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To analyze the effect of different ablation angles on the ablative property of carbon/carbon(C/C) com-
posites modified by ZrB,-SiC, C/C-ZrB,-SiC composites (ZS) were prepared via precursor infiltration and
pyrolysis (PIP). The prepared composites (ZS) were then ablated by oxyacetylene flame at 90° and
0° angles (ZS-90° and ZS-0°), respectively. The results show that, at ZS-0° angle, the ablation resistance
was worse due to the existence of turbulent flame. The temperature in the inner cone and the gas flow
velocity at ZS-0° were higher than those at ZS-90°. At ZS-90°, the damage of the composites was
dominated by the thermo-chemical ablation. The ablation mechanism at ZS-0° was mainly the me-
chanical denudation with the thermo-chemical ablation as supplement. The dissimilar ablation angles of
the C/C-ZrB;,-SiC composites under the oxyacetylene flame resulted in the distinct ablation resistance on
the surfaces, hence different ablation mechanisms.

Morphology

© 2018 Published by Elsevier B.V.

1. Introduction

Carbon/carbon (C/C) composites is one of the most promising
candidate materials for various high-temperature application
components. It has been used as nose tips, leading edges, heat
shields, nozzles of a solid rocket motor and other thermal protec-
tion systems for space vehicles [1—4] due to its unique properties,
such as high strength-to-weight ratio, high thermal conductivity
and good thermal shock resistance. However, the poor oxidization
and ablation resistance properties of the C/C composites under
ultrahigh temperature and high pressure heat flux environments
have seriously limited its applications in advanced aerospace fields.
Up to now, great efforts have been made to elevate its oxidation
[5—7] and ablation [8,9] resistance properties so as to adapt to the
more advanced space systems or other much more rigorous service
conditions.

Ultrahigh temperature ceramics are usually refractory carbide/
boride compounds. When they are introduced into the C/C com-
posite matrix, they can be used as an effective solution to improve
the ablation resistance of the C/C composites [10—14]. Among
them, ZrB; has attracted much attention for its special properties:
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very high melting temperature (3243°C), good thermal shock
resistance, and good chemical inertness [15]. Its oxidized product
Zr0; also has a high melting point (in excess of 2600 °C), which is
helpful for improving the ablation resistance by reducing the oxy-
gen diffusion rate into the inner C/C matrix [16]. Additionally, it has
been widely reported that the addition of SiC into the C/C matrix
can improve the anti-oxidation and ablation property of pure ul-
trahigh temperature ceramics effectively because of the formation
of less volatile silica-containing scales [11,17,18]. Therefore, a well-
designed ZrB,-SiC modified C/C composites can offer a reliable
anti-ablation property for a long term in ultrahigh temperatures.
So far, many researchers have prepared C/C-ZrB,-SiC composites
via different precursor infiltration and pyrolysis (PIP) methods. By
these methods, isolated and coupled ZrB,-SiC particles are intro-
duced into the C/C matrix to investigate the effect of phase distri-
bution on the ablation behavior [12]. Some researches are mainly
focused on the influence of ceramic additives content, heat flux and
ablation time on the ablation performance of the as-prepared
composites. The oxyacetylene flame ablation, laser ablation
[19,20], arc stagnation ablation and wind tunnel test are applied to
discuss the anti-ablation property of C/C-ZrB,-SiC composites.
However, in the practical service environment, the shape of a
component is diverse, the temperature is unstable, and the gas flow
changes, so the angles between the gas flow and the component are
always diverse and vary from time to time. Unfortunately, the
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influence of different ablative angles on the ablation resistance has
been seldom reported so far yet, which has greatly constrained the
further application of the C/C-ZrB,-SiC composites.

