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Abstract: Ultrahigh-temperature ceramics were added to C/C composites to meet their application requirement in a high-temperature
oxidizing environment. C/C—ZrB,—SiC composites were fabricated by high-solid-loading slurry impregnation with polymer
infiltration and pyrolysis. The dispersion and rheological behavior of ZrB, slurry and the microstructural, mechanical, and ablation
properties of the C/C—ZrB,—SiC composites were investigated. Results indicated that a well-dispersed and low-viscosity ZrB, slurry
was obtained using 0.40 wt.% polyethyleneimine as a dispersant at pH 5. Ceramics were uniformly distributed in the short-cut fiber
layer and needle-punched area. The flexural strength of the C/C—ZrB,—SiC composites was 309.30 MPa. The composites exhibited
satisfactory ablation resistance under the oxyacetylene flame of 2500 °C, and the mass and linear ablation rates were 0.40 mg/s and
0.91 pm/s, respectively. A continuous and compact ZrO, layer, which could effectively reduce the diffusion rate of oxygen and

protect the composites from being ablated, was formed.
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1 Introduction

Carbon/carbon (C/C) composites have attracted
considerable attention for aerospace applications because
of their superior characteristics, such as low density,
high-temperature strength, low thermal expansion
coefficient, high thermal conductivity, and excellent
thermal shock resistance [1—3]. However, the oxidation
and ablation resistances of C/C composites should be
improved, because carbon can be easily oxidized at
temperatures over 450 °C under aerobic conditions,
which restricts the application of C/C composites in
aerospace fields [4]. With the development of advanced
space vehicles, the materials applied in hypersonic
vehicles must be capable of prolonging operation in
oxidizing atmospheres above 2000 °C [5]. The current
thermal protection systems, such as the C/C-SiC
composites, hardly meet this requirement, because the
protecting silica layer becomes active under such
temperatures [6]. Research has demonstrated that the
introduction of ultrahigh-temperature ceramics (UHTCs),
such as ZrC, ZrB,, HfC, and HfB,, into C/C composites

is an effective approach for improving the oxidation and
ablation resistances at high temperatures [7—10]. Among
these UHTCs, ZrB, ceramics have attracted considerable
attention because of their high melting point (3250 °C),
high hardness, good thermal shock and ablation
resistance, and oxidation products (ZrO,) with high
melting point [11,12]. However, research has proven that
the addition of SiC can improve the mechanical properties
and oxidation resistance of ZrB, composites [13]. Molten
Si0, bonded with ZrO, helps seal defects, such as cracks
and pores, during ablation at an ultra-high temperature
after oxidation in the high-temperature aerobic
environment [14]. Therefore, the antioxidation ablation
performance of C/C composites can be improved
considerably by introducing ZrB,—SiC composite
ceramics into the matrix.

The technique of polymer infiltration and pyrolysis
(PIP) and alternately stacked layers of ZrB, powders
have been used to introduce ZrB, into C/C or C/C-SiC
composites [15,16]. Nevertheless, the former has long
total cycle time and high cost, whereas the latter has a
limited amount of ZrB,. Slurry infiltration (SI) has been
favored by researchers due to its unique advantages of
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short preparation cycle and simple operation. Distilled
water and ceramics were utilized by TANG et al [17] to
prepare a slurry, and the properties of composites relied
on the capability of the air pump and the gravity of the
slurry to introduce ZrB, particles into a preform.
However, even with pressure assist technique, the UHTC
particles were mainly concentrated in the preform from
the surface to a 2mm depth. ZrB, powders,
polycarbosilane (PCS), and divinyl benzene were made
into the slurry by HU et al [18], and the slurry was
pressed into a preform by high pressure. Nevertheless,
powders accumulated on the preform surface. The
conventional SI technique has the problems of poor
fluidity and wettability of the slurry, which cause the
powders to accumulate on the preform surface easily. No
open literature was reported on the preparation of
C/C-Z1rB,—SiC composites by slurry impregnation with
high solid loading and without high pressure.

