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Two novel carbon sources were synthesized by hybridizing β-SiC

whiskers or SiOx spheres on Expanded Graphite (EG) using silicon
v apour deposition method. The synthesis was carried out in an enclosed crucible where the EG was placed above the silicon powders.
The partial pressure and variety of Si-containing gaseous were controlled by adjusting the growth atmosphere and firing temperature.
The Vapour-Solid (VS) mechanism is the predominant one for the
growth of β-SiC whiskers and SiOx spheres. With addition of the
above novel sources into Al2O3–C refractories, the mechanical properties increased dramatically, which was attributed to the enhanced
interfacial bonding strength between EG and matrix.
1 Introduction
Expanded Graphite (EG) is a vermicularshaped carbon source with many pores and
composed of parallel graphene nanosheets,
which possess high elastic modulus and tensile strength [1, 2]. Therefore, it is usually applied as reinforcement in ceramics or poly
mer materials to enhance their mechanical
properties [3–5]. However, just like fibre and
graphene, the smooth surface of graphitic
layers in EG resulted in weak cohesive force
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between EG and the matrix, which weakened the reinforcement effect of EG and
hindered its further application in materials
[6]. Actually, the strengthening and toughening effect cannot efficiently operate if the
cohesive force between reinforcement and
matrix is too weak. Therefore, the interfacial
bonding strength between the EG and the
matrix should be improved to enhance the
mechanical properties of materials.
An effective method to improve the interfacial characteristic of carbon sources was
achieved by hybridizing zero-dimensional
or one-dimensional phases on the surface.
At first, because of the excellent mechanic
al properties, the carbon nanotubes (CNTs)
were synthesized on carbon sources [7, 8]
using CVD method. Just like CNTs, the SiC
whiskers also can be synthesized on carbon
sources due to their excellent mechanical
properties [9]. For instance, Wang et al.
[10] synthesized silicon carbide nanowires
on graphene sheets by firing a mixture of Si
powders and commercial graphene sheets
with Fe catalyst addition. Meanwhile, Wu
et al. [11] ever synthesized SiOx spheres on
graphene by hydrolysis of tetraethoxysilane,
and this composite appeared strong inter

facial adhesion with resin. Base on the
above results, if the SiC whiskers or SiOx
spheres could be hybridized on EG, it’s feas
ible to improve the interfacial characteristic
of EG. In fact, the SiC whiskers and SiOx
spheres are the common phases in carbon
containing refractories [12, 13]. In general,
the SiC whiskers formed from the reaction
between Si-containing gaseous with carbon
or CO (g), the SiOx spheres formed from
the deposition of Si-containing gaseous.
However, up till now, it’s not distinct for
the controlling growth of SiOx spheres and
β-SiC whiskers, especially their distribution,
dimension and quantity.
Based on these aspects mentioned above,
the object of this work is to synthesize two
novel carbon sources. One is β-SiC whis
kers anchored EG, another is SiOx sphere
anchored EG. Meanwhile, the strengthening and toughening effect of novel carbon
sources on Al2O3–C refractories was measured.

2 Microstructure of EG
In general, the EG was prepared by trans
ient thermal treatment using graphite oxide.
During the thermal treatment, the expansion of graphitic layers along the C-axial
direction occurs due to the formation of lots
of gaseous species. Therefore, the EG appears a typical porous and vermicular structure in Fig. 1a. Meanwhile, many interconnected pores exist in nano and microscale
among the nanosheets in the magnification
image (Fig. 1b).
As mentioned above, the EG is composed
of many parallel two-dimensional graphene
with sp2 hybridized carbon atoms tightly
bonded in hexagonal rings. Theoretically,
as for the graphitic layers, all the carbon
atoms arrange in the honeycomb skeleton
(Fig. 2a). However, the EG experienced
harsh chemical and thermal oxidation during preparation process, which result in the
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fractured C=C bond and endow the adjacent carbon atoms with unpaired s electrons
[14]. Actually, some defects, such as vacancies or nanovoids, usually exist in the carbon scaffold [15] in the real graphitic layers.
As shown in Fig. 2b, there are two kinds of
unpaired carbon atoms in the basal plane.
One is the carbon atom on the edge (edge
carbon atoms) of graphitic layers. Another
one is carbon atom in the fractured sites.
These unpaired carbon atoms are available
to form chemical bonds at the terminations
of the graphitic layer. Therefore, the edge
carbon atoms show higher reactivity than
carbon atoms in the basal plane [16]. Therefore, therefore, the active sites of EG are the
carbon atoms at edge or defect sites in the
graphitic layers.

