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Abstract: To investigate the thermal stability of ceramic-matrix composites, three kinds of C/C—ZrC—SiC composites
with different Zr/Si molar ratios were synthesized by reactive melt infiltration. Employing region labeling method, the
high-temperature thermal stability of the composites was systematically studied by changing the temperature and
holding time of thermal treatment. Results show that the mass loss rate of low Si composites has a growth trend with
increasing temperature, and a crystal transformation from fS-SiC to a-SiC occurs in the composites. In the calibrated
area, SiC phase experiences Ostwald ripening and volume change with location migration, while ZrC phase experiences
a re-sintering process with diffusion. Moreover, it is found that increasing temperature has a more obvious effect on the
thermal stability than extending holding time, which is mainly attributed to the faster diffusion rate of atoms.
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1 Introduction

The thermal structural materials used in
hypersonic vehicles need to withstand harsh
environments with ultra-high temperature airflow,
so the properties of ablation resistance and thermal
stability are extremely important [1]. The most
commonly used thermal structural materials are
refractory metals, C/C composites, and ceramic-
matrix composites. Among them, ceramic-matrix
composites have the advantages of good chemical
stability, excellent oxidation resistance and low
thermal conductivity, making them as the promising
candidates for high temperature applications [2—5].
Especially, the C/C-ZrC-SiC composites have
received considerable attention for their superior
ablation-resistant properties, as the dense protective

layer of ZrO, and SiO, could be formed to
effectively protect the substrate under the
oxygen-containing environment [6—9]. At present,
the main methods to prepare the C/C—ZrC—SiC
composites are chemical vapor deposition (CVD),
precursor infiltration and pyrolysis (PIP), and
reactive melt infiltration (RMI). Reactive melt
infiltration is one of the most industrially
competitive methods with the merits of low cost
and short process cycle. Besides, the materials
prepared by RMI have low porosity and can
achieve a near-net shape [10,11]. However, the
ceramic phases in C/C—ZrC—-SiC composites
prepared by RMI would undergo series of evolution
in high-temperature environments. Therefore, it is
necessary to research the high-temperature thermal
stability of C/C—ZrC-SiC composites for the
engineering application references.
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Previous studies [12—14] showed that high-
temperature thermal treatment could make a
difference in microstructures of ceramic-matrix
composites, which would affect their mechanical
and ablation properties. CHEN et al [12] studied the
effects of high-temperature annealing on the
microstructures and properties of C/SiC—ZrB;
composites. They found that as the annealing
temperature increased, the crystallization degree of
the amorphous SiC increased. MEI et al [13] and
QIN et al [14] studied the effects of heat treatment
temperature on microstructures and mechanical
properties of chopped carbon fiber SiC composites.
It was found that a proper treatment temperature
could the mechanical properties of
composites. Besides, there have been other reports
on the thermal stability behaviors with high-
temperature treatment [15—19]. YU et al [20] and
JIA [21] researched the high-temperature thermal
stability of ZrC in W/ZrC cermets under different
treatment conditions, and found that there was
mutual diffusion behavior between ZrC and W,
which affected the initial crystal structures and
grain sizes. XIE et al [22] studied the effect of
annealing treatment on the phase transformation
of SiC ceramics. However, there is a lack of
systematic research on the high-temperature
thermal stability behaviors of C/C—ZrC-SiC
composites. What’s more, scholars have not
employed the region labeling method to in-situ
characterize the specific area before and after
high-temperature thermal treatment so far.

