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Modiﬁcation process has been conducted on commercial nuclear graphite IG-110 (Toyo Tanso Co., Ltd., Japan)
by impregnation and pyrolysis of polycarbosilane (PCS) solution for getting the modiﬁed IG-110 (M-IG-110)
coated by dense SiC coating for molten salt reactor. The microstructure and properties of graphite were systematically investigated and compared before and after the modiﬁcation process. Results indicated that the MIG-110 possessed of more excellent integrated properties including molten salt barrier property and oxidation
resistance than bare IG-110 due to the ﬁlling eﬀect of SiC particles in the pores of M-IG-110 and dense SiC
coating adhering to the surface of M-IG-110. The ﬂuoride salt inﬁltration amount of M-IG-110 under 5 atm was
only 1.1 wt%, which was much less than 14.9 wt% for bare IG-110. The SiC coating derived from PCS exhibited
remarkable compatibility with graphite substrate under high temperature and gave rise to excellent oxidation
resistance of M-IG-110.

1. Introduction

abundantly used in high temperature gas cooled reactor (HTGR), IG110 (Toyo Tanso Co., Ltd., Japan) has been selected as one candidate
nuclear graphite for our research MSR project [8–12]. Unfortunately, it
could not eﬀectively exclude fuel-bearing salt from its inner according
to our prior research results [8,9,13]. Hence, it’s of great signiﬁcance to
reduce the pore diameter or seal the pores of NG including IG-110 for
improving their fuel-bearing salt barrier property.
Pyrolytic carbon [8,14], SiC [9] or glassy carbon [15] coatings have
been utilized to improve the inertness of nuclear graphite toward fuelbearing salt. Nevertheless, most of these coatings were fabricated by
chemical vapor deposition (CVD) method, by which huge costs and
time were needed. Furthermore, for these coatings just sealed the appearance pores and without ﬁlling them, fuel-bearing salt would rapidly inﬁltrate into NG once they crack and even exfoliate during service process. Therefore, it’s very important to develop a method that
can seal the appearance pores and ﬁll inner pores of NG simultaneously
for improving its fuel-bearing salt barrier property.
As a critical material in nuclear reactor, SiC coating has many advantages such as corrosion resistance, good high temperature properties, low neutron absorption cross-section and low induced radioactivity [9,16–18]. Moreover, SiC coating presents a strong bonding
with the graphite substrate for excellent consistency in their coeﬃcients

Since 45000 graphite blocks successfully served as the neutron
moderator in the ﬁrst nuclear reactor Chicago Pile-1, nuclear graphite
(NG) has bloomed into critical material for nuclear reactor owing to its
remarkable nuclear performances such as low neutron absorption crosssection, excellent neutron-moderating ratio, remarkable high temperature mechanical property and high corrosion resistance [1–3]. Similarly, NG is vital to the development of molten salt reactor (MSR),
which is one of the six candidate reactors for the Generation IV nuclear
energy system [4]. NG was used as moderator or reﬂector materials for
MSR [5] and it endures distortion from neutron irradiation and corrosion from fuel-bearing salt simultaneously. Once the fuel-bearing salt
inﬁltrated into NG, local hot spots would form in its inner, and which
could greatly shorten the service life of NG as well as the whole reactor
[5]. Hence, impenetrability of the fuel-bearing salt is of great signiﬁcance to NG. The studies at Oak Ridge National laboratory (ORNL)
indicated that both the inﬁltrating pressure and the open pore diameter
play the important roles in the impregnation process of fuel-bearing salt
[5,6]. The fuel-bearing salt could be excluded from NG once its open
pore diameter is less than 1 μm [7]. As commercial nuclear graphite
with abundant irradiation database, remarkable nuclear properties and
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2.2. Sample characterization methods