With this in mind, in the present work, the C/C-ZrB,-SiC com-
posites (ZS) was prepared by a precursor infiltration and pyrolysis
(PIP) method. The thermal physical properties of the prepared ZS
composites were measured with Archimedes method. The ablation
behaviors were tested in an oxyacetylene torch under two ablation
angles 90° and 0° (hereinafter referred to as ZS-90° and ZS-0°),
respectively. The phase and composition of the composites before
and after ablation were identified by X-ray diffraction. The micro-
structure and morphologies were observed and analyzed by scan-
ning electron microscopy (SEM) equipped with energy dispersive
spectroscopy (EDS). The fundamental ablation mechanism was
proposed correspondingly.

2. Experimental
2.1. Preparation of the C/C-ZrBy-SiC composites

The schematic preparation procedures of the C/C-ZrB,-SiC
composites are shown in Fig. 1. As can be seen from the flow chart,
2.5D needle punched carbon felts (0.45 g/cm?>) was firstly densified
through thermal gradient chemical vapor infiltration (TCVI) for
20—50h between 900°C and 1100 °C. Natural gas was used as a
carbon precursor. The porous C/C composites were then fabricated
after being graphitized between 2300°C and 2500 °C under the
protection of Ar gas. Finally, ZrB, and SiC were introduced into the
preform by the precursor infiltration and pyrolysis process.

ZrB, polymeric precursor (Institute of Process Engineering,
Chinese Academy of Sciences; Ceramic productivity was approxi-
mately 30 wt%) and polycarbosilane (PCS, the National University of
Defense Technology; Ceramic productivity was approximately
55 wt%) were mixed with a weight ratio of 2:1 to form a homoge-
nous solution, using dimethylbenshix as a solvent. After the pre-
form was immersed into the as-prepared solution under vacuum
for 0.5 h, the samples were taken out and dried at 90 °C for 24 h.
They were then heat treated at 1500 °C for 2 h in a flowing Ar at-
mosphere in order to convert the precursor into ZrB, and SiC par-
ticles. The precursor infiltration and pyrolysis process was repeated
for many cycles until the final weight gain was less than 2%.
Eventually, the C/C-ZrB,-SiC composites with an apparent density
approximately 1.80 g/cm? was prepared.

2.2. Measurement of the thermal physical properties

The density and open porosity of the C/C-ZrB,-SiC samples were
measured with Archimedes method. According to GJB1201.1-1991,
the thermal diffusivity and specific heat capacity of the composites
were measured using a TC-3000 thermal properties analyzer. The
test directions were perpendicular to the carbon felts (the needled

2.5D carbon felts
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Fig. 1. Schematic preparation procedure of the C/C-ZrB,-SiC composites.

direction) and parallel to it. The sample dimension was
©12.6 x 3 mm. The thermal conductivity of the sample was calcu-
lated by Eq. (1).

A=axCpxp (1)

where « is the thermal diffusivity, C, is the specific heat capacity at
constant pressure, andpis the density of the composites.

2.3. Ablation test

The ablation tests were carried out in the oxyacetylene torch in
accordance with GJB322A-96. The ablation parameters are shown
in Table 1. The inner diameter of the nozzle tip was 2 mm and the
distance between it and the sample was 10 mm. The samples, with
the dimension of @30 x 10 mm, were cut from the prepared C/C-
ZrB,-SiC composites and abraded by 400 grit SiC paper. In the
meanwhile, a hole with the diameter of 5 mm was drilled in the
center of some samples as shown in Fig. 2(a). The ablation gun was
primarily ignited. As the flame was stable, the sample was vertically
placed to the flame as shown in Fig. 2(b). Thus, the ablation angles
can be ensured at 0° as shown in Fig.(2)c and 90° as shown in
Fig. 2(d) where the inner cone of the oxyacetylene flame can go
through the hole exactly.

2.4. Characterization

An infrared thermometer (Raytek MR1SCSF) in 2-color mode
with an error of +0.75% was used to measure the temperature of
the center surface and the entrance hole of the C/C-ZrB;-SiC com-
posites at 90° and 0°, respectively. The mass and linear ablation
rates were calculated according to the following equations (2) and
(3). The average value of three samples was taken as the ultimate
data.