Thus, in this work, the region labeling method
has been employed to research the effects of
temperature and holding time on the thermal
stability of C/C—ZrC—SiC composites. The overall
high-temperature thermal stability was systematically
studied and four evolution models were developed
based on experimental results.

improve

2 Experimental

In the experiment, 2.5D acupuncture porous
C/C composites were used as substrate. They were
densified through the CVI process, which used
methane as the carbon source gas and hydrogen
and nitrogen as the carrier gases. Then, Zr powder
(Haotian Titanium Powder Processing Co., Ltd.,
Jinzhou, China) and Si powder (Xingrongyuan
Technology Co., Ltd., Beijing, China) with a purity
of 99.9% were mixed and ball milled with alcohol
in a tumbling mill (XQM, Kexi Institute of
Experimental Instruments) for 24 h, followed by
blast drying. The low-Si (LSi) and high-Si (HSi)
systems of C/C—ZrC—SiC composites with different
proportions of Zr—Si powders are listed in Table 1.
In the case of molten salt assisted (NaCl) samples,
NaCl (China National Pharmaceutical Group
Chemical Reagent Co., Ltd., Shanghai) and Zr—Si
mixed powder were selected as the infiltration
masterbatch, with a mass ratio of 8:100. The C/C
composites were embedded in the infiltration
masterbatch, using graphite crucibles as the vessel
for RMI process. The samples were heated to
2000 °C at a heating rate of 10 °C/min and kept at
2000 °C for 2 h.

After the RMI process, three types of
C/C-ZrC-SiC composites were processed into
round blocks with a diameter of 28—30 mm and a
thickness of 10 mm. Then, they were cut across a
groove with a depth of 1-2 mm and a width of
2 mm, followed by a groove with a depth of 1 mm
and a width of 2mm on the side. Thus, the
orientations of samples were marked, and four
detection areas were calibrated. Figure 1 shows the
schematic diagram of region labeling method.
During the thermal treatment with graphitization
furnace, the calibrated samples were placed in

Table 1 High-temperature thermal treatment parameters for different C/C—ZrC—SiC composites

System Sample ;rontent/wt."s/: Treatment temperature/°C Treatment time/h
LSi21 70 30 2000 3
Low-Si LSi31 70 30 2300 3
LSi22 70 30 2000 24
High-Si HSi21 50 50 2000 3

Molten salt assisted NaCl21 (8 wt.% NaCl) 70

30 2000 3
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Fig. 1 Schematic diagram of region labeling method

different graphite crucibles and sealed with C paper.
Besides, Ar was used as a protective gas.

The phase analysis of the C/C—ZrC-SiC
composites before and after thermal treatment was
performed using an X-ray diffraction (XRD)
analyzer (D/max 2550 vb+ 18 kW, Rigaku Co.,
Japan). The microstructures of composites were
analyzed using a scanning electron microscopy
(SEM, NanoSEM230, Novtma, Holland). The
elemental analysis was investigated by an electron
probe micro-analyzer (EPMA, JXA—-8530F, JEOL,
Japan).

3 Results and discussion

3.1 Thermal stability of C/C—ZrC—SiC composites

Overall, the C/C—ZrC—SiC composites have
experienced the mass loss and thickness growth
during high-temperature thermal treatment, as
illustrated in Fig. 2.

The main reasons for the mass loss and
thickness growth are as follows: the residual Si in
the C/C—ZrC—SiC composites will be volatilized at
2000 °C during high-temperature treatment, which

16
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Fig. 2 Mass loss rate and thickness growth rate during
thermal treatment for different C/C—ZrC—SiC composites

accounts for the quality loss. When the temperature
rises to 2300 °C, the decomposition Reaction (1)
will occur as well, causing a large amount of Si to
be lost in the form of steam [23]. Besides, the
thickness increase of composites during thermal
treatment is based on the grain growth and
organization migration of ceramic phases.

SiC(s)=Si(g)+C(s) (D

What’s more, different factors have distinct
effects on the thermal stability behaviors. On the
one hand, as the temperature increases, the mass
loss rate of C/C—ZrC—SiC composites shows a
significant growth trend, reaching 13.806% at
2300 °C (LSi31), which is about 22 times more
than that at 2000 °C (LSi21), while the thickness
growth rate shows a downward trend with the
increase of temperature from 2000 to 2300 °C. On
the other hand, the mass loss rate and thickness
growth rate show upward trends with increasing
holding time, as evidenced in LSi21 and LSi22.
Besides, increasing Si content in the infiltration
masterbatch, both the mass loss rate and thickness
growth rate show upward trends after high-
temperature treatment. The thickness growth rate
of HSi21 is the highest among all composites,
reaching about 6.286%. Furthermore, incorporated
with the NaCl molten salt, the mass loss rate of
NaCl21 composites shows an upward trend, but the
thickness growth rate shows a downward trend
compared to LSi21 composites.