of thermal expansion (CTE). Thus, SiC coating has been widely used as
protective coating of graphite pebbles or low-Z material in fusion reactor [19–21], and also has been widely used as oxidation-resistant
coating of matrix graphite or ﬁssion products diﬀusion barrier of fuel
elements in HTGR [16,22–31]. Up to now, diﬀerent methods have been
developed to obtain SiC coating on graphite substrate, such as pack
cementation, sol-gel, CVD, and slurry, etc. Among the numerous
methods to prepare SiC coating, fabricating it by pyrolysis of polycarbosilane (PCS) shows many advantages including low treat temperature, easy to control of structure, high-purity of coating and highperformance of coating [32–34]. What’s more, some works have been
done for improving the oxidation resistance of carbon materials such as
C/C composites and carbon ﬁbers [35,36]. However, so far as we know,
the interaction and the inﬁltration behavior between the fuel-bearing
salt and NG coated by SiC coating derived from PCS is scarcely investigated and is thus highly desirable.
In this study, the modiﬁed IG-110 (M-IG-110) coated by dense SiC
coating derived from PCS was prepared by impregnation and pyrolysis
of PCS. Furthermore, the changes in microstructure as well as numerous
properties including fuel-bearing salt barrier property of M-IG-110 and
IG-110 were systematically studied and discussed. Moreover, the
thermal shock resistance and oxidation behavior of the obtained SiC
coating were also investigated.

The densities of IG-110 and M-IG-110 graphite were determined by
weight and geometry. The comprehensive microstructures of the obtained SiC coating on M-IG-110 and SiC powder derived from pyrolysis
of neat PCS were characterized by X-ray diﬀraction (XRD, Bruker D8
Advance) and Raman spectroscopy (HORIBA Jobin-Yvon, LabRam
HR800), respectively. The diﬀerences in the morphological structures
as well as ﬂuoride salt distribution were characterized using Scanning
Electron Microscopy (JSM-7001F). The thermal diﬀusivity (a, cm2/s)
and speciﬁc heat capacity (Cp, cm2/s2·K) of the samples
(Ø10 × H2 mm) were measured by the laser-ﬂash diﬀusivity instrument (Nano Flash Apparatus, LFA 447/2-2, NETZSCH). Thermal conductivity (k, W/m·K) was calculated according the following equation:
k = a·Cp·ρ,

(1)

where ρ was the bulk density of the samples [39]. The coeﬃcients of
thermal expansion (CTEs) of the samples (Ø6 × H25 mm) were characterized by a dilatometer (Netzsch DIL 402 PC, NETZSCH). The mercury intrusion curve, open porosity as well as pore diameter distribution were analyzed by an automatic mercury porosimeter (AutoPore IV
9500). The bending strength of the samples (3 × 4 × 36 mm3) was
evaluated by the three-point bending method and the compressive
strength of the samples (Ø10 × H20 mm) was tested according to the
ASTM C695-91 [40]. The performances of the graphite samples were
described in the form of (mean) ± (mean deviation).
The molten salt inﬁltration experiment on NG was conducted in a
high pressure reactor (see in Fig. 1) to evaluate the fuel-bearing salt
barrier property of M-IG-110 and IG-110. A ternary eutectic salt composed of 46.5 mol% LiF-11.5 mol% NaF-42 mol% KF with melting point
454 °C and density 2.05 g/cm3 at 650 °C was used to simulate fuelbearing salt in MSR [41]. Before impregnation experiments on graphite
by molten ﬂuoride salt, the IG-110 and M-IG-110 with dimensions of
Ø10 × H20 mm were successively cleaned by ultrasonication in
ethanol and deionized water to remove the solid particles and other
potential contaminants attached to surface, and then vacuum dried at
100 °C for 2 h to remove the residual moisture. After the initial weight
of graphite samples including IG-110 and M-IG-110 was recorded, these
two kind of graphite samples and the ternary eutectic salt were introduced in the high pressure reactor and heated at 650 °C for 24 h
under diﬀerent inﬁltration pressure (1, 1.5, 3, 5 atm). After inﬁltration,
the graphite samples were taken out from the molten ternary eutectic
salt bath. Maintaining the gas overpressure to prevent salt leaking from
the pores of graphite samples until the high pressure reactor was cooled
to room temperature. After the salt adhering to the surface of samples
was removed, weighing inﬁltrated graphite samples to calculate weight
gain. All salt handling operations were conducted inside a glove box
with high purity argon atmosphere and the high pressure reactor was
evacuated for 24 h by a molecular pump to avoid the impact of oxygen