~ m0-ml
-t

Rm (2)

~do—d1
o t

RI 3)
where R, and Ry are mass and linear ablation rates; m is the mass of
the sample; d is the thickness of ZS-90° at the ablation center or the
hole diameter of ZS-0°; t is the ablation time and it is 120 s in this
experiment. The subscripts “0” and “1” represent parameters
before and after ablation, respectively.

The phase and the composition of the sample before and after
ablation were identified by X-ray diffraction (XRD, X'Pert Pro MPD).
The microstructure and morphologies of ZS-90° and ZS-0° were
observed and analyzed by scanning electron microscope (SEM,
TESCAN VEGA3) equipped with energy dispersive spectroscopy
(EDS).

Table 1
Ablation parameters of the oxyacetylene torch.

Flux (L/s) Pressure Heat flux (MW/m?) Ablation angle (°)
(MPa)
(¢) GHa 0, GHa

0.42 0.31 0.4 0.095 42 90 and 0
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Fig. 2. The structure illustration of the C/C-ZrB,-SiC composites under an oxyacetylene flame: (a) The X, Y, and Z coordinate system to show directions; (b) The sample with a hole

diameter of 5 mm; (c) Ablation angle for 0°; (d) Ablation angle for 90°.

3. Results and discussion

3.1. Microstructure and phase characterization of the C/C-ZrB,-SiC
composites

Fig. 3 shows the back-scattered electron images (BSE)
morphology of the internal surface of ZS-0° before ablation, which
is similar to that cross-sectional morphology of ZS-90°. From the
EDS analysis in the inset in Fig. 3(b), it can be seen that the samples
contain elements of Si, Zr, B, C, and O, of which Si, Zr, and B are
dominant. To find out the composition of the composites, XRD
pattern are shown in Fig. 4 from which it can be seen that the
composites are mainly composed of ZrB; and SiC in addition to a
little amount of ZrC and C, indicating that the precursor was con-
verted into ZrB; and SiC after heat treatment. These ceramic par-
ticles, which were formed during the precursor infiltration and
pyrolysis process, were mainly concentrated in short-cut webs
between two non-woven webs as shown in Fig. 3(a). As a result of
the high SiC ceramic yield (55 wt%), the gray SiC can combine with
white ZrB; to form a whole. The lower thermal expansion coeffi-
cient of SiC can reduce the mismatch between the carbon matrix
and ZrB; particles, which is advantageous to the application of C/C-
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Fig. 4. XRD pattern of the prepared C/C-ZrB,-SiC composites.
ZrB,-SiC composites at high temperature [21].

No large closed-pores were observed, which indicates that the
infiltration solution had strong penetration ability. The existence of

Fig. 3. BSE morphology and EDS analysis of internal surface of ZS-0° before ablation: (a) at low magnification; (b) at high magnification.
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preferential infiltration can contribute to the non-uniform distri-
bution of ceramic particles, as the pores in short-cut webs were
much bigger than those in the non-woven webs. However, more
discernible cracks in the interface could be observed in ZS-0°, as the
curved internal surface is more difficult to process than the plane
one of ZS-90°. In addition, the inherent hard and brickle characters
of ZrB, and SiC ceramic particles make the brittle failures easily
occur during the machining process, finally resulting in the ceramic
bulk peeling off the interface of ZS-0°.

3.2. Ablation properties of the C/C-ZrB»-SiC composites

The surface temperatures of both ZS-0° and ZS-90° samples
were increased rapidly to the maximum values, i.e. 2260 °C and
2300 °C, and then remained constant at a relatively stable level as
shown in Fig. 5. The temperature fluctuation of ZS-0° was larger
and its maximum value was up to 2300 °C, while the maximum
temperature of ZS-90° was 2260 °C. The temperatures of both ZS-
0° and ZS-90° samples reached the same plateau at the end of this
process.