3.2 Effect of heat treatment parameters on high-
temperature thermal stability
3.2.1 Effect of temperature
Figure 3 shows the XRD patterns of LSi2l
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and LSi31 composites before and after thermal
treatment. After thermal treatment at above
2000 °C, the peaks of C, ZrC, and SiC in LSi21
and LSi31 composites are shifted. Besides, the
crystal transformation from pS-SiC to a-SiC is
observed [24,25], as the diffraction peaks of a-SiC
appears. To be more specific, the angle of main
diffraction peak (111) of -SiC in LSi21 shifts from
35.623° (d=2.5182 A, d is the crystal plane spacing)
to 35.663° (d=2.5155A), and the peaks of
a-SiC exist at 34.101° (¢=2.6270 A) and 38.155°
(d=2.3567 A). According to the Bragg diffraction
equation (Eq. (2)), the crystal plane spacing is
inversely proportional to the diffraction peak angle.
The diffraction peaks of f-SiC shift to larger angles,
which illustrates that the interplanar spacing has a
decreasing trend. When the treatment temperature
increases to 2300 °C, the diffraction peak of S-SiC
in LSi31 almost completely disappears, and the
a-SiC peaks appear at 34.143° (d=2.6238 A) and
34.933° (d=2.5663 A).

2dsin 0=ni (2)

where 6 is the angle between the incident X-ray and
the corresponding crystal plane, which is equal to
half of the diffraction peak angle 26; n(=1, 2, 3, ***)
is the order of diffraction; 4 is the incident
wavelength. In this study, a Cu target is selected for
XRD, and 4 is 0.154056 nm.

Furthermore, as exhibited in Fig. 3, the angles
of (111) and (200) diffraction peaks of ZrC in LSi21
shift from 32.976° (d=2.7141 A) and 38.270°
(d=2.3499 A) to 33.056° (d¢=2.7076 A) and 38.331°
(d=2.3463 A), respectively. Meanwhile, the angles
of (111) and (200) diffraction peaks of ZrC in
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Fig. 3 XRD patterns of LSi21 and LSi31 composites
before and after thermal treatment

LSi31 shift from 32.976° (¢=2.7141 A) and 38.271°
(d=2.3498 A) to 33.074° (d=2.7062 A) and 38.351°
(d=2.3451 A), respectively.

At different thermal treatment temperatures,
the SiC phase in the calibrated areas shows different
microstructural evolution and migration behaviors.
It can be seen that when the treatment temperature
is 2000 °C, a few SiC grains in LSi21 sample grow
from irregularly shaped bulk crystals (Zone I in
Fig. 4(a)) into regular block crystals with distinct
edges, corners, and flat crystal faces (Zone III in
Fig. 4(c)). When the treatment temperature reaches
up to 2300 °C, the number of SiC grains in the
calibration area is significantly reduced (Fig. 4(d)).
These SiC grains are not continuous, and almost all
of them change from irregular shapes (Zone II
in Fig. 4(b)) to hexagonal prisms or hexagonal
pyramids (Zone IV in Fig. 4(d)). These hexagonal
prisms or hexagonal pyramids conform to the
hexagonal crystal structure of a-SiC. Therefore, the
degree of crystal transformation of SiC phase
increases with treatment temperature rising. In
addition, it can be seen that the maximum grain size
of SiC in the calibrated area at 2000 °C is
80—100 um (Fig. 4(c)), while the size of SiC grains
is much greater in the case of 2300 °C, and the
maximum size exceeds 200 um (Fig. 4(d)). The
abnormal growth of large SiC grains at the cost of
small grains conforms to the Ostwald ripening
mechanism [26,27]. Based on the grain growth rate
(Eq. (3)), the higher the treatment temperature, the
faster the grain growth rate and the larger the
crystallite size. Thus, as treatment temperature
increases, the Ostwald ripening degree of SiC phase
increases.