2. Experimental
2.1. Sample preparation
The impregnation of PCS was carried out on IG-110 graphite in an
autoclave. The properties of IG-110 graphite are presented elsewhere
[11,37,38]. PCS was provided by the University of National Defence
Science and Technology of China and its basic properties were listed in
Table 1. IG-110 graphite was machined to form bars with dimensions of
3 × 4 × 36 mm3, ﬂat plates with dimensions of Ø10 × H2 mm and
columns with dimensions of Ø10 × H20 mm and Ø6 × H25 mm
(where Ø is the representative of sample diameter and H is the abbreviation of sample height). After being successively ultrasonic
cleaned in ethanol and deionized water, and then vacuum dried at
100 °C for 2 h, the clean and dry IG-110 graphite was located in the
autoclave and then evacuated to low pressure. When the air pressure in
the autoclave reduced to less than 100 Pa, the impregnation solution of
PCS in dimethylbenzene with certain concentration was poured into the
autoclave until the graphite samples were totally drowned by the PCS
solution. Then the PCS solution submerged graphite samples were
pressurized to 5 MPa and held pressure. After held pressure for 4 h, the
PCS solution impregnated graphite samples were taken out from the
autoclave and air drying at room temperature for 8 h to remove solvent.
After the solvent was volatilized, a layer of PCS covered the surface of
graphite samples. Finally, these graphite samples were heated to
1200 °C with a heating rate of 3 °C/min and remained at 1200 °C for
60 min in a argon atmosphere (Caution! The heating rate should be low
enough to avoid cracking of SiC coating derived from pyrolysis of PCS).
The resulting samples were M-IG-110 that used in following experiments. A certain amount of SiC powder was obtained from neat PCS
with the same pyrolysis process.

Table 1
Properties of PCS.
Properties

PCS

Intenerating point (°C)
Melting range (°C)
Molecular weight (Dalton)
Residual weight (1000 °C, Argon)

195–220
≤20
1200–1500
≥57 wt%

Fig. 1. High pressure reactor used for molten salt inﬁltration experiment on graphite.
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Fig. 2. XRD spectra of SiC coating (a), SiC powder (b) and Raman spectra of SiC coating (c), SiC powder (d).

whether or not the resulting SiC coating containing free carbon, which
can greatly inﬂuence the performance of coating [23,42]. We cannot
make a judgment on this question only by XRD owing to the sensitivity
of XRD for amorphous phase is much lower than that for crystalline
phase. Since the sensitivity of Raman spectrum for free carbon structure
is much more sensitive than that for SiC structure, we selected it to
determine the existence of free carbon in SiC coating at last. The Raman
spectrum of SiC coating was shown in Fig. 2c. The D peak and G peak
appeared respectively at about 1350 cm−1 and 1580 cm−1, which were
corresponding to disorder structure of free carbon and orderly graphite
structure, respectively. In order to aﬃrm whether these peaks were
derived from graphite substrate, the Raman spectrum of SiC powder
derived from neat PCS with the same pyrolysis process was shown in
Fig. 2d. Similar peaks appeared in the Raman spectrum of SiC powder,
which conﬁrmed the existence of free carbon in the SiC coating. No
peak related to β-SiC structure appeared in the Raman spectra of both
SiC coating and SiC powder because the sensitivity of Raman spectrum
for β-SiC structure is much less sensitive than that for free carbon
structure.
Fig. 3 showed surface images of SiC coating (a,b), fracture surface
image of SiC coating (c) and C (d), Si (e) element mapping of the selected area in Fig. 3c. It could be found that the SiC coating was ﬂat,
smooth, dense and no pore or crack being found on the surface (see in
Fig. 3a and b). It could also be easy to found from Fig. 3c that there was
no peeling oﬀ or separation of the SiC coating from graphite substrate,
which indicated there was strong adhesion existing between SiC coating
and graphite substrate. The SiC coating was tightly anchored on the
graphite surface by the granular mosaic structure in the interface between SiC coating and graphite substrate. Moreover, it could be easy to
found from element mapping Fig. 3d and e that the interface between

and water on the salt and graphite samples.
Thermal shock experiment on the obtained SiC coating was conducted by thermal cycles between room temperature and 650 °C in a
tube furnace in argon environment for 100 times. The oxidation test for
the obtained SiC coating was conducted in a muﬄe furnace in static air
environment at 650 °C for 4 h. The experimental temperatures were
both selected at 650 °C based on the MSR normal operation temperature. The thermal shock resistance of SiC coating was evaluated by
comparing its integrity before and after thermal shock experiment. The
oxidation resistance of SiC coating was qualitatively and quantitatively
assessed, respectively, by comparing the diﬀerences in fracture surface
morphological change and mass loss of IG-110 and M-IG-110 graphite
before and after the oxidation test.