On the one hand, due to the existence of a hole in ZS-0°, the
inner cone went through the entrance at a sharp angle according to
Fig. 2(b). The transition of the flame was not very gentle when it ran
into a narrow space in a sudden. It was more likely to form tur-
bulent flame at the entrance hole, in which the temperature is
higher and the air velocity is faster than in the laminar flame that
was formed during the ablation of ZS-90° [22]. Therefore, it was
believed that the Tmax of ZS-0° is higher than that of ZS-90°.

On the other hand, the thermal constants of the C/C-ZrB,-SiC
composites were different at different directions as shown in Fig. 6.
As can be seen from the figure, the thermal diffusion in Fig. 6(a), the
specific heat capacity in Fig. 6(b), and the thermal conductivity in
Fig. 6(c) along the z direction were all higher than those along the
xy direction because of the structural differentiation. At the z di-
rection, the C/C-ZrB,-SiC composites was connected by long fibers
in non-woven webs, while it was stacked up by short-cut webs and
non-woven webs alternately from top to bottom at the xy direction
[23]. As a result, long fibers can serve as a smooth channel for the
rapid heat transfer. However, most of the ceramic particles
distributed in the short-cut webs along with numerous holes and
cracks became obstructions during the heat transfer process. That is
to say, the corresponding ZS-0° ablation samples own a higher heat
transfer rate than ZS-90°.

Consequently, the heat transferred onto the surface of ZS-0° can
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Fig. 5. Surface temperature curves of both the ablation center of ZS-90° and the
entrance hole of ZS-0°.

spread to the surroundings more quickly, thus reducing the heat
accumulation during ablation process. Meanwhile, the heat flux
that mainly concentrated on the inner cone can run away to the
ambient atmosphere through the hole of ZS-0°. This may result in a
lower Tmax. These few opposite effects explained above will play
dominant or secondary roles during different ablation processes.
The results were in accord with the experimental data.

The mass ablation rates of Z5-90° and ZS-0° are 2.075 x 104 g/s
and 5.940 x 10~ *g/s, respectively. The liner ablation rate of ZS-90°
is 1.3 x 107> mm/s. As to ZS-0°, the diameter of the hole was
reduced with the increasing of the distance to the entrance and
some parts of the hole were even smaller than the original size
(5 mm). Consequently, it corresponds to a negative liner ablation
rate in these parts as shown in Fig. 7(b). It can also be inferred that
the erosion at different parts in the hole was various.

The macro-morphologies of C/C-ZrB,-SiC composites after
ablation for 120 s at different angles are shown in Figs. 7(a) and
Fig. 8(a). Along the direction of oxyacetylene flame, the internal
surface of ZS-0° as observed in Fig. 7(a) displays three different
morphologies: the entrance ablation region, the transition region,
and the tail region, which are represented by capital letters A, B,
and C, respectively. While for ZS-90° as shown in subsequent
Fig. 8(a), the ablated surface can also be divided into three
concentric rings on the basis of appearance differences: the center
ablation region, the transition region, and the brim region, which
are represented by capital letters C, T, and B, respectively. In
Fig. 8(d), the EDS curve shows the major elements are Si and O,
while in Fig. 8(f), the EDS analysis shows the major elements are Zr
and O.

3.3. Ablation morphologies

3.3.1. Ablation morphologies of ZS-90°

As shown in Fig. 8 above, the SEM images and the EDS spectrum
of the center ablation region of ZS-90° were clearly observed. By
further observation, it can be found that the surface of ZS-90° was
covered with remnant composites, pits and ablation oxides as
observed in Fig. 8(b). While more and more carbon fibers were
naked with ablation time lengthening, some obvious grooves and
ablated pits caused by denudation can easily be observed. The
original morphologies of ZS-90° were already changed. Moreover,
the residual ZrO, particles attached to the carbon fibers or sank into
the grooves between fibers in the center-most region. It can be
inferred from the phenomena that the ablation is mainly controlled
by the mechanical erosion and oxidation.