Fig. 1 Low (a), and high (b) magnification images of the expanded graphite

3 Synthesis of novel carbon
sources
In order to improve the interfacial bonding
strength of EG, two novel carbon sources
were synthesized using silicon vapour de
position. One is β-SiC whiskers anchored
EG, which was labeled as EG/SiC. Another
one is SiOx spheres anchored EG, which was
labeled as EG/SiOx.

3.1 Synthesis of β-SiC whiskers
anchored EG
The synthesis of β-SiC whiskers on EG was
carried out in an enclosed graphite crucible
where the EG was placed above the silicon
powders (<45 μm, 98,47 mass-% Si from
China). The experimental setup was shown
in Fig. 3. Before the test, the furnace was
filled with flowing nitrogen gas (60 ml/min,
99,99 % purity), and the pressure was kept
at 0,101325 MPa persistently in whole process to avoid the oxidation. After that, the
furnace was heated to 1000 °C, 1100 °C,
1200 °C, 1300 °C and 1400 °C, at a heating rate of 5 °C/min with a holding time of
3 h. Following it a natural cooling down to
the room temperature was allowed.
The thermodynamic calculation was carried
out to predict the possible Si-containing
gaseous phases in Si–C–N system at high
temperature. Fig. 4a showed that Si (g) is
produced in the system at high temperature. The partial pressure of Si (g) increased
continuously with the increase of firing
temperature (Fig. 4b). Therefore, Si (g) is the
predominant Si-containing gaseous vapour
in the Si–C–N system.

refractories WORLDFORUM

Fig. 2 A schematic of ideal structure (a), and realistic structure (b) of a single carbon
layer of EG [16]

Fig. 3 Schematic diagram of the experimental setup

XRD pattern of synthetics fired at various
temperatures is shown in Fig. 5. It can be
seen that the as-recieved EG was made of
graphite phase. The additional β-SiC phase
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appeared at 1000 °C. The peaks around
2θ = 35,61°, 41,41°, 60,01° and 71,81°
corresponded to (111), (200), (220) and
(311) planes of cubic SiC [17, 18], respec81
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Fig. 4 Composition of vapours (a) atmosphere/material mass ratio (Alpha) for 1400 °C, and (b) the temperature for Alpha = 1

Fig. 5 XRD patterns of all the products fired from 1000–1400 °C

Fig. 6a–e SEM micrographs of the EG/SiC composite fired at different temperatures
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tively. Its diffraction peaks increased consistently with the increase of firing temperature. It means that large amounts of β-SiC
formed at 1400 °C.
Fig. 6 shows the SEM micrographs of EG/
SiC composite fired from 1000–1400 °. At
1000 °C, dozens of tiny whiskers in-situ
formed on the edge of graphitic layers in
EG, and several whiskers was observed
on the surface of layers (Fig. 6a). Most of
the whiskers had a diameter ranging from
20 to 30 nm and length less than 2 µm.
These whiskers were identified as β-SiC
ceramic phases by XRD and EDS analysis.
At 1100 °C, hundreds of β-SiC whiskers
mainly distribute on the edge of graphitic
layers (Fig. 6b). These SiC whiskers have an
average diameter around 50 nm and length
ranging 3–6 µm. The quantity and the size
of β-SiC whiskers increased with respect to
the temperature. For instance, at 1200 °C,
large amounts of β-SiC whiskers were observed not only on the edge of graphitic
layers, but also on the surface of layers
(Fig. 6c). The diameter of some SiC whiskers
was up to 60 nm. In comparison with synthetics fired at temperature below 1200 °C,
much more curled β-SiC whiskers in situ
formed on the edge and on the surface of
graphitic layers at 1300 °C (Fig. 6d). The
diameter of some SiC whiskers was up to
80 nm, and the length was up to 6 µm. As
for synthetics fired at 1400 °C (Fig. 6e), the
quantity of the β-SiC whiskers was higher
so that the pores of expanded graphite
were filled. Moreover, the diameter and the
length of β-SiC whiskers in the specimen
treated at 1400 °C were larger than those
treated below 1400 °C.

