)þO2 (g)-CO2 (g) (6)

C (s)þO2 (g)-CO (g) (7)

The ablation testing was performed in the air and the
carbon fibers and SiC matrix can be oxidized to form CO,
CO2, SiO and SiO2 due to the reaction with oxygen according
to Eq. (4–7) in the air. However, SiO, CO and CO2 are gases
and SiO2 with the boiling point of 2230 1C [11] immediately
gasified, which results in a positive pressure atmosphere on
the ablation surface. The oxygen in the air on the ablation
surface can be instantly exhausted and the oxygen in the
outside air cannot diffuse into the atmosphere on the
ablation surface due to the positive pressure kept by the
gasses and vapors produced according to Eqs. (1–7). The
oxidation of the carbon fibers and SiC just occurred at the
very beginning and therefore, it was ignored, which would
not affect the reasonability of our analysis. Exposed in the
laser, the center area of the composite has the highest
temperature [20] and it was severely ablated. The carbon
fibers are thermally more stable than the SiC matrix and
therefore, carbon fibers with taper ends protrude on the
ablation surface without the SiC matrix (Fig. 4(c)).
In the ablated center region, the heat produced by the

laser penetrates into the C/SiC composite along the
direction of the laser beam. With the heat penetration
depth increasing, the temperature at the region decreases.
The ablation of carbon fibers is gradually alleviated and
finally avoided along the heat penetration direction. Thus,
the carbon fibers on the ablated surface show a needled-
like structure with taper ends. Though the ablation of the
carbon fibers is alleviative and avoidable along the heat
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penetration direction, the temperature is still high enough
to result in the decomposition of SiC matrix and therefore,
lots of grooves without SiC matrix are formed among the
carbon fibers which are lower than the carbon fibers’ taper
ends. With the further depth increasing, the temperature in
the grooves decreases. At a certain depth, the temperature
becomes relatively low, at which the decomposition of SiC
matrix is in a critical station. The decomposition of SiC
according to Eq. (1) and sublimation of carbon fibers
according to Eq. (3) during ablation lead to a carbon rich
atmosphere on the ablation surface. In the grooves among
carbon fibers, the SiC matrix decomposes while the
temperature is not high enough for the sublimation of
carbon fibers. Some nano carbon sheet deposits at the
bottom of the grooves in the carbon rich atmosphere
(Fig. 4(c, d)), which is deemed as the similar situation for
the preparation of carbon nano tubes by laser ablation
method [21,22]. The morphologies of the nano carbon
sheet are more clearly seen in Fig. 6. The thickness of nano
carbon sheet is less than 100 nm and most of its normal
direction is vertical to the carbon fibers’ axial direction.

At the transitional zone of the ablation surface, the
conducted heat and the corresponding heat penetration
depth are much lower than those at the ablation center. It
is not high enough to induce the decomposition, vapour-
ization and sublimation of the SiC matrix. The mixed gases
of C, Si and SiC escaped from the ablation center are
cooled down and SiC grains re-nucleate and grow to
spherical particles (see Fig. 4(b)). Though the temperature
Fig. 6. Morphologies of t

Fig. 7. Ablated surface morphologies of the C/SiC composite at 1500 W fo

deposited at the transitional zone.
at the transitional zone is lower than the ablation center, it
is believed to be high enough to lead to the volatilization of
SiO2. Thus, no SiO2 was found at the transitional zone. At
region III ablation edge, the heat is only conducted form
the ablation center and the temperature is the lowest. The
C/SiC composite is just oxidized and SiO2 resulted from
the oxidation of SiC matrix cannot be volatilized. The
as-irradiated region is covered by a white glassy SiO2 layer
(Fig. 4(a)). The electrical conductivity of SiO2 is not very
well. Thus, the layer shows a white fuzzy pattern under the
scanning electron microscope. The three ablated regions
can be more clearly seen on the surface morphologies of
the C/SiC composite ablated at 1500 W/cm2 (Fig. 7).
Because of the higher laser power density, the composite
was ablated more severely. More mixed gases escaped from
the ablation center and therefore, more spherical SiC
particles deposited on the transitional zone (Fig. 7(b)).
Fig. 8 shows the surface morphologies of the C/SiC

composite ablated at 150 W/cm2 for 20 s. As can be seen,
only a little amount of carbon fibers in the center region was
ablated. Most of carbon fibers remain their original shape,
which can be contributed to the low temperature heated by
the low laser power density. Nevertheless, the SiC matrix
among the carbon fibers decomposed and the nano carbon
sheet was formed (the same situation on the surface of the
composite ablated at 1000 W/cm2 and 1500 W/cm2), which
indicated that the temperature on the composite surface
ablated at 150 W/cm2 is high enough to induce the decom-
position of SiC matrix. However, that temperature is not
he nano carbon sheet.