u=usexp[~Q/(RT)] (3)

where u is the grain growth rate; u is a constant
related to the atomic transition; Q is the activation
energy; R is the molar gas constant; 7 is the
thermodynamic temperature.

Furthermore, the exposed C fiber area on the
surface of LSi21 decreases after thermal treatment
at 2000 °C, and a ceramic layer with small grain
size appears. For the reasons, on the one hand,
these crystal grains are related to the reaction of low
melting ZrSi and Si with C. On the other hand, the
ceramic phases migrate from the fiber bundle
layer to the surface of composite. During the
thermal treatment at 2300 °C, the degree of Ostwald
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Fig. 4 SEM images of LSi21 and LSi31 before and after thermal treatment: (a) LSi21 before thermal treatment;
(b) LSi31 before thermal treatment; (¢) LSi21 after thermal treatment; (d) LSi31 after thermal treatment

ripening of SiC in LSi31 is too high, which leads to
the destruction of continuous ceramic phase
structure. The change of the C diffraction peak
before and after the high-temperature treatment
in Fig.3 is consistent with the microstructure
evolution of SiC in LSi21 and LSi31. The area of C
diffraction peak in LSi21 is significantly reduced,
which proves that the C fiber distributed on
the surface is reduced, while the C diffraction
peak in LSi31 becomes sharper because of the
crystallization of free C or pyrolytic C.

Meanwhile, Fig.4 depicts the high-
temperature thermal stability behaviors of ZrC in
the calibrated areas of LSi21 and LSi31. As the
temperature increases, the migration behavior of
ZrC grains along the parallel surface direction
becomes more obvious. Besides, it can be seen that
after high-temperature treatment, the ZrC phase in
the LSi21 sample exhibits grain refinement, as
shown in Figs. 5(a) and (c); while some of ZrC in

the calibrated area of LSi31 changes from
discontinuous irregular block crystals to continuous
lamellar crystals, and a typical layered stacked
structure appears on the surface (Figs. 5(b) and
(d)) [28]. The interfaces between adjacent ZrC
grains are obvious, forming a ravine morphology
that is similar to the thermal etch angle. The
microstructural evolution and migration of ZrC
conform to the re-sintering behaviors, which
manifests as the single structure being merged
together during high-temperature treatment.
3.2.2 Effect of holding time

Figure 6 shows the XRD patterns of LSi21 and
LSi22 before and after high-temperature thermal
treatment. The angle of main diffraction peak (111)
of 5-SiC in LSi22 shifts from 35.722° (d=2.5114 A)
to 35.547° (d=2.5234 A), and the peaks of a-SiC
appear at 37.782° (d=2.3791A) and 41.395°
(d=2.1794 A) as time passes. Meanwhile, the angles
of (111) and (200) diffraction peaks of ZrC in LSi22
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Grain boundary

Fig. 5 SEM images of LSi21 and LSi31 before and after high-temperature treatment: (a) Enlarged view of Area a in
Fig. 4(a); (b) Enlarged view of Area b in Fig. 4(b); (c) Enlarged view of Area c in Fig. 4(c); (d) Enlarged view of Area d

in Fig. 4(d)
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Fig. 6 XRD patterns of LSi21 and LSi22 before and after
thermal treatment

shift from 33.076° (d=2.7060 A) and 38.352°
(d=2.3450 A) to 33.034° (¢=2.7094 A) and 38.331°
(d=2.3463 A), respectively. According to the Brook
model (Eq. (4)), it is assumed that the initial grain
size remains unchanged and the grain size is

proportional to time:
G" -G, =Kt 4

where G is the grain size; Gy is the initial grain size;
n1 is the grain growth kinetic index, where the
smaller the value, the easier the growth; ¢ is time. K
follows the Arrhenius law (Eq. (5)), and when the
temperature remains constant, K does not change:

K=Koexp[~Q/(RT)] (&)

where K is a constant related to atomic migration.
Therefore, as the holding time increases, the crystal
grain size increases. The grain growth behavior in
the C/C—ZrC—SiC composites with low Si content
conforms to this law (Fig. 7).