Additionally, a discontinuous partially layered ZrO, structure
with cracks existed near the center-most region as observed in
Fig. 8(c). The cracks were mainly caused by the volume expansion
of ZrO, because the drastic temperature changes after ablation
would bring about the residual thermal stress and phase transition
of ZrO,. For one thing, the pores and cracks provide channels for
oxidizing gas to further oxidize the underlying composites. In this
case, new oxides will be generated and they can be acted as coat-
ings to avoid further oxidation. For another, the newly generated
oxides is conducive to the anti-ablation property for they can form a
heat barrier on the surface of the composites when the gas diffuses
out from the oxidation of C, SiC and ZrB,.

It is well known that SiC is consumed faster than pyrocarbon
and it loses its protection effect at high temperature over 2000 °C.
Therefore, after ablation, ZrO, was generated as a result of oxida-
tion of ZrB,. But no peaks of SiO, were detected in the component
of ZS-90° in the XRD pattern plotted in Fig. 9, from which it can be
seen that, for ZS-0°, ZrO,, C, ZrB,, and SiO, were detected, but no
ZrC was detected. For ZS-90°, ZrO,, C, ZrB,, and ZrC were detected,
whereas no SiO, was detected. The reason is that most of SiO,
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Fig. 6. The curves of thermal constants of C/C-ZrB,-SiC composites (ZS) at different directions: (a) Thermal diffusion; (b) Specific heat capacity; (c) Thermal conductivity.
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Fig. 7. The internal surface appearance of ZS-0° after ablation (split by half) (a) and the diameter of the internal hole versus the distance to the entrance of the hole (b). Capital letter
A stands for the entrance ablation region, B refers to the transition region, and C means the tail region.

which was formed during ablation, was scoured away or evapo- case, it was difficult to detect the existence of the residual SiO; [24].
rated. Therefore, its formation speed might be slower than the It should be noted that the testing temperature at this region is
consumption speed. In addition, the surface temperature decreased almost 450 °C, much lower than the melting temperature of pure

sharply after the oxyacetylene torch was removed off from the Zr0; (2700 °C). Consequently, the molten ZrO; is easily formed due
sample, thus the residual SiO5 was in a poor crystalline state. In this to few SiO, existing in the solution, which can result in a lower
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2
Enerav-kev

Fig. 8. (a) Digital images of ZS-90° after ablation; (b) and (c) high magnification of areal and Il in (a); (d), (e) and (f) BSE morphology and EDS analysis in the transition and the brim
region. Capital letters C, T, and B in (a) refer to the center ablation region, the transition region, and the brim region, respectively.

melting point of ZrO,. As explained above, the protection of SiC was
restricted, so the ablation resistance of the composites was mainly
attributed to the molten ZrO;. Structurally, ZrO, has rather high
viscosity and strong adhesion to the composites. It is difficult for it
to be blown away by the gas flow. Therefore, it can prevent the
composites from further oxidation at ultrahigh temperature in this
region.

Massive ZrO, particles can pack together to sprawl over the
surface in the transitional region. Part of them was covered by a
molten glassy SiO;. A holding-on structure was formed as observed
in Fig. 8(d). According to the corresponding EDS analysis, a dense
gray glassy SiO layer was covered on the brim ablation region. As
shown in Fig. 8(e), a few of ZrO, was squeezed out as a result of the
pressure change during the ablation and cooling processes. A
structure was formed in which the SiO; outer layer coated on the

holding-on ZrO,-SiO; inner layer as measured by EDS in the inset in
Fig. 8(d) and in Fig. 8(f) when associating with the morphology of
the transitional region. But the interface between the two layers is
blurry or transitional. Therefore, the ablation was dominated by the
oxidation process. The formation of the SiO; layer was similar to the
oxidation process of the ZrB,-SiC composites [G]. As the dense SiO;
layer possesses good viscosity and lower oxygen permeability rate,
it can offer excellent anti-ablation protection for the modified
composites. And it only produces a lower ablation mass in the brim
region.