refractories WORLDFORUM

9 (2017) [1]

Papers
In order to ascertain the interfaces between EG and SiC whiskers, the HR-TEM
micrographs of EG/SiC composite fired at
1300 °C are shown in Fig. 7. Several whiskers and a graphitic layer were observed
in Fig. 7a. The crystal lattice spacing of a
whisker was 0,25 nm, which is consistent
with the (111) plane space of β-SiC crystal. The SiC whisker connected the edge of
graphitic layer. Interestingly, there is a SiC
hemisphere with radius of about 11 nm
between β-SiC whisker and graphitic layer
(Fig. 7b). In a word, a chemical and strong
bonding between whisker and EG formed.
Based on the above XRD patterns, active
sites in EG and micrographs of synthetics,
the synthesis of EG/SiC composite can be
described as the following stages (Fig. 8).
Firstly, the Si (g) vapour forms from the
evaporation of silicon powder, and diffuses
everywhere by mass transfer. Secondly, the
active carbon atoms (at edge or defect sites
in graphitic layers) preferentially react with
Si atoms to form SiC crystal nucleus via reaction (1) when the Si (g) vapour contacts
EG. The partial pressure of Si (g) vapour
at edge or defect sites in graphitic layers
decreases sharply. Secondly, the residual
Si (g) diffuses toward SiC crystal nuclei to
provide Si atoms for succeeding reaction.
Subsequently, the Si atoms continuously deposit on the SiC crystal nuclei and react with
carbon atoms adjacent to nuclei. Finally, SiC
whiskers are finally grown from persistently
reaction between Si atoms and more carbon atoms near nuclei via reaction (2).
Si (g) + C (s) = SiC (nucleus)
Si (g) + C (s) = SiC (whiskers)

Fig. 8 Schematic illustration for the growth of SiC whiskers on the edge and on the
surface of EG

(1)
(2)

In fact, the firing temperature plays a very
important role on the SiC whiskers growth.
According to thermodynamic calculation,
the partial pressure of Si (g) vapour was
very low. It’s conceived that the supply of Si
atoms was not sufficient to consume all the
active carbon atoms. Therefore, few β-SiC
whiskers with low diameter and length
values were observed in the specimen fired
at 1000 °C. In comparison, much more Si
atoms were provided to the SiC nuclei in
active sites due to a favourable partial pressure of Si (g) vapour. In consequence, large
amounts of β-SiC whiskers with high diameter and length form in the specimens fired
at 1300 °C and 1400 °C.
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Fig. 7 TEM micrographs of the synthetic fired at 1300 °C

Fig. 9 Schematic diagram of the experimental setup

3.2 Synthesis of SiOx spheres
anchored EG
The synthesis of SiOx spheres on EG was
shown in Fig. 9. The experimental setup is
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similar with the above one except the firing atmosphere. Compared with the nitrogen atmosphere during EG/SiC synthesis,
carbon black bed atmosphere was applied
in this work. Then, the furnace was heated
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80 Si + <65A> N2 + <35A> CO + 20 C

80 Si + <6.5A> N2 + <3.5A> CO + 20 C

c:\FactSage\Equi0.res 19M ay15

c:\FactSage\Equi0.res 19M ay15

Fig. 10 Composition of vapours (a) atmosphere/material mass ratio (Alpha) for 1400 °C and (b) the temperature for Alpha = 1

Fig. 11 XRD patterns of all the products fired from 1000–1200 °C

to 1000, 1100 and 1200 °C respectively,
at a heating rate of 5 °/min with a holding time of 3 h. Following it a natural cooling down to the room temperature was
allowed.
The thermodynamic calculation was carried out to predict the possible Si-containing gaseous phases in Si–C–O–N system

at high temperature. It can be seen that
the SiO (g) formed immediately once the
CO (g) was introduced into the system at
high temperature (Fig. 10a), and the Si (g)
with lower partial pressure was produced.
Meanwhile, with the increase of temperature 1000–1400 °C, the partial pressure of
Si (g) increased continuously, whereas the

