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Nanopowder
To explore the application of SiC nanowires (SiCnws) in ZrB2 based ceramic materials, a facile approach is re-
ported to in situ synthesize homogeneously dispersed SiCnws in ZrB2-ZrC-SiC-ZrO2 nanopowders by pyrolyzing
a B-Si-Zr containing sol precursor impregnated in polyurethane sponge. The sponge was used to provide porous
skeletons for the growth of SiC nanowires and facilitate their uniform distribution in the powders. After heat-
treatment of the precursor with a Si/Zr atomic ratio of 10 at 1500 °C for 2 h, ZrB2-ZrC-SiC-ZrO2 ceramic powders
were obtained with an even and fine particle size of ~100 nm. The SiCnws were in a diameter of ~100 nmwith a
controllable length varying from tens to hundreds of microns by increasing the silicon content in the precursor.
Moreover, the produced SiCnws were in high purity, and homogeneously dispersed in the hybrid nanopowders.
The study can open up a feasible route to overcome the critical fabrication process in SiCnws reinforced ceramic
matrix composites.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The highmelting points, high hardness, relatively lowdensity, excel-
lent chemical stability and good thermal stability of ZrB2-ZrC-SiC com-
posites make them potential candidates for high-temperature
cx@mail.xjtu.edu.cn (C. Li),

. This is an open access article under
structural applications, such as thermal protection, engines, furnace el-
ement and hypersonic vehicles [1–7]. Although ZrB2-ZrC-SiC compos-
ites have revealed greatly improved performance than the monophase
or binary-phase systems [8–10], the critical problems such as the limit
sinterability, inherent brittleness and poor oxidation resistance still re-
strict their engineering applications [11–14].

To improve the reliability and expand their application, toughening
by reinforcements with large aspect ratio (e.g. short fibres, whiskers,
etc) has been demonstrated effective in improving the fracture
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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performance of prepared composites [15–19]. Among various reinforce-
ments, SiC nanowires (SiCnws) become the focus of attention due to
their outstanding performance, such as larger aspect ratio, higher spe-
cific strength, and superior harsh environment resistance [20,21]. For
example, the theoretical strength of SiCnws with a diameter of
100 nm (about 24 GPa) is much higher than that of SiC whisker
(about 8GPa) [22]. The higher strength of SiCnws will make a greater
contribution to the synthesized composites. However, the fabrication
of SiCnws reinforced ceramic matrix composites remain challenging.
Firstly, due to the high aspect ratio, SiCnws will easily get entangled to-
gether and are hard to be dispersed evenly in the composites. Therefore,
it is necessary to explore a new approach to ensure the homogeneous
distribution of SiCnws in the matrix, thus improving their reinforce-
ment effect. Besides, the produced SiCnws are expected to have high
crystallinity, with a sufficient amount. A meaningful attempt to over-
come above issues is to in-situ synthesize evenly dispersed SiCnws in
the ceramic matrix. Recently, Zhong et al. prepared ZrB2-SiC powders
with in-situ grown SiCnws through pyrolyzing ZrB2 polymeric precur-
sor by using Ni catalyst [23]. Whereas, besides the large amounts of im-
purities, the homogeneous dispersion of SiCnws cannot be achieved due
to the inhomogeneous distribution of the catalyst. Chu et al. synthesized
homogeneously dispersed SiCnws in silicon-based ceramic powders
using Si, SiC and graphite as raw materials, in which the ceramic parti-
cles had an average size of ~7 μm [24]. Moreover, the free silicon was
found to be crucial for the synthesis of SiCnws in this method, and res-
idue silicon existing in the ceramic powdersmight deteriorate the prop-
erties of thefinal composites. Zheng et al. fabricated SiCnws by chemical
vapour deposition (CVD) method using Si, phenolic resin, and ZrB2

powder [25]. Besides the uneven particle size distribution, the obtained
SiCnws contained a relatively high amount of SiO2. In addition, this
method was hard to obtain high productivity of powders, particularly
for the multiphase powders. Zhang et al. fabricated SiCnws enhanced
ZrB2-based ceramic composites by in-situ growing SiCnws in the ZrB2
powder through hot-pressing [26]. In this work, the in-situ growth of
SiCnws was accomplished by a complicated procedure, including the
preparation of ZrB2-ZrSi2 ceramic slurry, the construction of green
body with enough handling strength, and the fabrication of a porous
structure by pyrolyzing the green body. And also, SiCnws produced in
this work were twisted with uneven diameters due to high density of
defects. Therefore, it is essential to explore a reliable approach to pre-
pared ZrB2 based ceramic powders with in-situ grown SiCnws. As is
well known, the amount, particular morphology and dimension of
fiber reinforcements should be a critical factor for the microstructure
andmechanical performance of ceramic composites. However, the con-
trolled modulation of these factors for in-situ growing SiCnws has not
been investigated yet.