3.3.2. Ablation morphologies of ZS-0°

Fig. 10 shows the morphologies and relative EDS analysis of the
entrance ablation region of ZS-0°. It can be observed in Fig. 10(a)
that fibers perpendicular to the flame in the short-cut webs were



C. Wang et al. / Journal of Alloys and Compounds 745 (2018) 569—578 575

a—ZrO2; b—C; cZrB,;
d—SiOz; e—71C;

Fig. 9. XRD pattern of the C/C-ZrB,-SiC composites after ablation.

ablated into sharp needle shapes and they located even lower than
the pyrolytic carbon. This phenomenon was similar to that of
carbon-based composites during oxidizing ablation or oxidation/
sublimation process [25,26]. For carbon-based composites, subli-
mation can be neglected because the sublimation temperature of
carbon/carbon composites at a standard atmospheric pressure is
approximately 3727 °C and it increases with pressure [27]. There-
fore, the formation of needle-shaped fibers was attributed to
oxidation. The gaps between fibers and matrix can be clearly
observed, which indicates that the fiber-matrix interface has weak
ablation resistance and is apt to be oxidized. With the increasing of
the heat flux, the viscosity of ZrO, was decreased. ZrO, was
partially blown away to farther places in the hole. In addition to the
coral-like clusters, some tiny spherical ZrO, was also found in the
groove or adhere to fibers in the entrance area due to the

continuous blowing of strong turbulent flame. According to
Fig. 10(b), fibers perpendicular to the flame in the non-woven webs
were ablated into flat-obtuse shapes. Fiber fractions were found in
the left part according to the inset in Fig. 10(b) in which C, Si, and O
are major elements.

Compared with the ZS-90° sample, the ZrO, layer in the ZS-
0° sample seems to be at a more obvious molten state as observed
in Fig. 10(c). Fig. 10(d) shows the corresponding EDS analysis from
which it can be seen that the major elements are Si, Zr, C and O.
Considering the XRD pattern aforementioned in Fig. 9, it can be
inferred that a substance similar to the high temperature Zr—Si—0O
glass existed. Meanwhile, cracks induced by the volume shrinkage
were formed during the cooling process.

Additionally, an apparent crack approximately 500 um can be
observed in the morphologies of the transition ablation region of
ZS-0° as shown in Fig. 11(a). For clear observation, partial area in
Fig. 11(a) was magnified into Fig. 11(b). Compared with Fig. 10(b),
the fibers perpendicular to the flame as observed in the inset of
Fig. 11(a) were located lower, and their cross-sections were flat or
with pits. This region is deviated from the entrance. Therefore, less
ZrB; and SiC were oxidized to generate a complete Zr0,-SiO; layer
as the temperature dropped. From another aspect, the reduced
liquidity made this layer become hard to be blown away and the
shear action of the gas flow also turned weak. So, the fibers below
were protected from breakage. However, a molten phase that ZrO,
particles pined in the continuous SiO, liquid glass was formed near
the tail as observed in Fig. 11(b), from which it can be observed that
the integral vertical cut slopes were of porous structures.

Fig. 11(c) shows the morphologies in most areas of the tail
ablation region. It can be observed that a denser gray glassy SiO»
layer was covered on the surface. According to the XRD patterns in
aforementioned Fig. 9, more higher peaks of SiO, were detected at
ZS5-0°. When associated to the morphologies in Fig. 11(b), it could be
deduced that a dual shield construction, in which a mixed oxide

(d) Spot 2
Si
Zr

o

Enerdy-kev 4

Fig. 10. Morphologies and relative EDS analysis of the entrance ablation region of ZS-0° sample after ablation: (a) sharp needle shapes; (b) flat-obtuse shapes with EDS inset; (c)