As shown in Fig. 7, during 24 h treatment at
2000 °C, the abnormally grown SiC grains appear
in the calibrated area of LSi22, and the maximum
grain size is approximately 150 um, which is larger
than that of LSi21. Furthermore, it can be seen
that the ceramic phase and C fiber are alternately
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Fig. 7 SEM images of LSi22 before and after high-temperat

after thermal treatment; (c) Enlarged view of (a); (d) Enlarged view of (b)

distributed in the calibrated area of LSi22 before
treatment. While after 24 h treatment, the calibrated
area of LSi22 is completely covered by a ceramic
phase layer of SiC and ZrC. At the top of the
ceramic phase layer there are a few large SiC grains
that have grown abnormally owing to Ostwald
ripening. These large crystal grains are completely
transformed into hexagonal pyramid-shaped a-SiC.
Besides, as shown in Fig. 7(d), the SiC grains that
constitute the framework of ceramic phase layer
also undergo the crystalline transformation,
accompanied by the shape and volume changes, so
the ceramic phase layer has some pore channels.

What’s more, the ZrC in the calibrated area of
LSi22 changes from a discontinuous block structure
(Zone V in Fig. 7(a)) to a continuous lamellar
structure (Zone VI in Fig. 7(b)) after thermal
treatment. The evolution and migration of ZrC
grains in LSi22 are similar to those of ZrC grains in
LSi31. The difference is that the densification of
ZrC in the LSi22 only appears in a small region
around the SiC grains.
3.2.3 Other influencing factors

Figure 8 shows the XRD patterns of LSi2l,
HSi21 and NaCI21 before and after high-

temperature treatment. During thermal treatment at
2000 °C for 3 h, the angle of main diffraction peak
(111) of p-SiC in HSi21 shifts from 35.663°
(d=2.5155 A) to 35.546° (d=2.5235A), and that
shifts from 35.644° (d=2.5168 A) to 35.624°
(d=2.5181 A) in NaCl21 sample. With increasing
Si content in the infiltration masterbatch, the
diffraction peak of S-SiC shifts from a large angle
to a small angle and the interplanar spacing shows a
increasing trend.

In addition, the changes of average grain sizes
for SiC before and after high-temperature treatment
in LSi21, HSi21, and NaCl21 could be obtained
according to Eq. (6). With calculation, the average
grain sizes of SiC in LSi21, HSi21 and NaCl21 all
show the decreasing trend. Among them, HSi21 has
the largest decrease, being reduced to 37.478 nm.

KA

b= pcosé ©)

where D is the average grain size; K is the Scherrer
constant, which has a value of 0.89; g is the
half-height width.

Figure 9 presents the SEM images of HSi2l
and NaCl21 before and after high-temperature
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Fig. 9 SEM images of HSi21 and NaC121 before and after hrgh temperature treatment: (a) HS121 before thermal
treatment; (b) NaCI21 before thermal treatment; (c) HSi21 after thermal treatment; (d) NaCl21 after thermal treatment

thermal treatment. From Figs. 9(a) and (c), it can be
seen that after thermal treatment, the SiC phase
in HSi21 sample experiences grain growth and
crystal transformation, but the evolution degree is
relatively low. Besides, unlike the exposed C fiber
in the LSi21 (Figs. 4(a) and (c)), the surface of
HSi21 is completely covered by a layer of ceramic
phase. Especially, most of SiC grains in the
calibrated area are fine, which is consistent with the
large decrease of average grain size in HSi2l.
As the Zr—Si system modified C/C composites

prepared by RMI inevitably contain Si residues,
they would migrate from fiber bundle to surface
through diffusion, then react with C to form
fine-grained SiC, and finally affect the high-
temperature thermal stability.