Furthermore, considering the high sensitivity to defects of the ce-
ramic composites, the introduction of component ZrO2 has been proved
effective in creating the needed structure and phases for defects self-
healing during high-temperature application [27–29]. As reported, the
addition of an appropriate amount of ZrO2 contributes to higher com-
posite compaction, decreased average particle size and an increased de-
fects self-healing ability in ZrB2-ZrC-SiC-ZrO2 system [29]. Moreover, it
is known that an enormous improvement in the mechanical properties
can be achieved by reducing the component size in the composites to-
wards nanoscales [30–32]. Therefore, to avoid the disadvantages on
the mechanical properties of the ceramic parts caused by the grain
growth during the traditional high-temperature fabrication process
(e.g., hot pressing and spark plasma sintering), it would be favorable
to prepare ceramic powders in nanoscales for high performance ce-
ramic parts.

In the present work, a facile approach is reported to in situ synthe-
size SiCnws in ZrB2-ZrC-SiC-ZrO2 nanopowders through sol-gel process
combined with a templating method without any catalyst. Good
amount of SiCnws had been producedwith tunable length and high pu-
rity, whichwere homogeneously dispersed in the hybrid nanopowders.
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The formation mechanism of the hybrid powders was investigated sys-
tematically. Moreover, the growth of SiCnws in the powder was ratio-
nally controlled by optimizing the precursor components. The
successful preparation of hybrid powder provides an opportunity for
further fabrication high-performance SiCnws reinforced ceramicmatrix
composites.

2. Experimental procedure

2.1. Materials

The following chemical reagents were supplied by Tianjin Komiou
Chemical Reagent Co, Ltd., and used without further processed: Zir-
conium (IV) oxychloride octahydrate (ZrOCl2·8H2O, AR), Hydrogen
peroxide (H2O2, AR, concentration: 35%), Boric acid (H3BO3, AR),
D-Glucose (C6H12O6, AR), Tetraethyl orthosilicate (TEOS, AR),
Polythylene glycol 600 (PEG-600, CP), and Ethanol (C2H6O, AR).

2.2. Sample preparation

In the typical synthetic procedure illustrated in Fig. 1, B-Si-Zr con-
taining hybrid sol was prepared by mixing zirconium-containing sol
(Zr-Sol), silicon-containing sol (Si-Sol), boron-containing sol (B-Sol)
and a carbon source thoroughly. Zr-Sol was prepared by mixing
0.01 mol ZrOCl2·8H2O, 20 mL ethanol and 2 mL H2O2, and stirred at
room temperature for 1 h. B-Sol was prepared by dissolving 0.02 mol
H3BO3, 0.05mLPEG in 50mLboiling ethanol. The carbon sourcewas ob-
tained by mixing 0.068 mol D-Glucose with 30 mL distilled water. A se-
ries of Si-Sol with various TEOS contents were obtained by dissolving a
certain amount of TEOS in 20 mL ethanol. Specifically, the added
amount of TEOS was 8, 12.5, 16.5, 20.5, 25, 29, 33 and 37.5 mL, respec-
tively, based on the atomic ratio of silicon and zirconium, i.e., Si/Zr,
which was 4, 6, 8, 10, 12, 14, 16 and 18, respectively. Finally, green bod-
ies were prepared by impregnating polyurethane sponges
(2 cm × 2 cm × 2 cm) in the above hybrid solution and fully dried at
60 °C. This impregnation and the dry process were repeated for three
times. Finally, the obtained samples were taken out and put in a graph-
ite crucible with a cover followed by heat-treating in a tube furnace
under a pure argon atmosphere. For the sample with a Si/Zr atomic
ratio of 12, the heat treatment was set to be 1300, 1400, 1500 and
1600 °C for 2 h, respectively, starting from room temperature at a
heating rate of 5 °C/min. To further investigate the growth behavior of
the hybrid powder, heat-treatment at 1500 °C was held for 1, 2, 3 and
4 h, respectively. Samples with various TEOS contents were heated at
1500 °C for 2 h, and the obtained hybrid powders were labelled as
4SZ, 6SZ, 8SZ, 10SZ, 12SZ, 14SZ, 16SZ and 18SZ, respectively.

