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A B S T R A C T

Ablation resistance of C/C-SiC composite prepared via Si-Zr alloyed reactive melt infiltration was evaluated
using a facile and economical laser ablation method. Linear ablation rates of the composite increased with an
increase in laser power densities and decreased with extended ablation time. The C/C-SiC composite prepared
via Si-Zr alloyed melt infiltration presented much better ablation resistance compared with the C/SiC composite
prepared by polymer infiltration and pyrolysis process. The good ablation resistance of the composite was at-
tributed to the melted ZrC layer formed at the ablation center region. Microstructure and phase composition of
different ablated region were investigated by SEM and EDS, and a laser ablation model was finally proposed
based on the testing results and microstructure characterization. Laser ablation of the composite experienced
three distinct periods. At the very beginning, the laser ablation was dominated by the oxidation process. Then for
the second period, the laser ablation was dominated by the evaporation, decomposition and sublimation process.
With the further ablation of the composite, chemical stable ZrC was formed on the ablated surface and the laser
ablation was synergistically controlled by the scouring away of ZrC melts and evaporation, decomposition and
sublimation process.

1. Introduction

Carbon fiber reinforced C, SiC binary matrix composite (C/C-SiC) is
an attractive candidate for highly demanding engineering applications
such as heat shields, structural components for re-entry space vehicles,
high performance brake discs and high temperature heat exchanger
tubes due to its unique combination of low density, high hardness,
excellent oxidation resistance, high strength, thermal shock resistance
and damage tolerance [1–3]. However, the maximum working tem-
perature of C/C-SiC composite is limited at about 1650 °C due to the
active oxidation of silica layer in oxygen-containing atmosphere and
the stress-oxidation coupling effect that follows [4,5]. Introduction of
ultra-high temperature ceramics (UHTCs) such as refractory carbides,
borides and silicides into the matrix of the composite has been thought
to be a potentially effective approach to improve the ablation and
oxidation resistance of the C/C-SiC composites at higher temperatures
[6,7]. In the family of UHTCs, zirconium-bearing UHTCs have received
a considerable attention due to their ultra-high melting temperatures,
relatively low density and ablation-resistant oxide scale formed in the
ablation process [8,9]. Great efforts have been made to introduce

zirconium-bearing UHTCs into the C/C-SiC composites and several
modified C/C-SiC composites have been developed. Wang et al. [10]
studied the effects of inter-phases on the mechanical properties and
microstructure of the C/SiC-ZrC composites fabricated by firstly mold-
pressing and then polymer infiltration and finally pyrolysis process.
Padmavathi et al. [11] prepared a carbon-fiber reinforced (SiC+ZrC)
mini-composite by soft-solution approach and evaluated the effect of
ZrC content on the mechanical strength of the composite. Hu et al. [12]
prepared a C/SiC-ZrB2 composite by slurry and precursor infiltration
and pyrolysis method and investigated the bending strength of the
composite at room and high temperature. In our previous work
[13–15], a quick and low cost alloyed reactive melt infiltration process
has been developed to introduce the zirconium-bearing UHTCs into the
C/C-SiC composite. The composite showed high mechanical strength
and good oxidation resistance. Wang et al. [16] also prepared the
modified C/C-SiC composite by this low cost and quick reactive melt
infiltration process and studied the microstructure and properties of the
composite.

Ablation resistance is one of the most important properties evalu-
ating the usability of high temperature materials [17]. It is of great
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significance to validate the ablation properties of zirconium-bearing
UHTCs modified C/C-SiC composite before its practical application in
the ablation environment. Recently, the laser beam has been used to
evaluate the ablation-resistance of UHTCs coatings and UHTCs com-
posites [18–20], indicating that laser ablation is a facile, reliable and
low cost method to evaluate ablation resistance of materials. Moreover,
the evaluation of material's ablation resistance by laser beam provides
us more knowledge about the usability of materials and developing
protection against laser irradiation. However, few reports are currently
available on the laser ablation evaluation of zirconium-bearing UHTCs
modified C/C-SiC composite. The ablation mechanism under the con-
dition of rapid thermal impact like laser beam is still unclear until now.