Fig. 12a–c SEM micrographs of the EG/SiOx composite fired at different temperatures
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partial pressure of SiO (g) kept a higher and
almost constant value (Fig. 10b). In a word,
the Si-containing gaseous in the Si–C–O–N
system are Si (g) and SiO (g), which resulted
from the oxidation and evaporation of sil
icon powder.
Fig. 11 shows the phase evolution of specimens fired at various temperatures. Only
graphite phase was observed in as-received
EG and specimen fired at 1000 °C, indicating no new phase formed. With increasing
firing temperature from 1100–1200 °C,
diffraction peak of additional cristobalite
phase was observed and increased continuously. Meanwhile, the diffraction peaks of
β-SiC phase was observed in specimen fired
from 1200 °C.
The SEM micrographs of all the specimens fired at 1000–1200 °C are shown
in Fig. 12. At 1000 °C, no new phase was
observed, only porous and vermicular
microstructure of EG was displayed obviously in Fig. 12a. At 1100 °C, surprisingly,
dozens of spheres with the diameter ranging from 180 nm to 730 nm were observed
on the edge of graphitic layers (Fig. 12b).
Moreover, several spheres with lower diam
eter values in-situ formed on the surface
of layers in EG. With increasing the firing
temperature to 1200 °C, large amounts of
spheres were observed not only on the edge
of graphitic layers, but also on the surface
of layers (Fig. 12c). Some SiOx spheres with
diameter up to 1 μm formed on the edge
of graphitic layers. Moreover, lots of smaller
SiO2 spheres distributed on the surface of
layers. In addition, only Si and O elements
appeared for the spheres by the applica-
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tion of EDS analysis, which manifesting the
sphere were composed of SiOx.
In order to ascertain the interfaces between SiOx spheres and EG, the HR-TEM
micrographs of EG/SiOx composite fired at
1200 °C are shown in Fig. 13. Several SiOx
spheres were observed on the edge and on
the surface of graphitic layers (Fig. 13a).
The SiOx sphere is amorphous in high magnification image (Fig. 13 b). The crystal lattice spacing of EG was 0,34 nm. Interesting, a β-SiC crystal nucleus was observed
between EG and SiOx sphere. In a word, a
chemical and strong bonding between EG
and SiOx sphere formed.
Based on the above results, the synthesis of
EG/SiOx composite can be described as the
following stages (Fig. 14). Firstly, the SiO (g)
and Si (g) vapour formed in the system,
and then migrated randomly by diffusive
mass transfer. Secondly, the active carbon
atoms would absorb and react with Si (g)
and SiO (g) gaseous preferentially to form
SiC nuclei via reactions (2), (3) and (4) according to the vapour-solid process. Subsequently, the deposition of SiO2 on SiC nuclei
via reaction (5) and (6) is proposed to be
the subsequent case. In addition, the residual SiO (g) and Si (g) might deposit on the
SiC nucleus continuously. Finally, the SiOx
spheres with SiC nuclei as bridge formed on
the surface of the EG layers. With increasing
the firing temperature from 1100–1200 °C,
the partial pressure of Si increased continuously, which accelerated the growth of SiOx
spheres.
SiO (g) + 2C (s) =
SiC (nucleus) + CO (g)

(3)

2SiO (g) + 3C (s) =
2SiC (nucleus) + CO2 (g)

(4)

Si (g) + O2 (g) = SiO2 (s)

(5)

2SiO (g) + O2 (g) = 2SiO2 (s)

(6).