During the process, carbon sponges were formed from the polyure-
thane sponges, used to suppress the growth and agglomeration of ce-
ramic particles, as well as to provide porous skeletons for the growth
of SiC nanowires. A high concentration of the reaction gases in the po-
rous structure of the carbonized sponge could be achieved from the py-
rolysis of the precursor, which benefits the growth and uniform
distribution of SiC nanowires in the hybrid powders.

2.3. Characterization

Composition and structure of the hybrid gel were analysized by a
Fourier transform infrared spectroscopy (FTIR, Vertex70, Bruker,
Germany). Pyrolysis process of the prepared precursorwas investigated
by a thermogravimetric analyzer and differential scanning calorimetry
(TG-DSC, STA449F3–1053-M, NETZSCH, Germany). Derivative
thermogravimetry (DTG) curve was gained by differentiating the
thermogravimetry (TG) curve. Composition of the ceramic powders
was characterized by an X-ray powder diffractometer (XRD, D/
max2200PC, Rigaku, Japan), with Cu Kα radiation in the range of



Fig. 1. Schematic diagram of the sample preparation.
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10–70 degree. Morphologies of the ceramic powders were observed by
scanning electron microscope (SEM, FEI Verios 460, USA). The micro-
structure of the products was also studied by an FEI Tecnai G2 F20 S-
TWIN (high resolution) transmission electron microscope (TEM and
HRTEM) equipped with an energy dispersive spectrometer (EDS)
analysis.

In addition, the thermodynamic calculations of the reactions were
conducted using Factsage thermochemical software. Gibbs free energies
of the phases were obtained from the Fact compound databases.

3. Results and discussion

3.1. Microstructure of the prepared ZrB2-ZrC-SiC(nw)-ZrO2 hybrid powder

Fig. 2 shows the FTIR spectrum of the prepared precursor. In the
spectrum, peaks at 1652 cm−1, 1287 cm−1, 1152 cm−1, 1100 cm−1
Fig. 2. FTIR spectrum of the prepared precursor. The sample ID is Si/Zr ratio = 12.
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and 680 cm−1 can be attributed to the absorption peaks of C_O,
B\\O, C\\O, Si\\O\\Si and Zr\\O bonds [33–36], respectively. The
bands at 610 cm−1, 540 cm−1 and 455 cm−1 correspond to the charac-
teristic peaks of Si-O-B, Si-O-Zr and Zr-O-Zr bonds [35–37], respectively.
These results indicate that boron, silicon, and zirconium elements have
been incorporated into the precursor network, and the precursor pre-
sents in a highly hybrid structure.

Fig. 3 is the TG-DSC-DTG curves of the precursor under argon flow.
As can be seen, the weight loss process mainly shows three stages.
The first stage with nearly 50 wt% of mass loss happens below 670 °C
with the maximum thermal decomposing temperature 361 °C and an
endothermic peak around 222 °C in the DSC curve. This huge mass
loss is mainly caused by the pyrolysis of the inorganic components
and organic molecules, and the remove of residual solvents and small
molecules. In the second stage, about 10 wt% of weight loss occurs dur-
ing 670–1300 °C, which is caused by the further pyrolysis and carboni-
zation of the intermediates generated in the first stage, and the
formation and crystallization of oxides. For the third stage (temperature
Fig. 3. TG-DSC-DTG curves of the precursor under argon flow. The sample ID is Si/Zr
ratio = 12.
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higher than 1300 °C), the TG curve shows an obvious weight loss ac-
companied with an endothermic peak (>1400 °C) in the DSC curve,
which is probably resulted from the carbothermal conversion of oxides
into carbides.