3. Results and discussion
3.1. Microstructures of the SiC coating, SiC powder, IG-110 and M-IG-110
graphite
The XRD spectra of SiC coating and SiC powder were shown in
Fig. 2a and b, respectively. On the one hand, the peaks in the spectra of
both SiC coating and SiC powder were almost completely corresponding to β-SiC phase, which indicated that the PCS had been successfully converted into β-SiC after undergoing through the pyrolysis
process. On the other hand, the broad peaks of β-SiC in both SiC coating
and SiC powder indicated that the grain size of SiC was just several
nanometers [23]. What’s more, a weak peak deriving from the graphite
(002) crystal plane was found in the spectrum of SiC coating (see in
Fig. 2a), which implied that the thickness of SiC coating was not thick
enough to block X-ray completely. It is of great signiﬁcance to conﬁrm
455
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Fig. 3. Surface images of SiC coating (a,b), fracture surface image of SiC coating (c) and element mapping of the selected area in c (d and e refer to element mapping of C and Si,
respectively).

SiC coating and graphite substrate changed gradually and the SiC
particles had grown into the inner of porous graphite substrate. The
speciﬁc process as follows: the PCS/dimethylbenzene solution was
forced into the main open pores and a small amount of brittle closed
pores of the graphite substrate during the high pressure impregnation
process and the quantity of PCS solution in the pores tapered oﬀ with
the increase of depth for the impregnation resistance increased gradually. Due to the huge inﬁltration resistance of the IG-110 samples, the
inﬁltration was diﬃcult to occur through the whole volume of the
samples. As a result, the impregnated graphite samples possessed of a
gradual composition distribution under their surface after dimethylbenzene volatilized. When PCS both adhering on the surface and
ﬁlling in the pores subsequently converted into to SiC, the resulting MIG-110 samples with SiC coating adhering to the surfaces and SiC
particles ﬁlled in the inner were obtained. The granular mosaic structure formed in the interface between SiC coating and graphite substrate.
This structure, which alleviated the interface stress and improved the
binding force between SiC coating and graphite substrate, was conducive to utilize the excellent performance of SiC coating. What’s more,
the thickness of SiC coating derived from PCS on graphite substrate was
about 20 μm. The impregnation amount of PCS into IG-110 graphite
substrate was about 9.72 wt% and converted into about 4.96 wt% SiC
phase in M-IG-110 graphite after the pyrolysis process.
The basic physical properties of the IG-110 and M-IG-110 graphite
were listed in Table 2. It could be found that M-IG-110 possessed of
higher density, higher bending strength and higher compressive
strength than IG-110. In order to obtain the respective relatively accurate mean of the compressive strength (Fig. 4a) and bending strength
(Fig. 4b), ﬁve samples were tested for each kind of graphite. The stressstrain curves in Fig. 4a as well as Fig. 4b both obviously indicated that
the mechanical strength of M-IG-110 was much higher than that of IG-

Table 2
Properties of IG-110 and M-IG-110 graphite.
Properties
3

Apparent density (g/cm )
Bending strength (MPa)
Compressive strength (MPa)
Thermal conductivity (298 K,W/m·K)
CTEs (298–573 K,10−6/K)
Median pore diameter (volume, μm)
Open porosity (%)
Closed porosity (%)