Therefore, in this work, a new method of
high-solid-loading slurry impregnation (HSLSI) was
used in our research to distribute ZrB, evenly in a
preform and increase the ZrB, content as much as
possible. Ethanol was used to improve the wettability
between ZrB, slurry and C/C composites, and the slurry
with high solid loading and low viscosity was prepared
and impregnated into the preform with atmospheric
pressure. The as-fabricated composites were densified by
PIP. Finally, the microstructural, mechanical, and
ablation properties of C/C—ZrB,—SiC composites were
investigated.

2 Experimental

2.1 Raw materials and preparation

T300 PAN-based carbon fibers (Toray, Japan) were
used to fabricate integrated needled felts. The felts with a
density of 0.45 g/cm’® were prepared by alternate 0°
nonwoven carbon fiber cloth, short-cut fiber webs, and
90° nonwoven carbon fiber cloth by a needle-punching
technique. The felts were densified to 0.75 g/cm’
by chemical vapor infiltration. The C/C—ZrB,—SiC
composites were fabricated via three steps. Firstly, the
ZrB; slurry was prepared. Commercially available ZrB,
powders (1 pum, 99.90% purity), ethanol, and deionized
water were used as starting materials, and poly-
ethyleneimine (PEI, Aladdin Co., Ltd., Shanghai, China)
was used as a dispersant. The wettability between
carbon-based materials with water is poor, but it can be
effectively improved by hydrophilic groups (—OH) [19].
All raw materials were mixed based on a certain
proportion and then milled in a planetary ball for 2 h to
form a homogeneous slurry of 40 vol.% solid loading.
Typical slurry compositions consisted of 60.85 g ZrB,
powders, 0.24 g PEIL, 12.51 g deionized water, and 1.75 g

ethanol. The pH values of the suspensions were adjusted
by using HCI and ammonia water (NH;-H,0O). Secondly,
the ZrB, slurry was directly impregnated into the
preform by capillary force and gravity, and no powders
accumulated on the preform surface. After the
impregnation process, the preform was dried in an air dry
oven at 120 °C for 10 h. The put-on mass was compared
with that in the theory of density of ZrB,, and its volume
content was determined. Thirdly, PCS with a ceramic
yield of approximately 65 wt.% was dissolved in
n-hexane with a mass ratio of 1:1 and used as the
precursor for SiC during PIP. The C/C—ZrB,—SiC
composites were obtained by eight cycles of PCS
through the PIP process, and the pyrolysis of the PCS
was conducted at 1400 °C for 1 h in an atmosphere of
flowing argon.

2.2 Sample characterization

Zeta potential measurements of ZrB, in the absence
and presence of PEI were conducted separately as a
function of pH value (in the range of 2—11) via a zeta
potential analyzer (Zetasizer Nano ZS, Malvern, UK) by
using dilute suspensions (0.01 vol.%). The rheological
behavior of the ZrB, suspensions was determined using
a rotational viscometer (AR2000EX, TA instrument,
USA).

The bulk density and open porosity of the
C/C—ZrB,=SiC composites were obtained through the
Archimedes method. The phases were analyzed using an
X-ray diffraction (XRD) analyzer (Rigaku Ltd., Japan;
Cu K, radiation). Flexural strength was evaluated by a
three-point bending test (Instron—3369) with a span of
50 mm and a loading speed of 0.50 mm/min using bars
with dimensions of 60 mm x 5 mm x 4 mm. Over five
samples were measured for the test. The microstructure
and morphology of the composites were characterized
using a scanning electron microscope (SEM, FEI CO,
NOVA Nano230) equipped with an energy-dispersive
spectrometer (EDS).