molten state; (d) EDS curve.
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Fig. 11. Morphologies of the transition and the tail region of ZS-0° sample after ablation: (a) a crack in the surface as marked in red dash line; (b) magnification of partial area in (a)
in which a gray white Zr0O,-SiO, sub-layer can be observed; (c) areas in the tail ablation region with scattered debris; (d) cave-like morphology with a relative large diameter in the
tail region. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Zr0,-Si0; sub-layer was under the upper protective SiO, layer, was
formed in the tail region. However, there are some structural dif-
ferences between this Zr0,-SiO, sub-layer and the aforementioned
holding-on Zr0O,-SiO, layer in ZS-90° as shown in aforementioned
Fig. 8(e). It is believed that the Zr0O,-SiO; sub-layer rather than the
holding-on phase plays the most important role in resisting abla-
tion. This upper SiO; protective layer of ZS-0° was mostly derived
from the surface of the entrance or the transition region. SiO, va-
pors in these regions can be blown away through the hole by the
gas flow. Hence, with the reduction of the temperature and the gas
flow washout, they will gradually attach onto the tail surface at a
molten state, finally depositing into a dense SiO; layer. As a result,
the size of the internal hole gradually decreased. These explana-
tions are in good agreement with the diameter change curves of the
internal hole shown in previous Fig. 7(a).

In addition, the fractured carbon fibers that split along the axis
were also scoured away from other regions to the tail. Their debris
were scattered on the upper SiO; layer as observed in Fig. 11(c).
Some cave-like morphology with a relative large diameter can also
be observed in the tail region as observed in Fig. 11(d), which is
consistent with the macro-morphologies shown in previous
Fig. 7(a). The reason is still under investigation now. However, the
heat energy tended to be trapped in these holes and then acceler-
ated the corrosion process in some way. It also indicated the exis-
tence of turbulent flame in the entrance hole. In a nutshell, that the
ablation environment of ZS-0° samples experienced was severer
than that of ZS-90°.

3.4. Ablation mechanism of the C/C-ZrB,-SiC composites

Ablation is a fairly complicated process involving kinetics and
thermodynamics [25,27]. Both ZS-90° and ZS-0° samples possess
the identical phase compositions and almost the same Tmax, so
they share roughly the same main reactions during the ablation

process. Their ablation mechanisms included the physical and
chemical reactions. The diverse morphologies analyzed previously
signified that certain distinctions do exist between the ablation
mechanisms of ZS-90° and ZS-0°. Fig. 12 shows the schematic di-
agram of the ablation mechanism of C/C-ZrB,-SiC composites at
different ablation angles. The corrosion is related to the tempera-
ture and the gas flow velocity of oxyacetylene flame. As mentioned
above, the ablation lasts for 120 s and the Tmax of ZS-90° and ZS-
0° rise to 2260°C and 2300°C, respectively. During ablation,
following chemical reactions may possibly take place [10,13,14]:

C(s)+02(g)—COn (8) (4)
SiC(s)+ O2(g)— SiO(1)+ COp (5)
SiC(s)+02(g)— Si0(g)+COn (g) (6)
Si05(1)+CO (g)— SiO(g)+ €O, (g) (7)
Si0(1)— SiO2(g) (8)
27ZrBy(s)+505(g) — Zr0x(s)+B203(g) 9)
ZrOy(s) — Zr0y(1) (10)

As to ZS-90°, the mass loss is mainly attributed to the oxidation
of carbon matrix and fibers by Eq. (4). The oxidation of SiC is mainly
determined by Eq. (5), and coupled with a small number of active
oxidation of SiC in Eq. (6). It coincides with the formation of SiO;
glass on the surface of Fig. 8(e). SiO, may also react with CO that
was released by the oxidation in Eq. (7). While the gasification of
SiO, in Eq. (8) also exists because the Tmax is 2260 °C. ZrB, has
been oxidized into ZrO, and B,03 by Eq. (9), and B,03 (melting
point 450 °C) didn't appear in the XRD pattern as a result of severe
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Fig. 12. Schematic diagram of the oxyacetylene ablation mechanism of C/C-ZrB,-SiC composites at different ablation angles: (a) ablation schematic diagram of ZS-90°; (b) ablation

schematic diagram of ZS-0°.

volatilization.