In our previous work [13,14], zirconium-bearing UHTCs modified
C/C-SiC composites have been produced by alloyed melt infiltration
using silicon based Si-Zr alloys. The aim of the present work is to
evaluate the ablation resistance of the Si-Zr alloyed melt infiltrated C/
C-SiC composite using a pulsed laser beam. The microstructure and
ablation rate of the composite was firstly characterized. A laser ablation
mechanism was finally proposed on the basis of the experiment in-
vestigation.

2. Experimental

2.1. Material preparation

Carbon fiber needled felts were used as reinforcements. The carbon
fibers were PAN-based (T300, Toray, Japan). The needled felts were
prepared by a three-dimensional needling technique, starting with re-
peatedly overlapping the layers of 0° non-woven fiber cloth, short-cut-
fiber web, and 90° non-woven fiber cloth with needle-punching step by
step. Pyrolytic carbon was deposited on the carbon fibers to prepare a
porous C/C preform by chemical vapor infiltration (CVI) process. The
porous C/C preform was cut, polished, ultrasonically cleaned with
ethanol and dried at 100℃ for 4 h. C/C-SiC composite was then pre-
pared by infiltrating the porous C/C preform with a Si-Zr10 alloyed
melts (Si: 90 at%, Zr: 10 at%). The details of the reactive melt in-
filtration process have been previously reported in Ref. [13]. The C/C-
SiC composite prepared by Si-Zr alloyed reactive melt infiltration pre-
sent work was labeled as Si-Zr ARMI-C/C-SiC composite.

2.2. Ablation testing

The ablation resistance of the Si-Zr ARMI-C/C-SiC composite was
tested by a pulsed laser beam in the air. The laser ablation equipment is
a Nd: YAG pulsed laser (wave length 1.064 µm) with the following
parameters: frequency 20 Hz, pulse width 1 ms, laser spot diameter
about 1.5 mm. The average laser power densities varied from 150 W/
cm2 to 1500 W/cm2. During the ablation testing, the C/C-SiC composite
was placed in a test chamber and then vertically irradiated by the
pulsed laser. The ablation depth of the composite was given by the
thickness changes before and after the ablation test. The linear ablation
rate of the composite was calculated by the eroded depth at the ablation
center dividing the ablation time. As a comparison, the ablation re-
sistance of the C/SiC composite prepared by polymer infiltration and
pyrolysis process (labeled as PIP-C/SiC composite) was also tested by
the laser beam under the same condition. Three-dimensional braided
carbon fiber preform was used as the reinforcement for the PIP-C/SiC
composite. The density of the as-produced PIP-C/SiC composite is
1.91 g/cm3 and the open porosity is about 11.3%.

2.3. Characterization

The morphologies of the composites were observed by a Hitachi-
S4800 scanning electron microscope (SEM). The chemical composition
was examined by energy dispersive spectroscopy (EDS). The phases
were identified by X-ray diffraction (XRD, Rigaku D/Max 2550VB-)

using a Ni-filtered Cu Kα radiation at a scanning rate of 5°/min and
scanning from 15° to 80° of 2θ.

3. Results and discussion

3.1. Microstructure and composition of the C/C-SiC composite

Fig. 1 shows the XRD patterns of the C/C-SiC composite prepared by
Si-Zr alloyed reactive melt infiltration. The phases in the composite are
SiC, C and ZrSi2. No detectable residual infiltrated alloy phase peaks
was found. Fig. 2 shows the typical cross-section microstructure of the
composite. As can be seen, the Si-Zr alloyed melt was infiltrated into
both the large pores among adjacent carbon fiber bundles and some
small pores among carbon fibers in the porous C/C preform. A dense C-
SiC-ZrSi2 matrix with a SiC layer around pyrolytic carbon inside the
pores of C/C preform and ZrSi2 in the middle area of pores surrounded
by the SiC layer is formed in the Si-Zr alloyed melt infiltrated C/C-SiC
composite.