Cylindrical samples (¢30 mm X% 10 mm) for ablation
test were cut from the as-prepared C/C—ZrB,—SiC
composites. The ablation test equipment consisted of an
oxyacetylene gun, a manual control cabinet, two gas
tanks, and several rubber pipes. The oxyacetylene gun tip
with an inner diameter of 2 mm was perpendicular to the
sample at 20 mm. During the test, the flow rates of
oxygen and acetylene were 1.960 and 0.696 L/s,
respectively; and the pressures of oxygen and acetylene
were 0.4 and 0.095 MPa, respectively [20]. As detected
by an optical pyrometer, the surface temperature of the
sample center reached 2500 °C. The ablation duration
was set to be 120 s. The linear and mass ablation rates of
the tested samples were calculated using Eqgs. (1) and (2),
respectively:
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R=(dy—=d,)/t (1)
Rin=(my=m, )/t (2)

where R; is the linear ablation rate; d, and d,; are the
thickness values of samples in the center region before
and after ablation, respectively; Ry, is the mass ablation
rate; my and m; are the masses of the samples before and
after ablation, respectively; ¢ is the ablation time. A
widely used C/C composite with a density of 1.82 g/cm’
was also investigated for comparison to evaluate the
ablation property of the C/C—ZrB,—SiC composites. The
final ablation rates of the composites are the average for
five samples.

3 Results and discussion

3.1 Dispersion and rheological behavior of aqueous

ZrB, suspensions

Slurry with uniform dispersion, good stability, and
low viscosity is an important factor for ensuring the
uniform distribution of ceramics in the C/C preform.
Otherwise, ceramics in the slurry can be easily separated
from deionized water, which leads to the deposition of
the ceramics on the C/C preform surface. In the slurry,
the interaction between particles is mainly divided into
two types, namely, the mutual attraction by van der
Waals forces and the repulsive effect of electrostatic
interactions, steric interactions, and other forces. Zeta
potential is often used as a criterion for surface charge,
because it is close to the stern potential and can be
measured [21]. The =zeta potential reflects the
electrostatic dispersion effect. The dispersion of powders
in the suspensions is good when the absolute value of the
zeta potential (measured in mV) is high.

Figure 1(a) shows the zeta potential curves of ZrB,
powders in deionized water in the absence and presence
of PEI. Under the condition that no PEI was added, the
isoelectric point, which is the pH with zero net charge on
particle surface, of ZrB, powders was approximately ©.
The absolute value of zeta potential for pristine ZrB,
reached the maximum at a pH value of approximately
10, and the absolute maximum was approximately
30.10 mV. However, the absolute maximum zeta
potential for ZrB, suspension was obtained when
0.40 wt.% PEI was used as dispersant at a pH value of 5,
and the absolute maximum was 67.10 mV, which
increased to 122.90% higher than that for pristine ZrB,
suspension. These results showed that the addition of a
proper amount of PEI could significantly improve the
dispersion effect of ZrB, powders, and this phenomenon
can be explained by two main reasons. On one hand, PEI,
as a polymer dispersant with a branched chemical
structure [22], may exhibit a remarkable steric
stabilization behavior. On the other hand, PEI has a high
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Fig. 1 Zeta potential curves of ZrB, in the absence and
presence of PEI (a) and viscosity of ZrB, suspension versus
PEI concentration (b)

positive charge density that allows negatively charged
substrates to be absorbed tightly, resulting in high
electrostatic force in a suspension [18]. Excessively high
or low concentrations of dispersants are not beneficial to
the dispersion of particles in deionized water. When the
concentration of PEI was lower than 0.40 wt.%, less
surface of particles was covered with PEI, which
decreased the electrostatic repulsion between particles
and increased their aggregation. When the concentration
of PEI was higher than 0.40 wt.%, the dispersants of
particle surface adsorption were oversaturated, which not
only increased the ionic strength of the solution and
compressed the double-charge layer, resulting in the
electrostatic repulsion decrease between particles, but
also increased the bridging flocculation because of
polyelectrolyte macromolecule [21]. In summary,
selecting a suitable dispersant concentration is important
to achieve good dispersibility of particles.

