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 Dendiﬁed isostatic graphite was obtained from isostatic graphite by
impregnating with phenolic resin.
 The obtained graphite exhibited better integrated properties including
barrier
property
than
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graphite.
 The obtained graphite could effectively inhibit molten ﬂuoride salt and
Xe135 from inﬁltration.
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A densiﬁcation process has been conducted on isostatic graphite (IG-110, TOYO TANSO CO., Ltd., Japan) by
impregnating phenolic resin to get the densiﬁed isostatic graphite (D-IG-110) with pore diameter of
nearly 11 nm speciﬁcally for molten salt reactor application. The microstructure, mechanical, thermophysical and other properties of graphite were systematically investigated and compared before and after
the densiﬁcation process. The molten ﬂuoride salt and Xe135 penetration in the graphite were evaluated
in a high-pressure reactor and a vacuum device, respectively. Results indicated that D-IG-110 exhibited
improved properties including inﬁltration resistance to molten ﬂuoride salt and Xe135 as compared to IG110 due to its low porosity of 2.8%, the average pore diameter of 11 nm and even smaller open pores on
the surface of the graphite. The ﬂuoride salt inﬁltration amount of IG-110 was 13.5 wt% under 1.5 atm and
tended to be saturated under 3 atm with the ﬂuoride salt occupation of 14.8 wt%. As to the D-IG-110, no
salts could be detected even up to 10 atm attempted loading. The helium diffusion coefﬁcient of D-IG-110
was 6.92  108 cm2/s, signiﬁcantly less than 1.21  102 cm2/s of IG-110. If these as-produced properties
for impregnated D-IG-110 could be retained during MSR operation, the material could prove effective at
inhibiting molten ﬂuoride salt and Xe135 inventories in the graphite.
© 2017 Elsevier B.V. All rights reserved.
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Molten ﬂuoride salt reactor (MSR) is one of the promising future
Generation IV nuclear reactors families proposed by the Generation
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IV International Forum due to its remarkable advantages: a high
negative temperature coefﬁcient of reactivity, a very low vapor
pressure, thermodynamic stability, and so on [1e3]. In this reactor,
liquid molten ﬂuoride salt (mixture of ﬂuorides composed mainly
of NaF, LiF, ZrF4, ThF4 and UF4) used as fuel and coolant circulating
through the graphite reactor core and the heat exchanger. Once the
molten ﬂuoride salt penetrates into the nuclear graphite, it would
lead to local hot spots which could easily attain high temperatures
of 1100e1200  C at which the graphite damage rate is increased by
a factor of two over that at 700  C [4]. In addition, once the ﬁssionproduct gases (Xe135-based) diffuse into the nuclear graphite, it
would result in the neutron absorption section increasing signiﬁcantly and the breeding ratio of the reactor reducing sharply [4e7].
Therefore, impenetrability by the fuel-bearing molten ﬂuoride salt
and ﬁssion-product gases is of great importance for the nuclear
graphite. Prior studies indicate that the fuel-bearing salt can be
effectively excluded from the nuclear graphite that the pore diameters of graphite are less than 1 mm, and the Xe135 can be
removed from the core that the pore diameter of graphite are less
than 100 nm [8].
Isostatic graphite (IG-110, TOYO TANSO CO., Ltd., Japan), one
kind of commercial nuclear graphite with sufﬁcient irradiation
database and an average pore diameter of ~2 mm, has been used as
the neutron moderator and reﬂector in high temperature gas
cooled reactors, and it is also one of the promising alternative nuclear graphite for our MSR project [9e13]. However, it does not
inhibit the penetration of molten ﬂuoride salt or diffusion of
ﬁssion-product gases according to the pore size requirements of
the previous MSR experiments and our prior research results
[5,9,10]. In order to improve the inertness of nuclear graphite toward molten ﬂuoride salt or ﬁssion-product gases, glassy carbon
[14], pyrolytic carbon [9,15,16] or SiC [10] coatings have been utilized. However, most of coatings were prepared by chemical vapor
deposition, for which a lot of time and costs were needed. Moreover, these coatings could not guarantee to totally and continuously
exclude molten ﬂuoride salt or ﬁssion-product gases from nuclear
graphite for these coatings might crack and even exfoliate during
their service process. Thus, it's of great signiﬁcance and urgently
demanded to develop a method to densify nuclear graphite, namely
minimize the pore diameter and porosity, for improving the molten
salt and noble gas barrier property of nuclear graphite.
In this paper, densiﬁed IG-110 (D-IG-110) has been prepared by
impregnating with phenolic resin, and the pore diameter of the
graphite decreased to nearly 11 nm for enhancing its barrier
property. The degree of graphitization, microstructure and thermophysical properties of the obtained graphite were systematically
investigated and compared before and after the densiﬁcation process. Moreover, we have studied the changes of compatibility and
the inﬁltration behavior between nuclear graphite and the ternary
ﬂuoride molten salt of eutectic composition(46.5mol% LiF-11.5mol%
NaF-42mol% KF) with a melting point of 454  C which is similar to
the melting point of the ﬂuoride salt (70mol%LiF-23mol%BeF2-5mol
%ZrF4-1mol% ThF4-1mol%UF4) used during the MSR experiment
[17] at the Oak Ridge National Laboratory (ORNL), USA. We have
also investigated the differences in diffusion behavior of helium gas
into nuclear graphite to simulate the penetration of ﬁssion-product
gases (primarily Xe135) into nuclear graphite based on the ORNL
research [6,7].
2. Experimental
2.1. Sample preparation
Samples used in the experiment were IG-110 from Toyo Tanso
Co., Ltd. The properties of this grade nuclear graphite are presented