In this work, the prepared B-Si-Zr containing precursor was firstly
introduced into the sponge, and then the green body was obtained
after the wet sponge was fully dried. The green body was decomposed
into ZrO2, SiO2, B2O3 and C after the pyrolysis process. And then, ZrB2,
ZrC and SiC nanostructures were produced by the following reduction
reactions between the oxides and carbon:

ZrO2 sð Þ þ B2O3 lð Þ þ 5C sð Þ ¼ ZrB2 sð Þ þ 5CO gð Þ
ΔGθ ¼ −845:35Tþ 1458474:8 J �mol−1 ð1Þ

SiO2 sð Þ þ 3C sð Þ ¼ SiC sð Þ þ 2CO gð Þ
ΔGθ ¼ −339:70Tþ 606540:2 J �mol−1 ð2Þ

ZrO2 sð Þ þ 3C sð Þ ¼ ZrC sð Þ þ 2CO gð Þ
ΔGθ ¼ −349:70Tþ 670443:5 J �mol−1 ð3Þ

Furthermore, due to the absence of metal catalyst, the growth of
SiCnw can be explained by vapour solid (VS) growth mechanism
[38,39]. The gaseous SiO and CO reactants can be produced by the fol-
lowing reactions [40–42]:

SiO2 sð Þ þ C sð Þ ¼ SiO gð Þ þ CO gð Þ ð5Þ

SiO gð Þ þ 3CO gð Þ ¼ SiC sð Þ þ 2CO2 gð Þ ð6Þ

CO2 can be further reduced by free carbon atoms at high tempera-
tures:

CO2 gð Þ þ C sð Þ ¼ 2CO gð Þ ð7Þ

If reaction (7) is thermodynamic equilibrium, reaction (8) can be ob-
tained by combining reactions (6) and (7).

SiO gð Þ þ 2C sð Þ ¼ SiC sð Þ þ CO gð Þ ð8Þ

Generally, reaction (8) is believed to be the key step for the synthesis
of SiC nanowires. The Gibbs free energy△G for the growth of SiC nano-
wires is predicated by Eq. (9).

ΔG ¼ RTln
PCO

KP 8ð ÞPSiO
ð9Þ

Correspondingly, the gas supersaturation (Σ) will be determined by
the following formula:

Σ ¼ PSiO

PCO
∙KP 8ð Þ ð10Þ

PCO and PSiO represent the partial pressure of CO and SiO vapour in
the system, respectively. KP(8) refers to the equilibrium constant of
reaction (8). R is the thermodynamic constant.

The morphology of SiC crystal is determined by the supersaturation
of SiO and CO gases and the crystallization behavior of SiC. Usually, a rel-
atively low gas supersaturation is essential to keep the growth of the
nanowires.With a high gas supersaturation, the production of SiC parti-
cles will be favoured due to the formation of two-dimension SiC
embryos [43].

The microstructure of the obtained ceramic powder was investi-
gated by TEM and HRTEM, as shown in Fig. 4. TEM images indicate
that the synthesized powder consists of fine particles with a diameter
around 20–150 nm and nanowires. Fig. 4b suggests that the prepared
nanowires were about 100 nm in diameter. EDS result indicates that
the nanowires only contained Si and C elements (the insert of Fig. 4b),
4

while the ceramic particles composed of Zr, B, C, O and Si elements
(the insert of Fig. 4a). HRTEM image (Fig. 4c) and the SAED pattern
(Fig. 4d) show that the SiCnw has a good single crystal structure. Fur-
thermore, the crystal lattice fringe spacing was measured to be
0.254 nm, suggesting the SiCnw grows along the [111] direction
[44,45]. Fig. 4e revealed that no catalyst droplets existed at the tips of
the as-prepared SiC nanowire, indicating that the formation of SiC nano-
wire was controlled by vapour-solid mechanism [26,46]. Moreover, the
inter-planner spacing of the particle on the nanowire is about 0.155 nm,
which is ascribed to the (220) spacing of SiC [47], confirming the exis-
tence of SiC particles in the composite powder. The simultaneous exis-
tence of SiC particles and SiCnws may show a synergistic effect on the
enhancement of mechanical performance of the fabricated composites
[48].

Generally, a continuous generation of SiO and CO gases could induce
the growth of SiC nanowires. Considering the local gas supersaturation
will be affected by the insufficient or excess supplies, the separate par-
tial pressures of SiO and CO vapours can be tailored by regulating the
composition of reactants, the reaction temperature and the holding
time, which are also bound to have impact on the growth of ZrB2, ZrC
and ZrO2 nanoparticles.