Figure 1(b) shows the curves for the rheological
property of ZrB, aqueous suspensions (at 40 vol.% solid
loading) with different concentrations of PEI. The
rheological property of the ZrB, aqueous suspensions
strongly depended on the added contents of PEIL. At the
dispersant concentration of 0.40 wt.%, the shear rate of
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100 s™' and pH 5, the viscosity of the slurry was
17.42 mPa's. The viscosity of the dispersant
concentration below or above 0.40 wt.% was higher than
that at dispersant concentration of 0.40 wt.%. When the
concentration of the dispersant was less than 0.40 wt.%,
it could not be steadily adsorbed on the powder surface,
and the zeta potential of ZrB, particles was insufficient
to establish a stable suspension, thereby increasing the
viscosity of the suspension. When the dispersant
concentration was higher than 0.40 wt.%, the over-
saturated adsorption of PEI increased the ionic strength
of the solution and compressed the double-charge layer,
which decreased the electrostatic repulsion between
particles [23]. The 0.40 wt.% PEI as dispersant appeared
to be the optimum dispersant concentration to disperse
ZrB, powder, which induced the minimum viscosity
value and maximum zeta potential. Thus, the influence of
dispersant on the rheological property is significant. A
suitable dispersant concentration would reduce the
viscosity of suspensions.

3.2 Phase composition and microstructure
Figure 2(a) presents the cross-section morphology

(2)

1190° non-woven webl

0° non-woven web

Needle-punched area

ﬂ Short-cut fiber web

P X b e ety 3
P8 Fiber bundle S8 A J wa , g8
W~ o OB
; v o) SV ¥ B

i 8 "4#'4 ¢ A&

of the C/C preform. The preform was composed of four
typical structural units: 90° non-woven layer, 0°
non-woven layer, short-cut fiber web layer, and
needle-punched fibers. The nonwoven layer had small
pores, and some of them were in fiber bundles. The pores
of the short-cut fiber web layer and needle-punched
fibers were large, which provided the channels for slurry.
After the HSLSI process, ZrB, phases (with bright
contrast due to containing heavy element Zr) were
mainly distributed in the short-cut fiber web layer and
needle-punched area (Fig. 2(b)), and only a small amount
of ZrB, was present in the intrabundle matrix (Fig. 2(c)).
As shown in Fig. 2(d), the ZrB, ceramics were loosely
accumulated around the fiber, and the fiber was higher
than the ceramic plane. Thus, the ceramics were partially
detached during polishing due to the simple
accumulation.

Figure 3 shows the density change of the composite
during preparation. The bulk density and open porosity
of the initial porous C/C preform were 0.75 g/cm’ and
59.60 vol.%, respectively. After SI, the density and open
porosity of the C/C—ZrB, preform were 2.15 g/cm® and
36.30 vol.%, respectively. Approximately 23 vol.% of
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Fig. 3 Density change of composite during preparation

Z1B, was introduced into the preform through the HSLSI
process. The ZrB, volume fraction of the C/C—ZrB,—SiC
composite is higher than that reported in Refs. [24,25].
Therefore, a large amount of ZrB, particles could be
introduced into the composites through the HSLSI
process. After the PIP process (eight cycles), the density
of the C/C—ZrB,—SiC composite increased to 2.88 g/cm’,
and the open porosity decreased to 7.10%.

An XRD test was performed on the prepared
C/C—ZrB,—SiC composites. The XRD analysis (Fig. 4)
showed that the C/C—ZrB,—SiC composites were
composed of carbon (C), ZrB,, and SiC, indicating that
PCS was converted into SiC after heat treatment.
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Fig. 4 XRD pattern of C/C—ZrB,—SiC composites

Figure 5(a) displays BSE image of a typical cross-
section of the C/C—ZrB,—SiC composites. In comparison
with Fig. 2(b), Fig. 5(a) demonstrates that the composites
were further densified, and the pores were significantly
reduced. A large amount of carbon fibers existed in each
bundle, and the gaps between carbon fibers in the
intrabundle matrix were only several micrometers, which
was close to the size of ZrB, particles. Therefore, in the

Fig. 5 BSE images of cross-section of C/C—ZrB,—SiC
composites: (a) Low magnification; (b) High magnification;
(c) PyC, ZrB,, and SiC around carbon fiber