elsewhere [12,18,19]. Graphite was machined to form bars with
dimensions of 3  4  36 mm3, ﬂat plates with dimensions of
Ø10  H2 mm, Ø20  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). These
graphite samples were successively cleaned by ultrasonication in
ethanol and distilled water to remove the solid particles and other
potential contaminants attached to surface, and then vacuum dried
for 8 h at 120  C to remove the residual moisture. These dry and
clean graphite specimens were equally divided into two parts (part
A and part B). Part A without any processing was IG-110 that
directly used in subsequent experiments. Part B was densiﬁed by
impregnation of phenolic resin and then carbonisation up to
1000  C under a nitrogen atmosphere. Phenolic resin (Tianjin resins
plant, Tianjin, china) was chosen as the organic precursor. The basic
properties of phenolic resin were shown in Table 1. Impregnation of
phenolic resin was carried out on the nuclear graphite substrate in
an autoclave. The part B was located in an autoclave and then
heated to 60  C. When the autoclave was vacuumized to less than
50 Pa, the diluted solution of phenolic resin in ethanol (50% v/v) at
60  C was injected into the autoclave until the graphite samples
were completely submerged in the phenolic resin solution. Then
the phenolic resin solution covered graphite samples were subjected to 3 MPa and then dwelled at this pressure for 4 h. After
impregnation, the phenolic resin solution impregnated graphite
specimens were taken out and heated to 180  C curing for 0.5 h at
3.5 MPa. After the curing step, the graphite samples were carbonized up to 1000  C under a nitrogen atmosphere at low temperature
rate to avoid disruption and deformation. Finally, these carbonized
graphite specimens prepared from part B were D-IG-110 that
directly used in subsequent experiments.
A mixture of ﬂuoride salt used in experiment was the eutectic
salt of 46.5mol% LiF-11.5mol% NaF-42mol% KF with melting point
454  C and density 2.05 g/cm3 at 650  C [20]. Before impregnation
experiments on graphite by molten ﬂuoride salt, the IG-110 and DIG-110 with dimensions of Ø10  H20 mm were successively
cleaned by ultrasonication in ethanol and distilled water to remove
the solid particles and other potential contaminants attached to
surface, and then vacuum dried for 8 h at 120  C to remove the
residual moisture. After the initial weight of graphite samples was
recorded, graphite samples and solid salt were introduced into a
high-pressure reactor as shown in Fig. 1. The graphite samples were
degassed to nearly vacuum before being immersed in molten
ﬂuoride salt at 650  C. The inﬁltration pressure (1, 1.5, 3, 5, 6.5 and
10 atm) used to affect molten ﬂuoride salt penetration into the
graphite samples was controlled by the pressure of the argon
blanket gas. The graphite samples were took out from the molten
ﬂuoride salt bath after being inﬁltrated for 12 h. The high-pressure
reactor was cooled to room temperature while maintaining the gas
overpressure to prevent leaking of ﬂuoride salt from the graphite
pores. Weighing inﬁltrated graphite samples after the residual salt
at the samples surface was carefully removed by grater to calculate
weight change. All salt handling operations were performed inside
a glove box with an inert high-purity argon (99.999%) atmosphere