3.2. Composition and morphology depending on heat-treatment
temperature

Fig. 5 shows the XRD patterns of the hybrid powders obtained at dif-
ferent temperatures. After heat-treating at 1300 °C for 2 h in argon, only
oxide phases, i.e. ZrO2 and SiO2, are detected. Due to the extremely low
crystallization degree of the carbon phase and the easy vaporization of
B2O3, no peaks of these two phases were detected in the XRD pattern.
At 1400 °C, weak diffraction peaks of SiC appeared, with the oxide
phases remaining as the main component. Further increasing the tem-
perature to 1500 °C, ZrB2 and SiC became the dominant phases, ZrC
phase began to form, and there were residues of ZrO2. After heat-
treatment at 1600 °C, only ZrB2, ZrC and SiC diffraction peaks in high in-
tensity were detected, indicating the residue ZrO2was transformed into
ZrC completely at this temperature. These results are in good consistent
with the thermodynamic analysis shown in Fig. 6, which suggests the
preferential formation of ZrB2 and SiC (Fig. 6a) and higher stability of
ZrB2 (Fig. 6b).

Fig. 7 shows the morphologies of the ceramic powders obtained at
various heat-treatment temperatures. The influence of temperature on
the growth of SiCnw is proposed in Fig. 12a. For the sample obtained
at 1300 °C (Fig. 7a), a bulk morphology with a flat surface and several
dispersed short SiCnws are observed. Because at low temperature, reac-
tions to produce gaseous SiO and CO did not occur. Due to the insuffi-
cient supply of gaseous SiO and CO, the growth of SiCnw cannot be
retained, thus only very small amounts of short SiCnws are observed.
In the case of 1400 °C (Fig. 7b), a higher amount of long SiCnwwith rel-
atively small diameter grew on the surface of the bulk material, the
composition of which was mainly ZrO2, SiO2, carbon and SiC. Based on
the result of XRD, low degree of the carbothermal reduction reaction
happened to form SiC, accompanied by the generation of gaseous SiO
and CO. Thus, SiCnws grew continuously under a low gas supersatura-
tion at this temperature. At 1500 °C (Fig. 7c), the density of SiCnws
abruptly increased. The diameter of SiCnws was increased to about
100 nm and their length was extended to tens of microns. Moreover,
the obtained ZrC, ZrB2 and ZrO2 were fine and uniform particles with
a size of about 100 nm, distributed around the SiCnw. At this tempera-
ture, the carbonization reactions to generate SiC, ZrC and ZrB2 were en-
hanced, accompanied by themassive release of reactive gases (SiO, CO).
Furthermore, the high temperature prompted the movement of the re-
action gases, improving their collision frequency, and increasing the re-
activity of the gas molecules. Therefore, with the increase of gas
saturation, the growth of SiCnwswas significantly improved. Further in-
creasing the temperature to 1600 °C (Fig. 7d), agglomerated ceramic



Fig. 4. (a) TEM images of ceramic particles and its corresponding EDS pattern(inset), (b) TEM images of ZrB2-ZrC-SiC(nw)-ZrO2 and the EDS analysis of SiC(nw) (inset), (c) HRTEM image
of SiCnw and its corresponding SAED pattern (d), TEM (e) and HRTEM (f) images of the particle on the nanowire. The sample ID is Si/Zr ratio = 12, T = 1500 °C, t = 2 h.
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Fig. 5. XRD patterns of the samples with a Si/Zr ratio of 12 at various temperatures.
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particles with uniformly dispersed short SiCnws can be observed. Gibbs
free energy changed in the formation of ZrC, ZrB2 and SiC through
Eqs. (1)–(3) is negative at temperatures higher than 1600 °C. The mas-
sive generation of CO and SiO gaseous reactants during the carboniza-
tion reactions and the high temperature both contributed to the
supersaturation level of the gaseous reactants (SiO, CO), hence large
SiC crystal embryos were formed, which benefits the growth of SiC par-
ticles, instead of the one-dimensional nanowires.

Considering the above analysis, it can be deduced that ZrC, ZrB2, SiC
and ZrO2 ceramic particles with the average particle size of 100 nm, and
uniformly distributed SiC nanowires with the average diameter of
100 nm and the length beyond several tens of microns could be fabri-
cated at 1500 °C. This observation indicates that the heat-treatment
temperature of 1500 °C is optimum for the growth of SiCnw and the for-
mation of fine ZrB2-ZrC-SiC-ZrO2 ceramic particles. So the temperature
of 1500 °C was employed for all the rest studies.
3.3. Composition and morphology depending on holding times