HSLSI process, when the slurry flowed into the large
pores in the preforms the particles on the outer surface of
the fiber bundles would clog the intrabundle pores and
prevent further particle ingress. In the subsequent
process of PIP densification, most of the pores in the
fiber bundles were filled with PCS-derived SiC
(Fig. 5(b)), because the liquid formed by the mixing of
PCS and n-hexane had good liquidity and could
efficiently flow into the fiber bundles. The EDS analysis
results confirmed the phases with gray contrast to be SiC.
As shown in Fig. 5(c), the ceramics were distributed
uniformly and compactly around the carbon fiber (Cy),
and the ZrB, powder had hardly fallen off in the
polishing process under the fixed effect of SiC. The
magnified graphs showed that PyC was surrounded by a
thin layer of SiC (Fig. 5(c)). This phenomenon could be
due to the irregular ZrB, particles, which made covering
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the PyC surface completely difficult, whereas the PCS
introduced by the PIP process could efficiently enter the
gap between the PyC and ZrB, particles due to good
fluidity. The pyrolysis process could obtain a thin SiC
layer, which could effectively protect PyC and carbon
fibers.

3.3 Mechanical properties

Table 1 summarizes the mechanical properties of
C/C and C/C—ZrB,—SiC composites. The average
flexural strength of the five specimens used in the tests
of C/C—ZrB,—SiC composites was 309.30 MPa, which
was 146% higher than that of C/C composites
(125.60 MPa). Good mechanical properties of carbon
fiber-reinforced composites are mainly dependent on the
fiber—matrix or fiber—matrix—filler interfacial adhesion,
because the load transfer from the matrix to the fibers
would require a good bonding at the interfaces [26].
After C/C composites were infiltrated ZrB, and SiC, the
interfacial surface areas between the bundles and layers
were increased, a strong bonding between the ceramics
and PyC was observed, and the low porosity benefitted
the load transfer to the fibers, which improved the
mechanical properties.

Table 1 Mechanical properties of C/C and C/C—ZrB,-SiC
composites

) Density/ Open Flexural
Specimen 4 )
(grem™) porosity/%  strength/MPa
Cc/C 1.82 8.20 125.60
C/C—ZrB,-SiC 2.88 7.10 309.30

Figure 6 shows the load—displacement curve of the
C/C—ZrB,—SiC composite. The sample exhibited a
similar typical non-brittle fracture behavior. Before
reaching the matrix-cracking stress, the C/C—ZrB,—SiC
composite presented elastic deformation. However, with
the increase in stress, the C/C—ZrB,—SiC composite
displayed inelastic deformation behavior, indicating that
multi-cracking occurred in the matrix [27]. When the
loading reached the maximum that the material could
bear, the load suddenly decreased to a certain extent, and
the material failed. This mechanical behavior implied
that the carbon fibers improved the toughness of
ceramics and prevented catastrophic fracture.

Figure 7 presents the microscopic fracture profiles
of the C/C—ZrB,—SiC composites. The fracture surface
of the C/C—ZrB,—SiC composites was coarse, and the
composites had some fibers pulled out (Fig. 7(a)). The
fracture morphology demonstrated that ZrB, ceramics
could completely permeate the preform and distribute
evenly in the matrix through the HSLSI process. The
carbon fibers were not damaged in the HSLSI combined
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Fig. 6 Load—displacement curve of C/C—ZrB,—SiC composite

with the PIP process. Several holes were retained after
the fibers were pulled out (Fig. 7(b)). When the
composite was under load, the fibers were pulled out to
avoid sudden fracture and improve the toughness of the
composite (Fig. 7(c)). Figure 7(d) shows that the carbon
fibers were pulled out, some of the fibers were separated
from the PyC, whereas the PyC was closely bound to the
ceramic matrix. Thus, the bonding between the ceramic
matrix and PyC interphase was stronger than that of
fibers and PyC interphase. The combination of the
fracture morphology and the load—displacement curve of
C/C—ZrB,—SiC composites confirmed the nonbrittle
fracture behavior.