IG-110

M-IG-110

1.77 ± 0.02
39.2 ± 2.5
78 ± 3
116 ± 2
4.5 ± 0.2
2.06
18.4 ± 0.1
2.5 ± 0.1

1.85 ± 0.02
44.3 ± 2.5
92 ± 2
134 ± 2
4.9 ± 0.2
0.01
10.3 ± 0.1
2.4 ± 0.1

110. The mechanical strength of the graphite was mainly determined by
its microstructure. Fig. 5 showed the fracture surfaces of IG-110 and MIG-110. It could be observed that some big pores distributed in the IG110, nevertheless, a relatively compact structure of M-IG-110 was obtained as a result of the SiC particles derived from PCS ﬁlled main open
pores in the graphite substrate during the impregnation and pyrolysis
processes. And the distribution of SiC particles represented the open
pores distribution in the graphite substrate. Furthermore, analyzed by
pore structure, we could ﬁnd that open porosity of M-IG-110 was
10.3 ± 0.1%, which was obviously lower than that of IG-110
(18.4 ± 0.1%). Especially, the median pore diameter of M-IG-110 was
merely 0.01 μm, which was about 2 orders of magnitude smaller than
2.06 μm of IG-110. Therefore, the compact structure with lower porosity and smaller pore diameter in M-IG-110 gave rise to its higher
mechanical strength and higher thermal conductivity than that of IG110.
Fig. 5 showed fracture surface images of IG-110 (a, b) and M-IG-110
(c, d) graphite. The low-magniﬁcation SEM images in Fig. 5a and c
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Fig. 4. Stress-strain curves of IG-110 and M-IG-110 graphite (a) compressive strength, (b) bending strength.

Fig. 5. Fracture surface images of IG-110 (a, b) and M-IG-110 (c, d).

strength and bending strength of M-IG-110 was also much higher than
that of IG-110. What's more, SEM images in Fig. 5a and b showed the
IG-110 graphite contained several microns sized pores, whereas only
small pores much less than 1 μm could be found in M-IG-110 (Fig. 5c
and d).
Fig. 6a showed the thermal conductivity of IG-110 and M-IG-110
graphite varying with temperature. Owing to the ﬁlling eﬀect of the SiC
particles derived from PCS in the inner pores and even cracks among
the graphite ribbons of M-IG-110, the open porosity and median pore
diameter of graphite substrate dramatically reduced. Which led to a
more compact structure and a higher density, that all were beneﬁt to
heat transfer by bridging and shortening thermal conductive path.
Thus, the thermal conductivity of M-IG-110 increased to 134 ± 2 W/

indicated the structure of M-IG-110 was much more compact than that
of IG-110, which led to the higher mechanical strength as well as higher
thermal conductivity of M-IG-110, as mentioned above. Fig. 5b and d
showed the high-magniﬁcation fracture surface images of IG-110 and
M-IG-110 graphite, respectively. Several microns sized pores and large
graphite ﬂakes were embedded in IG-110 graphite. Large grains of
about several micrometers were broken and their fracture surface
morphology was revealed as shown in Fig. 5b. However, there were
much few and smaller pores in M-IG-110 as compared with IG-110.
With the ﬁlling eﬀect of the SiC particles derived from PCS, the inner
structure of the M-IG-110 graphite became close, which gave rise to a
more compact structure and a higher density (1.85 ± 0.02 g/cm3) of
M-IG-110 than those of IG-110 (1.77 ± 0.02 g/cm3). The compressive
457
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Fig. 6. Thermal conductivity (a) and representative thermal expansion (b) curves of IG-110 and M-IG-110 graphite.

Fig. 7. (a) pore diameter distribution, (b) mercury injection amount with the increase of pressure and (c) salt weight gain of IG-110 and M-IG-110 graphite.

perpendicular to the axial direction. The CTE of IG-110 from 298 to
573 K was about 4.5 ± 0.2 ppm/K, which was pretty close to
4.9 ± 0.2 ppm/K of M-IG-110. This extremely little diﬀerence in CTEs
of these two kind of graphite could be easy to ascribe to the comprehensive eﬀect of small ﬁlling amount of SiC and much close CTEs of SiC
and graphite phases in M-IG-110.

m·K, much higher than 116 ± 2 W/m·K of IG-110 graphite. As the
temperature increased from 298 to 1073 K, thermal conductivity of IG110 and M-IG-110 graphite decreased from 116 ± 2 to 64 ± 2 W/
m·K and 134 ± 2 to 74 ± 2 W/m·K, respectively. The thermal conductivity of both IG-110 and M-IG-110 graphite gradually decreased as
a function of increasing temperature could be interpreted by increasing
phonon–phonon interaction, which conﬁned the mean free path of
phonon motion and resulted in phonon scattering [43]. Fig. 6b showed
the thermal expansion curves of IG-110 and M-IG-110 graphite
458
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Fig. 8. Fracture surface images of IG-110 at 1.5 atm (a, b) and M-IG-110 at 5 atm (c, d) after molten salt inﬁltration.