In the calibrated area of NaCl21 (Figs. 9(b)
and (d)), only a small part of SiC grains show a
growth trend and no a-SiC is observed, which is
consistent with the XRD analysis.

Moreover, Table 2 shows the EPMA results of
SiC phase in the calibrated areas of LSi21, HSi21,
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and NaCl21 samples before and after thermal
treatment. Before thermal treatment, the Si/C molar
ratios of SiC in LSi21, HSi21 and NaCl21 are less
than 1. This is because amorphous free C is
dissolved in the SiC grains in the form of Si;_,Cj+x
phase or distributed at the grain boundary, acting as
diffusion barriers and having a positive effect on the
stability of ceramic phase. After high-temperature
treatment, the Si/C molar ratios of SiC in LSi21,
HSi21, and NaCl21 all show upward trends. On the
one hand, due to the decomposition of SijCjix
phase, the C atom diffuses out of crystal grain and
thus decreases in the system [29]. On the other
hand, because of the evaporation—condensation
process, Si is concentrated on the surface of
composites. In addition, with the Si content
increasing in the infiltration masterbatch, the
ascending range of Si/C molar ratio increases,
which is the result of the more residual Si in the
HSi21 composites. Furthermore, it is worth noting
that after high-temperature treatment, the Si/C
molar ratio of SiC in NaCl21 still remains less than
1 and the diffusion barrier effect of C does not
disappear.

Table 3 shows the EPMA results of ZrC in
the calibrated areas of LSi21, HSi21 and NaCl21
before and after thermal treatment. Before thermal
treatment, the EPMA results reveal that the Zr/C
molar ratios are less than 1 in the modified
composites. According to the RMI mechanisms of
C/C—ZrC—SiC composites, Si melts into the C/C
pores and reacts with the pyrolytic C to form SiC,
which prevents subsequent melt from directly
contacting the pyrolytic C. Then, a large amount of

free C diffuses into the melt and reacts with the
low-melting Zr—Si alloy and forms ZrC and SiC.
ZrC is a non-stoichiometric transition metal carbide
whose chemical formula can be written as ZrC,
(0.99>x>0.66). Under normal conditions, it is in a
“C-deficient” state with some C vacancies in its
structure. Therefore, the free C is enriched in the
ZrC grains or at the grain boundaries before high-
temperature treatment. During high-temperature
treatment, the Zr/C molar ratios of ZrC in the
modified composites show an upward trend
according to the EPMA results, approaching to 1.
This result is ascribed to the outward diffusion of
the free C which is dissolved in the ZrC grains or at
the grain boundaries before treatment. In addition,
as shown in Table 3, the change range of Si molar
ratio in HSi21 is the largest, which further proves
that as Si content in the infiltration masterbatch
increases, the residual Si content in the modified
composites increases. While, the change of Si in
NaCl21 is small, which is attributed to the fact that
NaCl can reduce the contents of residual Si and
Zr—Si compounds in the modified composite during
the RMI process [30].
3.3 High-temperature thermal
mechanism

Figure 10 presents the thermal stability models
for C/C—ZrC—SiC composites under different
conditions. As shown in Fig. 10(a), the C/C—
ZrC—SiC composites prepared by RMI method
have complex structures and a rich variety of
phases. To be specific, the phases contain SiC, ZrC,
and some residual ZrSi, Si, C, etc.