3.4 Ablation morphology and ablation behavior

Table 2 summarizes the results of the ablation
properties of the C/C and C/C—ZrB,—SiC composites.
After being exposed to oxyacetylene torch at 2500 °C for
120 s, the C/C composites with a density of 1.82 g/em’
and the C/C—ZrB,—SiC composites had mass ablation
rates of 5.76 and 0.40 mg/s, respectively. After adding
ZrB, and SiC ceramics into porous C/C composites, the
order of magnitude was decreased by one. The linear
ablation rates of C/C with a density of 1.82 g/cm”’ and the
C/C—ZrB,=SiC composites were 6.08 and 0.91 um/s,
respectively. Such results suggested that the co-addition
of ZrB, and SiC could play a positive role in improving
the ablation resistance of C/C composites.

Figure 8 presents the surface morphologies of the
C/C—ZrB,—SiC composites before and after ablation.
Figure 8(a) shows the macromorphology of the
C/C—ZrB,=SiC composites before ablation. This image
proves that smooth and compact composites could be
produced by the mixed process. Figure 8(b) exhibits the
macrograph of the C/C—ZrB,—SiC composites after the
ablation test at 2500 °C for 120 s. The specimens were
efficiently protected after ablation, and the surface of the
center ablation zone was formed with a relatively dense
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Fig. 7 Fracture morphologies of C/C—ZrB,—SiC composites: (a) Low magnification; (b) Holes; (c) Carbon fibers pulled out; (d) High

magnification

Table 2 Ablation properties of C/C and C/C-ZrB,—SiC
composites

Linear ablation Mass ablation

Specimen 4 -1
rate/(pm-s ) rate/(mgs )
C/C 6.08 5.76
C/C-ZrB,—SiC 0.91 0.40

white layer and good adhesion to the substrate, without
evident ablation pit and fiber denudation. The ablated
sample surface was mainly divided into three regions,
namely, center ablation (4), transition erosion (B), and
brim oxidation (C). The brim of the ablated surface
barely changed and exhibited better erosion than the
central region, because the thermal gradient between the
center and borders of the specimen rendered the ablation
rate nonuniformly throughout the surface.

The reaction products of the sample center formed
after the ablation test were characterized using XRD, as
shown in Fig. 9. The results indicated that the white
molten layer only consisted of ZrO, for the oxidation of
ZrB, ceramics. ZrQ, was stable at 2500 °C because of its

10mm

Fig. 8 Macrographs of C/C—ZrB,—SiC composite before (a)
and after (b) ablation

high melting temperature (2715 °C) considering the
possible reaction products. However, at approximately
2500 °C, the SiO, evaporated rapidly and was blown
away by the high-speed oxyacetylene torch in the center
ablation region [28]. An unusually low melting point of
450°C and a high vapor pressure of B,0; which
vaporized rapidly at temperatures above 1100 °C, were
considered [29]. The oxidation products of SiC and B,0;
were inadequately stable in the flame tip region; thus, no
Si0, and B,0; peaks were observed in the XRD pattern.
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= — 710,

Fig. 9 XRD pattern of C/C—ZrB,—SiC composites at ablation
center

Figures 10(a—c) display the BSE images of micro-
structures and EDS analysis of the center, transition, and
brim ablation regions of C/C—ZrB,—SiC composites,
respectively. At the ablation center of the specimen, the
ablation surface covered a relatively dense oxide layer
with minimal pores. The EDS analysis showed that the
white particles were ZrO, phase, which was consistent
with the previous XRD results. The reason for this
phenomenon was the oxidation of ZrB, and SiC ceramic
particles. Their oxides (SiO, and B,0;) almost
evaporated at such ultrahigh temperature in the initial
stage of the ablation and were the main contributors to
the increasing mass ablation rate and generated porosity.
However, the ZrO, particles adhered to the sample
surface to form a continuous oxidation protective layer
that could prevent further intrusion of oxygen and the
oxidation of internal matrix. Ablation is a complex
process that includes thermal, physical, chemical, and
mechanical erosion under high temperature. In this work,
the temperature of the center ablation area was
approximately 2500 °C. Figure 10(b) presents the micro-
topography of region B in Fig. 8(b), which shows the
ablated surface covered with rough and porous white and
gray glass phases. The EDS analysis showed that the
mixture layer consisted of SiO, and ZrO,, which could
prevent the sample from being ablated further. The
temperature in the transition oxidation region was lower
than that at the ablation center. A relatively small
amount of ZrO, was formed, and most silicon oxides and
the evaporation of B,0; formed numerous holes.
Figure 10(c) shows that the brim oxidation region was
covered with a gray coating with irregular grains
ranging from 10 to 50 um. The EDS results proved that
the ablation product was Si—Zr—O phase, and Si was the
main element. Few ZrB, was oxidized because the
temperature of the ablation area was lower than that of
the transition zone. The formation of this continuous