Fig. 9. surface images of SiC coating before (a) and after (b) thermal shock experiment.

salt into graphite substrate could be eﬀectively restricted by surface
tension once the entrance pore size of graphite was less than 1 μm [5].
Most of pores in IG-110 exceeded 1 μm, which implied this graphite
could not eﬀectively exclude the liquid ﬂuoride salt from its inner
[5,44]. Fig. 7c displayed the salt weight gain of IG-110 and M-IG-110
graphite. Small amount of ﬂuoride salt (0.91 wt%) was detected in IG110 for the pressure of 1 atm. The salt weight gain of IG-110 increased
sharply to 13.5 wt% under 1.5 atm and rapidly trended toward saturation under 3 atm with the ﬂuoride salt inﬁltration of 14.8 wt%.
Nevertheless, the M-IG-110 exhibited much better molten salt-barrier
property with the ﬂuoride salt inﬁltration of 1.1 wt% even up to 5 atm,
which was also slightly better than the eﬀect of β-SiC coated IG-110 by
CVD [9]. This demonstrated that the M-IG-110 graphite could eﬀectively inhibit the liquid ﬂuoride salt inﬁltration. Fig. 7b showed the

3.2. Mercury and molten salt inﬁltration into IG-110 and M-IG-110
Fig. 7a and b showed the curves of pore diameter distribution and
mercury injection amount as a function of pressure, respectively, for IG110 and M-IG-110 graphite. Though M-IG-110 was derived from IG110, there were quite large diﬀerences in porosity, median pore diameter and density between them. The open porosities of IG-110 and MIG-110 graphite were 18.4% and 10.3%, respectively. The median pore
diameter and density were 2.06 μm and 1.77 g/cm3 for IG-110, and
0.01 μm and 1.85 g/cm3 for M-IG-110, respectively. This indicated that
impregnation with PCS/dimethylbenzene solution and then pyrolysis at
elevated temperature with low heating rate under argon atmosphere
could probably contribute to reducing the porosity and pore size of the
graphite. MSR study indicated that the inﬁltration amount of molten
459
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Fig. 10. Fracture surface images of oxidized IG-110 (a), oxidized M-IG-110 (b) and surface image of oxidized SiC coating (c) (F, b and P refer to ﬁller based carbon, binder based carbon
and pores, respectively).

particles. Even the inﬁltration pressure increased to 5 atm, the resulting
ﬂuoride salt weight gain of M-IG-110 was just 1.1 wt%. Fig. 8c and d
showed the fracture surface images of M-IG-110 after molten salt inﬁltration under 5 atm. Only little small ﬂuoride salt particles embedded
in the graphite could be detected, which indicated that M-IG-110 could
eﬀectively exclude the molten ﬂuoride salt.
Fig. 9 showed the surface images of SiC coating before (a) and after
(b) 100 times thermal shock experiments between room temperature
and 650 °C as mentioned above. The SiC coating presented remarkable
thermal shock resistance performance because no obvious holes, cracks
or peeling phenomena was observed in it after the thermal shock experiments. According to the microstructure of SiC coating (see in
Fig. 3c–e), the SiC particles grew into the inner of graphite substrate
and interlocked with each other, which formed a granular mosaic
structure in the interface between SiC coating and graphite substrate.
This interface structure could eﬀectively alleviate the interface stress
caused by the CTEs mismatch between SiC coating and graphite substrate during thermal shock experiment. Clearly, the obtained SiC
coating derived from PCS had good compatibility with IG-110 graphite
substrate under high temperature.
Fig. 10 showed the fracture surface images of oxidized IG-110 (a),
oxidized M-IG-110 (b) and surface image of oxidized SiC coating (c).
The oxidation test was conducted at 650 °C in static air for 4 h, as
mentioned above. There were quite huge diﬀerences in the fracture
surface morphology of the corresponding oxidized samples of IG-110
and M-IG-110 graphite. As can be seen from Figs. 5 a and 10 a, the
fracture surface characteristics of IG-110 changed greatly after the
oxidation process and the oxidation was quite non-uniform on the
surface. Compared to Fig. 5a, the fracture surface of the oxidized IG-110
in Fig. 10a was quite rough and large interconnected voids were easy to
be found. In Fig. 10a, the charred layers of the ﬁller particles were