stability

Table 2 EPMA analysis results of SiC in LSi21, HSi21 and NaCl21

Content before treatment/at.%

Sample

Si/C molar ratio

Content after treatment/at.% Si/C molar ratio

7r C Si before treatment 7r C Si after treatment
LSi21 0 5291 47.09 0.89 0 48.10  51.90 1.08
HSi21 0 58.92 41.08 0.70 0 29.12  70.88 2.43
NaCl21 0 83.74 16.26 0.19 0 53.14  46.86 0.88

Table 3 EPMA analysis results of ZrC in LSi21, HSi21 and NaCl21

Content before treatment/at.%

Zr/C molar ratio

Content after treatment/at.% 71/C molar ratio

Sample 7r C Si before treatment 7r C Si after treatment
LSi21 29.27 70.0 0.73 0.42 34.76 63.34 1.91 0.55
HSi21 34.80 64.46 0.74 0.54 38.58 57.96 3.45 0.67

NaCl21 18.23 80.85 0.92 0.23 41.78 57.10 1.11 0.73




3358 Zheng PENG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3349-3361

(@)
Surface
Carbon ﬁ
fiber 4_} ] St . o™
o '-9 . v — Zr,Si,
®
Bundles %ﬁ_ - SiC
Pore = 22]
© SiC(s)  SiC(g)  SiC(s)
sicoswaa VWV ITTITT LU
ripening and €« ZiC
crystal transition %;\ - Ty
| S @
> -.—, )
o“- vto
Organizational '.": ..

migration

Orgamzatlonal ¥ - o)
@] . > >

(b) SiC(s) SiC(g)  SiC(s)
Wittt
g “i'ftg N > .‘ ' %) ¢
vl R
i ».4 : o .

>ZrC  Organizational @ o
migration

SiC(s) SiC(g) SiC(s)

N m2Y

o908 $08 Bod obod . »
§O 1 i‘l .:‘.‘ ‘ || SR ZI'C_SIC
AR IS laver
&8s £0) y
2597 @ e
@ 2 ®

migration

Fig. 10 Schematic diagrams of thermal stability models for C/C—ZrC—SiC composites: (a) Before thermal treatment;
(b) After thermal treatment at 2000 °C for 3 h (LSi21); (c¢) After thermal treatment at 2300 °C for 3 h (LSi31); (d) After

thermal treatment at 2000 °C for 24 h (LSi22)

When the thermal treatment temperature is
above 2000 °C, the total surface energy of the
composites increases owing to the difference of
thermal expansion coefficients, and volume change
factors such as the crystal transformation of SiC. At
the same time, affected by high temperature, the
surface of composite has high energies to adsorb
large numbers of atoms and form the fine-grained
SiC and ZrC, which will further increase the total
surface energy. However, as we know, solids tend to
minimize their surface energy. The mechanism for
SiC to reduce the surface energy is Ostwald
ripening. As evidenced in Fig. 4 and Fig. 7, both
crystal transformation and Ostwald ripening of SiC
are accompanied by volume changes and location
migrations, which have great effects on the thermal
stability of C/C—ZrC—SiC composites.

Figure 11 shows the schematic diagram of
Ostwald ripening process [31]. As illustrated, there
are three types of mechanisms: liquid-phase
dissolution, evaporation—condensation, and solid-
state diffusion. According to the Gibbs—Thompson
formula (Eq. (7)), the relationship between the
solubility and particle radius during Ostwald
ripening process could be obtained as follows:

1n[i] VQ[ + IJ (7)
S.) kT\R R

where S is the solubility of the curved solid surface,
S» is the solubility of the plane, y is the surface
energy, Q is the atomic volume, & is the Boltzmann

Deposit Liquid-phase

diffusion
_

Dissolve

Solid-state
diffusion
_

Solid
particles

Evaporation—
condensation
—

Fig. 11 Schematic diagram of Ostwald ripening
process [31]

constant, and R; and R, are different atomic radii.
Similarly, the relationship between the vapor
pressure and atomic radius can be obtained
according to the Kelvin equation (Eq. (8)):

h{QJ VQ( +1J (8)
P.) kT\R R

where P. is the vapor pressure of the curved solid
surface, and P, is the equilibrium vapor pressure of
the plane.