Fig. 8 shows the XRDpatterns of the powders after heat treatment at
1500 °C with various holding times. As observed, for a holding time of
1 h, sharp and strong diffraction peaks of ZrB2 and SiC, as well as a
minor phase of ZrO2 (m,t) and SiO2 were detected. As the holding
time increased to 2 h, peaks ascribed to SiO2 phase disappeared and
Fig. 6. (a) Thermodynamic calculations of reactions (11), (14) and (16) relative to t
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low-intensity peaks ascribed to ZrC phase appeared. Meanwhile, the
peak intensities of m-ZrO2 and SiC increased. This result indicates the
further development of these two phases from residue oxides. In the
case of 3 h holding time, the peak intensities of m-ZrO2, t-ZrO2 and SiC
further increased. Moreover, no peaks assigned to ZrC were detected,
suggesting that there was none or very few ZrC in the materials fabri-
cated at 1500 °C. Further increasing the holding time to 4 h, the content
of ZrC, SiC and ZrB2 showed noobvious changes, demonstrating that the
carbothermal reduction reactions had completed at a holding time of
3 h. Moreover, it can be noted that the mass ratio of m-ZrO2 to t-ZrO2

was increasedwith the extension of holding time. From the above anal-
ysis, it is deduced that the extension of holding time contributes to
transformation of t-ZrO2 into m-ZrO2 probably due to the higher stabil-
ity of m-ZrO2 at low temperatures.

Fig. 9 shows SEM images of the obtained ceramic powders at 1500 °C
for various holding times. The influence of holding time on the growth
of SiCnws is schematically presented in Fig. 12b. Differentmorphologies
of SiCnws were observed in the samples. After heat-treating at 1500 °C
for 1 h, granular particles and a fewSiCnwswith different lengths, diam-
eters and morphologies were observed, which was caused by the large
fluctuation of gas saturation due to insufficient supply of reaction
gases. Extending the holding time from 1 h to 2 h, the residual SiO2 con-
tinued to undergo carbonization to form SiC, resulting in an increase in
the concentration of gaseous reactants (e.g. CO, SiO). Therefore, both the
increased gas saturation and a longer growth time contributed to the in-
tensive formation of SiCnws. Further prolonging the sintering time to
3 h, the growth of SiCnws continued under the continuous supplement
of gases from the carbonization. Thus an obvious increase in the SiCnw
length was obtained. When the holding time was 4 h, further growth of
SiCnws in the ceramic powders was significantly reduced. From the mi-
crostructure of the SiCnws in Fig. 9d and 9d1, it can be seen that the di-
ameter of the SiCnws was finner, compared to that of 3 h holding time.
Since no carbonization reactions occurred to produce reactant gases at
this stage, the gaseous reactants were consumed to the growth of SiC
crystals and the gases concentration in the systemwas diluted in Ar at-
mosphere. Therefore, the growth of SiCnws was restrained, due to the
insufficient reaction gases for nanowires growth.
3.4. Composition and morphology depending on the Si/Zr ratio in the
precursor

Fig. 10 shows the XRD patterns of the samples obtained from the
precursors with various Si/Zr ratios heat-treated at 1500 °C for 2 h. Be-
sides the continuously increased content of SiC, there are obvious
changes in the peak intensities of key phases with the increasing of
Si/Zr. When Si/Zr = 4, the main phases of m-ZrO2, ZrB2 and SiC, as
emperature, (b) Gibbs energy of ZrC, ZrB2 and SiC dependent on temperatures.



Fig. 7. SEM images of the samples with a Si/Zr ratio of 12 at various temperatures. (a) T = 1300 °C, (b) T = 1400 °C, (c) T = 1500 °C, (d) T = 1600 °C.
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well as minor phases of t-ZrO2 and ZrC were detected. By consistently
increasing the Si/Zr ratio from 4 to 10, the content of ZrO2 (m,t) de-
creased dramatically, while SiC, ZrC and ZrB2 became the predominant
phases. This result indicates that higher amount of silicon can benefit
the full reaction between oxides and carbon, which may be due to the
7

effects of grain refining as a result of the separation effect of silicon. At
Si/Zr=12, low content of ZrCwasdetected.Moreover, as Si/Zr>12, dra-
matic decrease of both ZrB2 and ZrC, as well as increase of t-ZrO2 were
detected. Ceramic powders with a composition of t-ZrO2 and SiC as
well as a minor phase of m-ZrO2 and ZrB2 were obtained. The relatively



Fig. 8. XRD patterns of the samples with a Si/Zr ratio of 12 at various holding times at
1500 °C.