3.2. Ablation-resistant properties

Fig. 3 shows the linear ablation rates of the Si-Zr ARMI-C/C-SiC
composite and the PIP-C/SiC composite versus the laser power den-
sities. As can be seen, the linear ablation rates of both the composites
increase with increasing laser power densities. The linear ablation rate
of the Si-Zr ARMI-C/C-SiC composite is much smaller than that of the
PIP-C/SiC composite. With increasing laser power densities, the dif-
ference in linear ablation rates between the two composites increases,
indicating that the ablation resistance of the Si-Zr ARMI-C/C-SiC
composite is greatly improved at higher temperatures. During the ab-
lation process, the laser energy is absorbed by the composite with an
absorption coefficient, a heat conduction width and a heat penetration
depth [21]. The conduction laser energy along the heat penetration
depth and conduction width decreases progressively from its input
value, which in turn can affect the corresponding temperature dis-
tribution. The higher the laser power density generally corresponds to
the greater the heat penetration depth. Exposed in the laser beam with
low power densities, the temperature of the composite during ablation
is low. Thus, the linear ablation rates of both the composites are quite
low and just show a very small difference (see Fig. 3). When the com-
posites are ablated by the laser beam with higher power densities, the
temperature during ablation becomes higher and meanwhile, the dif-
ference of linear ablation rates between the two composites is enlarged.
Due to the zirconium based phase introduced into the C/C-SiC com-
posite, the ablation resistance of the composite at the high temperatures
is greatly improved and presents much smaller linear ablation rates

Fig. 1. XRD patterns of the Si-Zr ARMI-C/C-SiC composite.
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than that of the PIP-C/SiC composite. Linear ablation rates of the Si-Zr
ARMI-C/C-SiC composites tested at the laser power densities of 1000
and 1500 W/cm2 are 40.7 and 88.3 µm/s, respectively, much smaller
than that of the PIP-C/SiC composite, 107.6 and 192.4 µm/s.

In order to evaluate the ablation resistance of the Si-Zr ARMI-C/C-
SiC composite at a constant temperature, here, the Si-Zr ARMI-C/C-SiC
composite and the PIP C/SiC composite were tested with a constant
power densities of 1000 W/cm2 for different time intervals. The linear
ablation rates of the two composites ablated for different time intervals
are shown in Fig. 4. It is indicated that the linear ablation rates of both
the composites decrease with the extension of ablated time. The dif-
ference of the linear ablation rates between two composites keeps ap-
proximately constant for different time intervals, which further de-
monstrates the much better ablation resistance of the Si-Zr ARMI-C/C-
SiC composite. Linear ablation rates of the Si-Zr ARMI-C/C-SiC com-
posite is approximately half of that of the PIP-C/SiC composite for
different ablation time intervals.

3.3. Ablation morphology

Fig. 5 shows the ablated surface morphologies of the Si-Zr ARMI-C/
C-SiC composite at 1000 W/cm2 for 10 s. Three distinct regions can be
found on the ablated surface from the center to the boundary: region A
ablation center with a deep pit, region B transitional zone with a lot of
particles and region C ablation edge covered by a white glassy layer
(Fig. 5(a) and (b)). The detailed SEM observations of region A (Fig. 5(c
and e)) show that a thin discontinuous melted layer, which is char-
acterized as ZrC by EDS, covers the central region with the ablated
carbon fibers and pyrolytic carbon underlying it. Some small droplets
and grains (Fig. 5(d)), which are also ZrC determined by EDS, can be

observed on the ablated carbon fibers and pyrolytic carbon. ZrC, known
as a member of ultra high temperature ceramic family, has an extremely
high melting point, high strength, high hardness and excellent high
temperature ablation resistance [22], which can well protect the com-
posite from the subsequent ablation. The melted ZrC layer exhibits
bubbles, which are adherent to the ablated surface and their formation
will be discussed later. Compared with the Si-Zr ARMI-C/C-SiC com-
posite, the ablated center of the PIP-C/SiC composite shows a deep pit
without any protecting layer (see Fig. 6). That is the reason why the Si-
Zr ARMI-C/C-SiC composite presents much better ablation resistance
than the PIP-C/SiC composite. In region B transitional zone, there are
lots of spherical particles (Fig. 5(f)), which are SiC phase with a com-
position of silicon and carbon owning the atom proportion of
54.47:45.53 determined by EDS. In some partial areas of region B, some
ZrO2 particles were also found by EDS (Fig. 5(g)). The white layer in the
region C ablation edge is SiO2 determined by EDS. The edge of this
region adjacent to region B shows a small bump, which may be piled up
by the ablated product from the ablation center.