incremental mercury intrusion process of the graphite could be divided
into three stages. For IG-110, during the ﬁrst pressurization stage from
0 to 5.01 × 105 Pa, only small quantity of mercury inﬁltrated into
graphite. However, the mercury injection amount began to increase
rapidly and then trended toward saturation during the second pressurization stage from 5.01 × 105 to 1.97 × 107 Pa. Once the pressure
exceeded 1.97 × 107 Pa during the third pressurization stage, the
amount of accessible voids continued to increase mainly by the break of
the closed pores [45]. The incremental intrusion process of M-IG-110
could also similarly be divided into such three stages. Nevertheless,
owing to the high interfacial capillary force ascribed to the nanoscale
pore structure of the M-IG-110 graphite, the mercury injection amount
couldn’t begin to increase rapidly until the inﬁltration pressure exceeding 5.93 × 107 Pa. The ultimate total mercury injection amount
into the M-IG-110 graphite (0.0733 ml/g) was much less than that into
the IG-110 graphite (0.1041 ml/g) owing to the low open porosity and
small entrance pore size of the former graphite (see in Table 2 and
Fig. 7a).
Fig. 8 showed fracture surface images of IG-110 at 1.5 atm and MIG-110 at 5 atm after molten salt inﬁltration experiment. For IG-110
graphite, the ﬂuoride salt weight gain was about 13.5 wt% under
1.5 atm. The true density of graphite in molten ﬂuoride salt could be
approximately regarded as 2.2 g/cm3 and the density of molten ﬂuoride
salt was about 2.05 g/cm3 at 650 °C [41]. Thus, the 13.5 wt% ﬂuoride
salt weight gain of IG-110 under 1.5 atm could be converted into 14.3 v
% molten ﬂuoride salt volume occupation at 650 °C. The open porosity
of IG-110 in molten salt could be approximately regarded as 18.4%
ignoring the inﬂuence of temperature, which implied that the main
open pores of IG-110 ﬁlled with molten ﬂuoride salt under 1.5 atm at
650 °C. Furthermore, as shown in Fig. 8a and b, nearly most of pores in
IG-110 were completely ﬁlled with crystallographic ﬂuoride salt
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visible while most of the binder adhering to the ﬁller particles had been
vanished by oxidation compared to pristine IG-110 in Fig. 5a. In light of
the above ﬁndings, we could conclude that the binder based carbon
(BC) was more preferential to oxidize than ﬁller based carbon (FC)
owing to their diﬀerent oxidation reaction activation energy (∼123 kJ/
mol for BC and ∼165 kJ/mol for FC) [46], which were fundamentally
caused by their microstructure diﬀerences (the structure of BC was
much more disordered than FC) [47]. As to the M-IG-110, oxygen could
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4. Conclusion
M-IG-110 graphite coated by dense SiC coating derived from PCS
was fabricated by impregnation of the PCS/dimethylbenzene solution
and then pyrolysis at elevated temperature. As compared to IG-110, the
obtained M-IG-110 graphite possessed of more remarkable properties
such as higher mechanical property, higher thermal conductivity, lower
porosity, smaller median pore diameter, better molten salt barrier
property as well as better oxidation resistance owing to the eﬀects of
SiC particles ﬁlling in the pores of graphite substrate and dense SiC
coating adhering to the surface of graphite substrate. The salt weight
increment of IG-110 under 5 atm decreased rapidly from 14.9 wt% to
1.1 wt% after being coated with SiC coating. The SiC coating exhibited
good compatibility with NG graphite substrate and gave rise to the
remarkable oxidation resistance of M-IG-110. Note that the crystalline
structure of β-SiC phase in the SiC coating derived from pyrolysis of PCS
at 1200 °C was quite poor and contained a large proportion of free
carbon. As we all know, crystallinity and free carbon content greatly
inﬂuence the performance of SiC coating. Thus, further studies will
consider adjusting the crystalline structure of SiC coating, reducing its
free carbon content and investigating its irradiation properties. Our
work provides a promising method to improve common nuclear graphite to make it satisfy the performance requirements of moderator or
reﬂector materials for MSR.
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