r 20 s (a) three ablated regions on the ablated surface; (b) SiC particles



Fig. 8. Ablated surface morphologies of the C/SiC composite at 150 W/cm2 for 20 s (a) three ablated regions on the ablated surface; (b) and (c) the

ablation center; (d) large magnification of the marked area in (c).

Fig. 9. Linear ablation rates of the C/SiC composite versus the ablation

time at 1000 W/cm2.
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sufficient to lead to the sublimation of the carbon fibers. The
ablated surface mainly shows the ablation of SiC matrix.

Fig. 9 shows the linear ablation rates of the C/SiC
composite versus the ablation time at 1000 W/cm2. It is
indicated that the linear ablation rate of the C/SiC
composite decreases with prolonged ablation time. The
reasons can be concluded in two aspects. For the one hand,
the ablation depth increases with the extension of ablation
time, which enlarges the distance from the ablated sur-
face to the laser focus. The temperature heated by the laser
beam decreases with the distance increasing from the
irradiated surface of sample to the laser focus [23].
Actually, the temperature on the ablated surface decreases
with the delay of ablation time because of the deviation of
the laser’s focus [24]. For the other, a positive pressure
mixed gas is formed during ablation process, which not
only scatters the laser but also entrain a lot of heat on the
ablation surface. The surface morphologies of the C/SiC
composite ablated at 1000 W/cm2 for different time show
the same three ablated regions after the composite ablated
at different laser power densities (not shown).
The laser ablation behavior of materials strongly

depends on their structures and properties [25]. For the
composites, the laser ablation mechanism can be very
complicated, since their chemical and thermal properties
are changed considerably under the laser irradiation. In
order to understand the laser ablation processes of the
C/SiC composite, an ablation model based on the previous
characterization results and discussion was proposed
(Fig. 10). As aforementioned, the temperature at the
ablated center (region I) is the highest. The SiC matrix
reaches its decomposition and sublimation temperatures to
form a hot mixture of gasses and vapors and the carbon
fiber gets to its sublimation temperature to form a carbon
vapor, which results in a positive carbon rich atmosphere
on the ablated surface. Nano carbon sheet is formed in the
grooves among the protuberant carbon fibers where the
temperature can lead to the decomposition of SiC matrix
but is not high enough to result in simulation of carbon
fibers. The laser ablation of the C/SiC composite is
dominated by the decomposition and simulation process
at the ablated center. With the proceeding of the laser
ablation, the positive gases escape from the surface of the
ablated center. Some of them deposit at the transitional
zone (region II) where the temperature is relatively low and
not high enough to result in the decomposition of SiC. SiC
particles are formed at the transitional zone and the region
is protuberant on the ablated surface. At the ablation edge
(region III), the temperature is the lowest among the three
ablated regions. The C/SiC composite is just oxidized and



Fig. 10. Schematic of the laser ablation processes.
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the region is covered by a white glassy SiO2 layer. The
oxidation products of the C/SiC composite contain CO,
CO2, SiO and SiO2. CO, CO2 and SiO are gaseous [26] and
escape from the ablated surface. Nevertheless, SiO2 formed
during the oxidation is in the liquid state, which can flow
on to the carbon fibers and protects the C/SiC composite
from further oxidation. The laser ablation for this region is
dominated by the oxidation process.

4. Conclusion
(1)
 The linear ablation rate of the C/SiC composite
increased with increasing laser power densities and
decreased with prolonged ablation time.
(2)
 The ablation center of the C/SiC composite exhibited a
needle-like structure with the taper-ended carbon fibers
standing on the ablation surface filled with some nano-
structure carbon sheet. The laser ablation is dominated
by the decomposition and simulation process at the
ablated center.
(3)
 SiC particles were formed at the transitional zone and
the region is protuberant on the ablated surface.
(4)
 The ablation edge region is covered by a white glassy
SiO2 layer and the laser ablation for this region is
dominated by the oxidation process.
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