Fig. 13a–b TEM micrographs of the synthetic fired at 1300 °C

Fig. 14 Schematic illustration for the growth of SiOx spheres on the edge and on the
surface of EG

Tab. 1 shows the composite of Al2O3-C
refractories. In this experimental, the raw
material were tabular alumina (8–14 mesh,
14–28 mesh, 28 mesh, 325 mesh and
20 μm, 99,5 mass-% Al2O3, Qingdao Almatis Co., Ltd./CN), α-Al2O3 (2 μm, 99 % Al2O3,
Kaifeng Special Refractories Co., Ltd./CN),
aluminium powder (45 μm, 99 mass-% Al),
silicon powder (45 μm, 98,47 mass-% Si
from China), microsilica powder (0,5 μm,
97 mass-% SiO2 from China), graphite

flake (200 mesh, 97,58 mass‑% fixed carbon from China), expanded graphite (EG)
and novel carbon sources. The basis batch
composition (labeled as G1) consisted of
83 mass-% tabular alumina, 10 mass-%
α-Al2O3, 2 mass-% Al powder, 3 mass-% Si
powder, 1 mass-% microsilica powder and
1 mass-% graphite flake. Then, 0,5 mass-%
EG was used to partially replace graphite
flake in the composition (labeled as E 0,5).
After that, 0,5 mass-% EG/SiC composite

Tab. 1 Formulas of Al2O3–C refractories
Ingredient [mass-%]

G1

E 0,5

E/SiC

E/SiOx

Tabular corundum

83

83

83

83

α-Al2O3 powder

10

10

10

10

4 Strengthening and toughening
effect of novel carbon sources on
Al2O3–C refractories

Aluminium powder

2

2

2

2

Silicon powder

3

3

3

3

Microsilica

1

1

1

1

Based on the above novel carbon sources,
EG/SiC composite synthesized at 1300 °C
and EG/SiOx composite synthesized at
1200 °C were introduced in Al2O3–C refractories to explore their strengthening and
toughening effect.

Graphite flake

1

0,5

0,5

0,5

Expanded graphite

0

0,5

0

0
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EG/SiC composite

0

0

0,5

0

EG/SiOx composite

0

0

0

0,5

Liquid phenolic resin

+4

+4

+4

+4
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1200 °C and 1400 °C with a heating rate
of 5 °C/min and a holding time of 3 h before cooling to room temperature.

4.1 Microstructure of Al2O3–C
refractories

Fig. 15a–f SEM micrographs of specimen E/SiC fired at different temperatures

Fig. 16a–f SEM micrographs of specimen E/SiOx fired at different temperatures

and 0,5 mass-% EG/SiOx composite were
introduced respectively to partially graphite flake in the composite (labeled as E/SiC
and E/SiOx). All the batches were mixed for
30 min in the mixer with a rotating speed
of 80–120 rpm. After kneading, bar shaped
specimens with 25 mm in width, 25 mm in
height and 140 mm in length were fabricat86

ed by cold pressing at 150 MPa and cured
at 160 °C for 24 h. Finally, the as-received
specimens were placed inside a corundum
sagger which was filled with petroleum
coke powder.
Finally, the whole sagger was then placed
into an electrical furnace and heated from
room temperature to 800 °C, 1000 °C,

The microstructure of Al2O3–C specimen G1
and E0,5 were presented in the previous report [19]. Compared with specimen G1 with
only graphite flake as carbon source, the EG
wrapped aggregates and matrix, and accelerated in situ formed ceramic phases fired
at high temperature.
Fig. 15 shows SEM micrographs of ruptured
surface in the specimen E/SiC. At 800 °C,
graphitic layers of EG/SiC composite were
inserted into the matrix, and some layers
were torn off (Fig. 15a). Meanwhile, many
β-SiC whiskers were snapped away from
basal EG/SiC composite, which resulted
in many fracture surface (Fig. 15b). At
1000 °C, lots of curved or striated AlN or
Al4C3 whiskers formed in matrix (Fig. 15c).
Up to 1200 °C, large amounts of SiC
whiskers with high aspect ratio appeared
in the matrix (Fig. 15d). At 1400 °C, the
quantity of SiC whiskers in the matrix increased dramatically, but the aspect ratio
values decreased surprisingly (Fig. 15e). It’s
worth noting that the EG/SiC composite
with pulled-out SiC whiskers could still be
observed at 1400 °C (Fig. 15f), which manifesting the EG/SiC composite kept relative
integrality at high temperature.
With respect to the specimen E/SiOx, the EG/
SiOx composite with torn off layers was inserted into the matrix at 800 °C. It’s worth
mentioning that the quantity of SiOx spheres
(Fig. 16a) was less than that on the original EG/SiOx composite (Fig. 16b), indicating some SiOx spheres were removed. At
1000 °C, many curved or striated AlN or Al4C3
whiskers formed in the matrix (Fig. 16c).
Large amounts of SiC whiskers with high aspect ratio formed at 1200 °C (Fig. 16d), but
their aspect ratio decreased dramatically at
1400 °C (Fig. 16e). Just like EG/SiC composite in specimen E/SiC, the EG/SiOx composite
kept relative integrality at 1400 °C.
With the growth of β-SiC whiskers or SiOx
spheres on EG, the interfacial bonding
strength between EG and matrix increased
effectively due to their energy consumption
effect, i.e. the pull-off or remove of whiskers and spheres. The increased interfacial
bonding strength may further improve the
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mechanical properties of Al2O3–C refrac
tories.