layer effectively inhibited the inward transport of oxygen
and prevented the direct exposure of the C/C—ZrB,—SiC
composites to air in this temperature region.

.

it :Rg

i
\*3’

PSR e

Energy/keV

Fig. 10 BSE images and EDS analysis of C/C—ZrB,—SiC
composites in center (a), transition (b), and brim ablation (c)
regions

During ablation, the surface of the center region
suffered the highest thermal and pressure attacks.
Reactions in the center region may include as follows:
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2C(s)+04(2)=2C0(g) €)
C(s)+0:(g)=—CO0x(g) 4
2SiC(s)+30,(g)=28i0,(1)+2CO(g) )
SiC(s)+04(2)=Si0(g)+CO(g) (©)
Si0y(1)+CO(g)=Si0(g)+COx(g) ™)
Si0,(1)=Si0,(g) ®)
2Z1B,(5)+50,(g)=2Zr0,(s)+2B,05(g) )

Figure 11 shows the center ablation schematic
diagram for C/C—ZrB,—SiC composites. When the
ablation began, the surface temperature of the sample
increased rapidly, and the oxidative gases reacted with
carbon fibers, carbon matrix, SiC, and ZrB, (Egs. (3)—(7)
and (9)). Carbon was oxidized into CO (Eq. (3)) and CO,
(Eq. (4)), whereas the solid SiC was oxidized into liquid
Si0; (Eq. (5)). However, the ultrahigh temperature of the
ablation center and the intense erosion of the flame
resulted in the evaporation of low-viscosity SiO,
(Eq. (8)). As the temperature increased, the oxidation of
SiC became highly active (Eq. (7)) and the gases of SiO
and CO formed [30,31]. During ablation, the evaporation
of gas produced by the oxidation of SiC and ZrB,
absorbed heat from the flame, and the continuous layer
of ZrO, acted as a barrier to prevent oxygen from further
oxidation. Thus, the ablation resistance of C/C
composites could be improved by the co-addition of
ZrB, and SiC.

B,0; Flame

SiO, SiO
\ CO, CO, / g (é ?gz
5,
0 \ & Con SiC
90° non-woven web
e e Short-cut fiber web
= ¥ 0° non-woven web

Needle-punched area

Fig. 11 Center ablation schematic diagram for C/C—ZrB,—SiC

composites
4 Conclusions

(1) A ZrB, slurry with a high solid loading up to
40 vol.% and low viscosity (17.42 MPa's at 100 s ')
was prepared when the pH was 5 and the dispersant
concentration was 0.40 wt.%.

(2) C/C—ZrB,=SiC composites were successfully
prepared by combining HSLSI with PIP. After ZrB, and
SiC infiltration, the composites had a bulk density of
2.88 g/cm’ and an open porosity of 7.10%. The particles
were evenly distributed in the regions of short-cut fiber
web layer and needle-punched area.

(3) The flexural strength and ablation properties of
the C/C—ZrB,—SiC composites were considerably higher
than those of C/C composites. After ZrB, and SiC
infiltration, the flexural strength of the C/C composites
increased from 125.60 to 309.30 MPa, and the linear and
mass ablation rates decreased from 6.08 to 0.91 um/s and
from 5.76 to 0.40 mg/s, respectively.

(4) The surface of the C/C—ZrB,—SiC composites
was covered by a continuous integrated ZrO, layer,
which acted as effective oxygen species and heat flux
barrier, thereby protecting the composites against further
ablation.
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