Fig. 9. SEM images of the samples with a Si/Zr ratio of 12 at various holding times at 1
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high content of t-ZrO2 indicates that the high amount of silicon is bene-
ficial to stabilize the phase of t-ZrO2, which is the stable phase at high
temperatures. The disappearance of ZrB2 and ZrC may be attributed to
the division between ZrO2, carbon and B2O3 caused by the excessive sil-
icon, and the evaporation of B2O3 at high temperatures.

The in-situ growth of SiCnws in the hybrid powders from the precur-
sors with Si/Zr ratios varying from 4 to 18 are shown in Fig. S1–S3. Ob-
viously, different morphologies were observed for the fabricated
samples. The related schematic growth mechanisms of SiCnws was
shown in Fig. 12c. The comparison results of the samples from the pre-
cursors with Si/Zr ratios of 4, 8, 12 and 18 are present in Fig. 11. Pure ce-
ramic particles without nanowires were formed with a low silicon
content of Si/Zr ≤8 (Fig. 11a and b),whichwas caused by the insufficient
gas reactants for the growth of SiC nanowires. While a large number of
SiCnws in different lengths grew with higher silicon contents were ob-
served (Fig. 11c and d), together with uniformly distributed granular
particles. When Si/Zr ratios were 10 and 12 (Fig. 11c), relatively short
and straight nanowires, i.e. ~100 nm in diameter and ~tens of microns
in length grew in both two samples, while relatively longer nanowires
500 °C. (a, a1, a2) t = 1 h, (b, b1, b2) t = 2 h, (c, c1, c2) t = 3 h, (d, d1, d2) t = 4 h.



Fig. 10. XRD patterns of the samples from the precursors with various Si/Zr ratios.

Fig. 11. SEM images of the samples from the precursors with various Si/Zr ratios. (a) Si/Zr =4, (b) Si/Zr =8, (c, c1, c2) Si/Zr =12, (d, d1, d2) Si/Zr =18.
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Fig. 12. Schematic showing the influence of (a) temperature, (b) holding time and (c) Si/Zr ratio in the precursor on the growth of SiCnws.
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were observed for the samplewith higher silicon content. For higher Si/
Zr ratios of 14, 16 and 18 (Fig. 11d), significantly increase of the SiCnw
length was achieved with the continuous supplement of SiO and CO
gases. For sample with a Si/Zr ratio of 18, the length of SiCnws reaches
up to hundreds of microns. Moreover, it can also be seen that the diam-
eter of the nanowires retained to be around 100 nm in all the samples.
These observations suggest that increasing silicon content in the precur-
sor strongly affects the axial growth of nanowires, but has little effect on
the radical growth.

Moreover, all the fabricated ceramic powders had even particle distri-
bution. However, the average particle size decreased with the increase of
silicon content. Specifically, by increasing theSi/Zr ratio from4 to8, the av-
erage particle size decreased from 500 nm (Fig. 11a) to less than 200 nm
(Fig. 11b). Further increasing the Si/Zr ratio from10 to 12, uniformdisper-
sion of fine particles and nanowires were observed (Fig. 11c and 11c2).
However, for sampleswith Si/Zr ratios from14 to 18, a particle coarsening
tendency was found, especially, the sign for a certain degree of sintering
was observed for the sample with the highest silicon content (Fig. 11d2).
10
4. Conclusions

In conclusion, a facile approach of in-situ synthesizing homoge-
neously dispersed SiCnws in ZrB2-ZrC-SiC-ZrO2 nanopowderswas dem-
onstrated. Good amounts of homogeneously dispersed SiCnws were
synthesized with high purity and a diameter of ~100 nm. The size of
the produced ceramic particles was in nanoscale of ~100 nm. Further-
more, axial growth of the SiC nanowires was increased from tens of mi-
cron to hundreds of microns with the increasing the silicon content in
the precursor. The in-situ growth of SiC nanowires in the nano-sized
ZrB2-ZrC-SiC-ZrO2 powder and the controlled modulation of amount,
morphology and dimension provide an opportunity for further fabrica-
tion of high-performance SiCnws reinforced ceramicmatrix composites.
Moreover, we demonstrate that increasing the silicon content in the
precursor contributes to the refinement of the ceramic particles,
prompting the formation of ZrC (Si/Zr ratio < 12), but the generation
of both ZrB2 and ZrCwould be dramatically inhibited by further increas-
ing the Si/Zr ratio in the precursor.
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