Table 1
Properties of phenolic resin.
Properties

Phenolic resin

Solid content (wt%)
Resin Content (wt%)
Free phenol content (wt%)
Viscosity (20  C, Pa$s)
Gelation time (150  C, s)
Char yield (1000  C, wt%)

95
80
15
1.54
140
50.3
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V6 was the pump control valve, which isolated the vacuum pump.
The pressure in the high-pressure chamber ranged from 102 to
1  105 Pa, and when the system was stable, the high-pressure,
low-pressure, and leak values remained constant.
The signal intensities of the BA and HLK were calibrated, and the
absolute pressure was measured using the SRG. The diffusion coefﬁcient (D) was obtained from the pressure increase in the lowpressure chamber, using the equation [6,7,21,22].

D¼

Fig. 1. High-pressure reactor used for molten salt penetration testing of graphite.

PL dS  2 
m =s
PH A

(1)

PL (Pa) is the pressure in the low-pressure chamber; PH (Pa) is the
pressure in the high-pressure chamber; S (cm3/s) is the effective
pumping speed; d (cm) is the thickness of the graphite specimen;
and A (cm2) is the geometrical area [21,22].
2.2. Sample characterization

and the high-pressure reactor was evacuated for 24 h using a
molecular pump to avoid the impact of oxygen and water on the
graphite samples and ﬂuoride salt.
The graphite samples used for gas penetration measurement
were ﬂat plates with dimensions of Ø20  H2 mm. The vacuum
device of our laboratory used for the helium penetration measurement was schematically depicted in Fig. 2. The device consisted
of low-pressure and high-pressure chambers. As shown, the
graphite sample was ﬁxed between the two chambers and sealed
using the epoxy resin on the metal bracket. The helium pressure in
the high-pressure chamber was adjusted by a mass ﬂow controller
(MFC) and a mercury manometer. After a pressure adjustment, the
pressure increase in the low-pressure chamber was measured using several vacuum gauges. A spinning rotor gauge (SRG), a BayardAlpert ionization gauge (BA), and a helium leak detector (HLK) were
used for the pressure ranges105-1 Pa, 106-105 Pa, and below
106 Pa, respectively. V1 was the system gas control valve, and V2
regulated gas ﬂow from the MFC into the high-pressure side of the
sample, which is monitored by a pressure transmitter. V3 was a
deﬂation control valve, by which the system pressure restores
normal pressure at the end of the test. V4 was a test components
control valve, which evacuated both sides of the sample before the
test and separated the chambers during the test. A wide-range
gauge, which measured the pressure of the low-pressure side,
allowed clear observation and protected the He leak detector. V5
was a leak detector control, which also protected the leak detector.

The sample density was determined by weight and geometry.
The changes in the morphological structures and salt distribution
were characterized by Scanning Electron Microscopy (JSM-7001F).
The crystal phase structures of the samples were characterized by
X-ray diffraction (XRD) on a Siemens D5000 diffractometer, BraggBrentano geometry, Cu Ka radiation (l ¼ 0.15406 nm). Thermal
diffusivity (a, cm2/s) of the sample (Sample size: Ø10  H2 mm)
was measured by a Netzsch LFA447/2-2 InSb Nano Flash machine
and ﬁve points were measured for each graphite. Thermal conductivity (k, W/m·K) was calculated from k ¼ a · Cp· r, where Cp, r
were the speciﬁc heat capacity and bulk density of the sample,
respectively [23].
The graphite Cp value of 0.71 J/g$K under 298 K was obtained
according to the ASTM C781-08 [24]. Coefﬁcients of thermal
expansion (CTEs) of the graphite samples were characterized by a
dilatometer (Netzsch DIL 402 PC NETZSCH, Sample size: Ø6  H25
mm). Testing temperature was ranged from 298 to 1023 K with a
heating rate of 5 K/min. The open porosity, mercury intrusion curve
and pore diameter distribution were analyzed by an AutoPore IV
9500. Bending strength was evaluated by a three-point bending
test on bars with dimensions of 3  4  36 mm3, using a 30 mm
span and cross-head speed of 0.5 mm/min, and the bending
strength value (sb) was counted by sb ¼ 3Pb·L/2w·t2, where Pb was
the fracture strength of the samples, L was the span, w and t were
the width and the height of the samples, respectively [25,26].