The Ostwald ripening of SiC is related to its
chemical potential. Because there are distinctions
between size and volume for SiC grains in the
composites prepared by RMI method, which leads
to the differences in surface curvature and chemical
potential for large and small particles. From
Egs. (7) and (8), it can be seen that the solubility or
vapor pressure of small particles is greater than that
of large particles [32]. Therefore, there is a net
diffusion from small particles to large particles. In
our system, large SiC particles absorb solute and
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grow, while small particles continue to dissolve to
compensate for the diffused solute. The final result
is that large particles become larger, and small
particles become smaller until they disappear, as
shown in Fig. 10(b). In addition, because the
melting point of each phase in the composites is
relatively high and a sufficient melt environment is
not formed at thermal treatment temperatures, the
Ostwald ripening of SiC mainly depends on the
solid-state diffusion and evaporation—condensation
mechanisms.

For ZrC phase, it reduces the total surface
energy by re-sintering behavior, which manifests
that the single structure gradually merges to form a
continuous and dense ceramic phase structure. The
re-sintering of ZrC mainly depends on the surface
diffusion, grain boundary diffusion, and bulk
diffusion. These diffusions not only change the
interplanar spacing of ZrC grains, but also change
the morphology of the ceramic phase. To be specific,
the surface diffusion results in the formation of
typical layered accumulation structures on the
surface of ZrC. Besides, grain boundary diffusion
also plays a major role in the re-sintering behavior.
When the grain boundary diffusion reaches the
equilibrium between two adjacent ZrC grains, a
hot-etched corner morphology will appear at the
interface. What’s more, bulk diffusion mainly relies
on the C vacancies, which will lead to the grain
migration. Meanwhile, the change of interplanar
spacing is also affected by the residual internal
stress. The high-temperature treatment weakens the
interface bonding and reduces the residual internal
stress in the composites.

In addition, increasing the thermal treatment
temperature would increase the atom diffusion rate
and the evaporation—condensation reaction rate.
Therefore, compared with LSi21 at 2000 °C, the
microstructure evolution and migration of SiC and
ZrC in LSi31 at 2300 °C are more evident, as
shown in Fig. 10(c). On the other hand, the
extension of holding time will increase the degree
of solid-state diffusion, so plenty of ceramic phases
are enriched on the high-energy surface and a
continuous ceramic layer is formed on the surface
of LSi22 sample, as exhibited in Fig. 10(d). From
the results of LSi31 and LSi22, it can be concluded
that increasing temperature and extending holding
time both affect the thermal stability of
C/C—ZrC-SiC composites.

Furthermore, C/C—ZrC—SiC composites with
high Si content have poorer thermal stability
compared with low-Si systems, owing to the
increased contents of SiC phase, low-melting Zr—Si
alloy phase, and residual Si phase in the system.
Besides, it is found that the addition of NaCl could
form an ionic melt environment through the
low-melting point molten salt, which promotes the
formation of carbides, thereby eliminating the weak
phases and having a positive effect on the thermal
stability.

4 Conclusions

(1) The high-temperature thermal stability
behavior of C/C-ZrC-SiC composites is
characterized by macroscopic size and crystal
structure, as well as microstructure evolution and
location migration of ceramic phases.

(2) After thermal treatment in different
conditions, the C/C—ZrC—SiC composites exhibit
mass loss and thickness increase in varying degrees.

(3) The SiC phase has a great influence on the
thermal stability of C/C—ZrC-SiC composites as it
experiences  Ostwald ripening and crystal
transformation, accompanied by volume change
and location migration. Meanwhile, the ZrC
exhibits re-sintering behaviors with surface
diffusion, grain boundary diffusion, and bulk
diffusion during thermal treatment.

(4) The effect of increasing temperature is
more remarkable on the thermal stability of
C/C—ZrC-SiC composites than that of extending
holding time.
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