The above three ablated regions can be more clearly seen on the
surface morphologies of the Si-Zr ARMI-C/C-SiC composite ablated at
1000 W/cm2 for 30 s (Fig. 7). As the ablation time increases, more se-
verely ablation with a deeper pit is observed. The ablation center shows
the similar discontinuous ZrC melted layer with the composite ablated
at 1000 W/cm2 for 10 s. Nevertheless, much more ZrO2 (determined by
EDS) were observed in region B transitional zone. ZrO2 appears like the
melted ZrC bubbles adhered to the ablated surface, which is thought to
be formed by the in situ oxidation of the ZrC bubbles. Region C ablation
edge as shown in Fig. 7(c) is covered by a white glassy SiO2 layer
without any difference from the composite ablated at 1000 W/cm2 for

Fig. 2. Typical cross-section microstructure of the Si-
Zr ARMI-C/C-SiC composite. (a) × 100 (b) ×1000.

Fig. 3. Linear ablation rates of the Si-Zr ARMI-C/C-SiC composite and PIP-C/SiC com-
posite versus the laser power densities.

Fig. 4. Linear ablation rates of the Si-Zr ARMI-C/C-SiC composite and PIP-C/SiC com-
posite versus the ablation time.
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10 s.

3.4. Ablation mechanism

Ablation is an erosive phenomenon with a removal of material by
the combination of thermo-mechanical, thermo-chemical and thermo-
physical factors [23]. The microstructure characterization of the dif-
ferent ablation regions as shown above may offer some information in
understanding the ablation mechanism for the Si-Zr ARMI-C/C-SiC
composite.

During the ablation testing, the center region of the ablated surface
was instantly heated to a very high temperature, which was estimated

to be higher than 3500 ℃ [24]. Undoubtedly, the evaporation, de-
composition and sublimation of the phases in the composite exposed to
such extremely high temperature take place, and finally form a hot
mixture of gases and vapors. SiC with relatively low thermally stable
temperature of 2700 °C decomposes and sublimates. Carbon fibers and
pyrolytic carbon get to their sublimation temperature to form a carbon
vapor. ZrSi2 in the composite melts and evaporates, and probably de-
compose at such a high temperature. The above chemical and physical
changes within the central region of the ablated surface are shown as
follows:

SiC(s)→Si(g)+C(g) (1)

Fig. 5. Surface morphologies of the Si-Zr ARMI-C/C-
SiC composite ablated at 1000 W/cm2 for 10 s (a)
and (b) three ablated regions on the ablated surface;
(c) macro morphologies of the ablation center; (d)
some small droplet on the ablated carbon fibers and
pyrolytic carbon; (e) large magnification morpholo-
gies of the ZrC layer; (f) large magnification
morphologies of the particles in transition zone; (g)
ZrO2 particles in some partial areas of transition
zone.
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C(s)→C(g) (2)

ZrSi2(s)→ZrSi2(l) →ZrSi2(g) (3)

ZrSi2(s) →Zr(g)+Si(g) (4)

Additionally, the ablation testing was performed in the air and the
phases in the composite can be oxidized to form a mixed gas of CO,
CO2, SiO, SiO2 and ZrO2 due to the reaction with oxygen according to
Eqs. (5)–(10). Note that the mixed gas will result in a positive pressure
atmosphere on the ablation surface. The oxygen close to the ablation
surface can be instantly exhausted and the oxygen in the outer atmo-
sphere can hardly diffuse into the atmosphere close to the ablation
surface due to the positive pressure kept by the mixed gasses and vapors
produced according to Eqs. (1)–(4). Given that the oxidation of the
composite in the center region is consider to occur at the very beginning
stage and it, therefore, will not be considered in the subsequent ablation
process, which would not affect the reasonability of our analysis.