Based on the analysis above, an ablation schematic diagram of
75-90° can be proposed as shown in Fig. 12(a), from which it can be
inferred that the ablation is an interaction consequence of oxida-
tion and thermo-mechanical denudation. The oxidation plays a
major role and the thermo-mechanical denudation plays a minor
role. The good ablation resistance can be explained from the
following aspects:

First of all, ZrO, phase reacts with the little solute SiO, resulting
in a lower melting point of ZrO, to form a molten structure
expressed in Eq. (10). The molten ZrO; in Fig. 8(c) was not intact. It
may provide an oxygen diffusion path so that the underlying
composites can generate new oxides and provide ablation protec-
tion again. Secondly, the evaporation of B,03 and SiO; can dissipate
the heat in the composites and relax further ablation. Finally, the
holding-on Zr0O,-SiO, layer and the dense upper SiO; layer can seal
the solid grain boundaries and partly plug the ablation pores to
prevent oxygen from permeating, which can offer excellent anti-
ablation protection for the modified composites, only leading to a
lower ablation mass.

The schematic diagram of ZS-0° is illustrated in Fig. 12(b). At this
point, the crest of the turbulent flame that existed in the entrance
hole is no longer smooth, but a jittery rough one. There is a gradient
in the oxyacetylene flame, as the temperature of the inner cone is
the highest and the outer envelope is the lowest [10]. According to
the theory of Brownian movement, it can be known that higher
temperature is accompanied by the faster surrounding gas mole-
cule movement. In other words, the turbulent flame can create
higher air velocity and severer gas scouring than laminar flame
formed during the ablation of ZS-90°. Consequently, the ZrB,-SiC

multiple ceramics were oxidized more rapidly and peeled off easily.
Meanwhile, SiO, was scoured away or evaporated through the hole.
Carbon fibers and matrix were then exposed to an oxidizing at-
mosphere, being oxidized or fractured by mechanical breakage of
the powerful shear force. Actually, the contact time between oxy-
gen and fibers during the intense gas flow activities is short so that
only very limited oxidative damage will generate. So, it can be
concluded that the main destruction was caused by the mechanical
denudation.

In conclusion, as a consequence of the formation of turbulent
flame, peeling off of a large amount of molten ceramic oxides and
fractured carbon fibers caused by the mechanical breakage finally
generate a higher mass ablation rate than ZS-90°. In the transition
and the tail ablation region, less ZrB; and SiC will be oxidized as the
temperature and the air velocity can be further reduced. This upper
protective SiO, layer in the tail region came mostly from the
accumulation and deposition of the gaseous SiO, from other re-
gions. As aresult, an even smaller diameter of the internal hole than
the original size (5 mm) and a negative linear ablation rate occurred
in this region. According to the macroscopic and microscopic
appearance analysis of ZS-0° after ablation, it can be drawn that the
main destruction was caused by the mechanical denudation. The
thermos-chemical ablation can serve as a supplementary failure
mechanism.

4. Conclusions

The C/C-ZrB,-SiC composites were prepared successfully via the
precursor infiltration and pyrolysis method. When the prepared
composites were ablated by oxyacetylene flame at 90° and
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0° angles, respectively, for 120 s, the ZS-90° composites displayed
excellent ablation resistance with the mass ablation rate of
2.075 x 10~ g/s, whereas the mass ablation rate of the ZS-0° com-
posites increased to 5.940 x 10~*g/s. The liner ablation rate of ZS-
90° sample is 1.3 x 10~ mm/s, but for ZS-0° a negative liner abla-
tion rate appears in the tail region.

By comparing the morphologies after ablation, it has been found
that the ablation products on the surface of the composites may
offer excellent ablation property for ZS-90°. Nevertheless, the layer
of the ablation products in the internal hole of ZS-0° exhibits more
visible defects which are undesired for ablation protection. The
turbulent flame formed in the hole made a contribution to the poor
ablation property.

When ZrB; and SiC were introduced into C/C composites, they
were oxidized at high temperature to produce a protective ZrO,
layer which protected the C/C composites from further ablation.
The main destruction of the composites was caused by the me-
chanical denudation with the thermos-chemical ablation as a
supplementary failure mechanism.
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