4.2 Mechanical properties

Tab. 2 CMOR and E of all specimens fired at various temperatures
Temperature
800 °C

Mechanical properties, such as modulus of
rupture (CMOR) and modulus of elasticity
(E) were evaluated using three-point bending test at room temperature (Tab. 2). For
all the specimens, the CMOR and E values
increased with the firing temperature 800–
1200 °C, and then decreased suddenly at
1400 °C. Meanwhile, in comparison with
specimen G1, specimen E0,5 containing
0,5 mass-% EG appeared relatively larger
CMOR and E values. Interestingly, the add
ition of 0,5 mass-% EG/SiC composite and
0,5 mass-% EG/SiOx composite produced
positive influence on mechanical properties.
For instance, the CMOR and E values were
much higher than those of the specimen G1
and E0,5 at the same firing temperatures.
The force and displacement values of the
specimen displayed the same trend as the
values of the CMOR and E (Fig. 17). For
instance, with the increase of firing temperature from 800–1200 °C, the force and
displacement values of all the specimens

1000 °C
1200 °C
1400 °C

Index

G1

E0,5

E/SiC

E/SiOx

CMOR [MPa]

6,24 ± 0,16

11,51 ± 0,17

14,26 ± 0,21

13,95 ± 0,12

E [GPa]

1,69 ± 0,04

2,63 ± 0,01

3,25 ± 0,03

3,00 ± 0,02

CMOR [MPa]

9,11 ± 0,28

13,04 ± 0,11

18,37 ± 0,12

16,71 ± 0,21

E [GPa]

2,25 ± 0,06

3,28 ± 0,03

3,47 ± 0,04

3,44 ± 0,05

CMOR [MPa]

19,16 ± 0,08

26,46 ± 0,11

31,43 ± 0,06

29,52 ± 0,13

E [GPa]

3,63 ± 0,02

4,00 ± 0,05

5,20 ± 0,01

4,69 ± 0,03

CMOR [MPa]

14,93 ± 0,22

19,27 ± 0,12

22,30 ± 0,25

21,60 ± 0,16

E [GPa]

3,29 ± 0,02

3,90 ± 0,06

3,68 ± 0,03

4,12 ± 0,06

increased continuously, but decreased at
1400 °C. Compared with specimen G1, the
specimen containing EG possessed relatively larger force and displacement values.
Meanwhile, in comparison with specimen
G1 and E0,5, the specimens containing
novel carbon sources appeared much larger
force and displacement values.
The thermal shock resistance test was carried out with oil as cooling liquid. The test
process was indicated in the previous report
[19]. Fig. 18 shows the residual CMOR and
the residual strength ratio of CMOR of the
specimens fired at 1200 °C after 5 thermal

shock cycles. Compared with specimen G1,
the residual CMOR and residual strengthen
ratio of CMOR values were larger in specimen E0,5. Interestingly, the specimens
con
taining novel carbon sources possessed larger residual CMOR and residual
strengthen ratio of CMOR values than E0,5.
The above different mechanical properties of Al2O3–C specimens resulted from
the phase composition and microstructure.
As mentioned in previous report, the EG
wrapped in material and accelerated the
formation of in situ formed ceramic phases,
which produced positive effect on mechan

Fig. 17a–d Force-displace curves of all specimens fired at different temperature
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