Fig. 2. Vacuum device for helium penetration measurement (1-epoxy resin, 2-metal bracket).
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Compressive strength of the graphite was tested using an crosshead speed of 0.1 mm/min according to the ASTM C695-91, and
the compressive strength value (zc) was counted by zc ¼ Pc/A,
where Pc was the breaking force of the samples, and A was the
cross-sectional area of samples [27,28]. The (mean) ± (mean deviation) was adopted to describe the performance of the graphite.
3. Results and discussion
3.1. Microstructure and thermo-physical properties of IG-110 and
D-IG-110
XRD is an effective tool for determining the graphite crystal
structure and parameters that affect its performance in nuclear
applications, such as crystallite size, interlayer spacing and degree
of graphitization [29e32]. The XRD patterns in Fig. 3, the average
from three specimens, showed that IG-110 and D-IG-110 phases
were mainly hexagonal (graphite-2H: hexagonal, space group P63/
mmc{P63/m2/m2/c}). The (101) and (004) diffraction peaks
observed in the XRD patterns were typical peaks of graphitization
structure. The diffraction peaks of D-IG-110 were broader and
weaker than their counterparts of IG-110, and the center of the
(002) peak was slightly displaced to a smaller angle, which veriﬁed
that the graphitization degree of D-IG-110 was slightly lower than
that of IG-110. XRD with a Cu Ka (l ¼ 0.15406 nm) radiation was
applied to determining the primary structure, graphite crystal and
parameter of the (002) peak, where d002 was the interlayer distance
of graphite. The graphitization degree (g) and the crystallite
diameter La could be calculated according the following equations:
g¼(0.3440-d002)/(0.3440e0.3354) and La ¼ 9.5/(d002-3.354),
respectively. The d002 value was calculated to be 0.3370 nm for DIG-110, 0.3366 nm for IG-110, respectively, which were very close to
0.3354 nm for single crystal graphite at room temperature [29]. The
graphitization degree of D-IG-110 (81.4 ± 0.1%) was slightly smaller
than IG-110 (86.0 ± 0.1%), which was primarily attributed to that
the phenolic resin-derived carbon ﬁlled in the pores of D-IG-110
during densiﬁcation process was hard to graphitize. The structural
differences between D-IG-110 and IG-110 were further quantiﬁed
by calculating the sizes of crystallite, which showed that the
average crystallite diameter in D-IG-110 (La ¼ 59.4 ± 0.1 nm) was
smaller than that in IG-110 (La ¼ 79.2 ± 0.1 nm), consistent with the
results of graphitization degree.
The physical properties of the IG-110 and D-IG-110 were listed in