SiC(s)+O2(g)→SiO(g)+CO(g) (5)

SiC(s)+O2(g)→SiO2(g)+CO(g) (6)

C(s)+O2(g)→CO(g) (7)

C(s)+O2(g)→CO2(g) (8)

ZrSi2(s)+O2(g)→SiO2(g)+ZrO2(l) (9)

ZrO2(l) →ZrO2(g) (10)

According to Eqs. (1)–(4), the mixed gases and vapors containing
C(g), ZrSi2(g), Si(g) and Zr(g) are formed. Most of them are pulled out
of the ablated pit and the composite suffers severely ablation. However,
Zr(g) and ZrSi2(g) can react with C(g), carbon fibers and pyrolytic
carbon in the composite to form a ZrC phase according to Eqs.
(11)–(13). Additionally, ZrSi2 phase in the composite may also react
with C(g) and pyrolytic carbon in the composite to form a ZrC phase
according to Eqs. (14), (15). Gibbs’ free energy changes of reaction
between Zr, ZrSi2 and carbon are shown in Fig. 8. The negative values
of the Gibbs’ free energy changes indicate that reactions (11)−(15) are
strongly favored thermodynamically. The ZrC layer observed on the
ablation center can further demonstrate the reaction formation of ZrC
(Figs. 5 and 7). ZrC with a melting point of 3500 °C is chemically stable
in the ablated center. It melts at the high temperature of the ablation
center and flows onto the composite surface, which is believed to
protect the composite from severe ablation. Reduction of the compo-
site's linear ablation rates with extension of ablation time can also de-
monstrate the protection of ZrC layer for the composite. Nevertheless,
the ZrC layer as shown in Figs. 5 and 7 is discontinuous. Therefore,
Most of the composite surface is still exposed in the laser beam and the

Fig. 6. Surface morphologies of the PIP-C/SiC com-
posite ablated at 1000 W/cm2 for 10 s (a) the ablated
deep pit on the ablated surface; (c) large magnifica-
tion morphologies of the ablation center.

Fig. 7. Surface morphologies of the Si-Zr ARMI-C/C-
SiC composite ablated at 1000 W/cm2 for 30 s (a)
and (b) three ablated regions on the ablated surface;
(c) macro morphologies of the ablation center; (d)
large magnification morphologies of the ZrC layer.
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composite is ablated with a reduced ablation rate. Because ZrC is in a
liquid state, it is blown up by the gases or vapors produced according to
Eqs. (1)–(4) and presents like bubbles adhered to the ablated surface
(Figs. 5 and 7).

C(g)+Zr(g) →ZrC(l) (11)

ZrSi2(g)+C(g)→SiC(g)+ZrC(l) (12)

ZrSi2(g)+C(s)→SiC(g)+ZrC(l) (13)

ZrSi2(s)+C(s)→SiC(s)+ZrC(s) (14)

ZrSi2(s)+C(g)→SiC(g)+ZrC(l) (15)

At the region B transitional zone of the ablation surface, the con-
ducted heat and the corresponding heat penetration depth are much
lower than that at the ablation center. It is not high enough to induce
the decomposition, vaporization and sublimation of the phases in the
composite. The mixed gases of C(g), ZrSi2(g), Si(g) and Zr(g) escaping
from the ablation center are cooled down, and the SiC grains re-nu-
cleate and grow to spherical particles (see Fig. 5(f)). Moreover, ZrC may
also be formed according to Eq. (11) and ZrSi2 may deposit on some
partial areas of region B due to the cooling down of the mixed gases
escaped. ZrO2 particles in some partial areas of region B (Figs. 5 and 7)
may be resulted from the oxidation of ZrSi2 or ZrC. Though the tem-
perature at the transitional zone is lower than that of the ablation
center, it is believed to be high enough to enable the volatilization of
SiO2 (the boiling point 2230 ℃ [25]). Thus, no SiO2 was found at the
transitional zone. At region C ablation edge, the heat is only conducted
from the ablation center and the temperature is the lowest. The com-
posite is merely suffered oxidized and the generated SiO2 resulted from
the oxidation is not volatilized. Therefore, the as-irradiated region is
covered by a white glassy SiO2 layer (Fig. 5(b)).

The laser ablation behavior of materials strongly depends on their
structures and properties [26]. In order to understand the laser ablation
processes of the Si-Zr ARMI-C/C-SiC composite, an ablation model
based on the previous characterization results and discussion is pro-
posed as illustrated in Fig. 9. The procedure is described as follows.

At the very beginning of the ablation, carbon, SiC and ZrSi2 phases
in the composite are oxidized due to the reaction with oxygen in the
atmosphere according to Eqs. (5)–(10), which forms a mixed gas of CO,
CO2, SiO, SiO2 and ZrO2. The mixed gas leading to a positive pressure
atmosphere on the ablation surface is blown out of the ablation center
region. The laser ablation for this first stage is dominated by the oxi-
dation process of the phases in the C/C-SiC composite (Fig. 9(a)).

The oxygen in the atmosphere over the ablation surface is believed
to be instantly exhausted by the oxidation of the composite because
oxygen is merely 21 vol% in the outside atmosphere and the oxygen in
the outside atmosphere can hardly diffuse into the atmosphere over the

ablation surface due to the positive pressure kept by the mixed gasses
and vapors produced according to Eqs. (1)–(4). At the very high tem-
perature heated by the laser beam, the phases in the composite reach
their evaporation, decomposition and sublimation temperatures to form
a hot mixture of gases and vapors and then escape from the surface of
ablated center. The laser ablation for this second stage is dominated by
the evaporation, decomposition and sublimation process (Fig. 9(b)).

With the further ablation of the composite, chemical stable ZrC is
formed by the reaction according to Eqs. (11)–(15). ZrC at the high
temperature in the ablation center is of a liquid state, and flows onto
the composite surface, which protect the composite from severely fur-
ther ablation. With extension of ablation time, more ZrC is formed and
the composite presents a decreasing linear ablation rates. Because ZrC
in the ablated center is of a liquid state, some may be scoured away by
the mixed gases or the laser beam in the subsequent ablation process. In
this stage, the laser ablation is synergistically controlled by scouring
away of ZrC melt, together with evaporation, decomposition and sub-
limation process (Fig. 9(c)).

The laser ablation of the Si-Zr ARMI-C/C-SiC composite experiences
the above three periods. The formation of the liquid ZrC melt effectively

Fig. 8. Changes in Gibbs free energy as a function of temperature.

Fig. 9. Laser ablation model for the Si-Zr ARMI-C/C-SiC composite (a) first stage domi-
nated by the oxidation process; (b) second stage dominated by evaporation, decomposi-
tion and sublimation process; (c) third stage synergistically controlled by the scouring
away of ZrC melt and evaporation, decomposition and sublimation process.
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protects the composite from the subsequent severe ablation. Thus, the
Si-Zr ARMI-C/C-SiC composite presents much better ablation resistance
than the PIP-C/SiC.

4. Conclusion

Laser ablation was demonstrated to be a facile method to investigate
the ablation resistance of the Si-Zr ARMI-C/C-SiC composite. The linear
ablation rates of the composite increased with increasing laser power
densities and decreased with the extended ablation time intervals.
Melted ZrC layer was formed at the ablation center, effectively pro-
tecting the composite from severe ablation damage. Laser ablation of
the composite was thought to experience three distinct periods. At the
very beginning, the composite merely suffered the oxidation of its
phases. Then for the second period, the laser ablation damage became
dominated by the evaporation, decomposition and sublimation process.
With the further ablation of the composite, chemical stable and abla-
tion-resistant ZrC was formed on the ablated surface and the laser ab-
lation was controlled by the scouring away of ZrC melts together with
the evaporation, decomposition and sublimation process.
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