Table 2. It could be seen that D-IG-110 possessed of higher density,
higher compressive strength and higher bending strength than IG110. Five samples of IG-110 and D-IG-110 graphite were tested to
obtain the respective mean of the compressive strength (Fig. 4a)
and bending strength (Fig. 4b). The stress-strain curves in Fig. 4a
and b distinctly indicated the strength of the D-IG-110 was much
higher than that of IG-110. The mechanical properties of the
graphite were closely related to its microstructure. The fracture
surfaces of IG-110 and D-IG-110 were showed in Fig. 5. It could be
observed that some big pores distributed in the IG-110, whereas, a
comparatively compact structure for D-IG-110 was obtained due to
the phenolic resin-derived carbon occupied open pores in the
graphite substrate and the distribution of phenolic resin-derived
carbon represented the open pores distribution in graphite substrate. In addition, analyzed by pore structure, we could ﬁnd that
the median pore diameter and open porosity of D-IG-110 was just
11 nm and 2.8 ± 0.1%, respectively, which were obviously lower
than that of IG-110 (2.06 mm and 18.4 ± 0.1%, respectively). Therefore, the smaller pore diameter and lower porosity in D-IG-110 gave
rise to its higher mechanical properties as well as higher thermal
conductivity than that of IG-110.
Fig. 5 showed magniﬁed fracture surface images of IG-110 (a)
and D-IG-110 (b) graphite. The low-magniﬁcation SEM images in
Fig. 5 indicated D-IG-110 was much more compact than IG-110,
which led to the higher mechanical properties of D-IG-110. Fig. 6
showed the fracture surface images of IG-110 (a,b) and D-IG-110
(c,d) graphite. High-magniﬁcation SEM images in Fig. 6d showed
the phenolic resin-derived carbon ﬁlled open pores in D-IG-110
graphite substrate, which greatly reduced the median pore diameter and open porosity of graphite substrate. Large graphite
lamellar and several microns sized pores 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. 6b. There were much less and smaller pores in D-IG-110 than
those in IG-110. With the ﬁlling effect of the phenolic resin-derived
carbon, the inner structure of the graphite became close, which
gave rise to a more compact structure and a higher density
(1.86 ± 0.02 g/cm3) of D-IG-110 than those of IG-110 (1.77 ± 0.02 g/
cm3). The bending strength and compressive strength of D-IG-110
was also higher than that of IG-110. What's more, SEM images in
Fig. 6a and b showed IG-110 graphite contained several microns
sized pores, while just very small pores could be found in D-IG-110
(Fig. 6c-d).
Fig. 7a showed the thermal conductivity of IG-110 and D-IG-110
graphite as a function of temperature. Due to the ﬁlling effect of the
phenolic resin-derived carbon in the inner pores and even cracks
between the graphite ribbons of D-IG-110, the median pore diameter and open porosity of graphite substrate signiﬁcantly reduced
which led to a more compact structure and a higher density that
contributed to heat transfer by bridging and shortening thermal
conductive path, and the thermal conductivity of D-IG-110 was

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

Fig. 3. XRD spectra of D-IG-110 and IG-110 graphite.

Apparent density (g/cm )
Bending strength (MPa)
Compressive strength (MPa)
Graphitization degree (%)
La (nm)
Thermal conductivity (298 K,W/m$K)
CTEs (298-573 K,106/K)
Median pore diameter (volume, mm)
Open porosity (%)
Closed porosity (%)

IG-110

D-IG-110

1.77 ± 0.02
39.2 ± 2.5
78 ± 3
86.0 ± 0.1
79.2 ± 0.1
116 ± 2
4.5 ± 0.2
2.06
18.4 ± 0.1
2.5 ± 0.1

1.86 ± 0.02
44.1 ± 1.8
89 ± 2
81.4 ± 0.1
59.4 ± 0.1
140 ± 2
4.8 ± 0.2
0.011
2.8 ± 0.1
2.4 ± 0.1
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Fig. 4. Stress-strain curves of IG-110 and D-IG-110 graphite (a) compressive strength, (b) bending strength.

Fig. 5. Magniﬁed fracture surface images of IG-110 (a) and D-IG-110 (b).

Fig. 6. Fracture surface images of IG-110(a,b) and D-IG-110 (c,d).
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Fig. 7. Thermal conductivity (a) and representative thermal expansion (b) curves of IG-110 and D-IG-110 graphite.

increased to 140 ± 2 W/m$K, much higher than that of IG-110
graphite (116 ± 2 W/m$K). With the increase of temperature from
298 to 1023 K, thermal conductivity of IG-110 graphite decreased
from 116 ± 2 to 69 ± 2 W/m$K. Meanwhile, the thermal conductivity of D-IG-110 decreased from 140 ± 2 to 80 ± 2 W/m$K. Fig. 7b
showed the thermal expansion curves of IG-110 and D-IG-110
graphite perpendicular to the axial direction. The CTE of IG-110
from 298 to 573 K was 4.5 ± 0.2 ppm/K, which was slightly
smaller than 4.8 ± 0.2 ppm/K of D-IG-110. This was attributed to the
ﬁlling effect of the phenolic resin-derived carbon and more interfaces in D-IG-110.
3.2. Mercury and molten salt inﬁltration into IG-110 and D-IG-110
Fig. 8a and b showed the curves of pore diameter distribution
and mercury injection amount versus pressure, respectively, for IG110 and D-IG-110 graphite. Though D-IG-110 was an evolution of
IG-110, there were huge differences of median pore diameter,
porosity and density between IG-110 and D-IG-110 graphite. The
median pore diameters of IG-110 and D-IG-110 were 2.06 mm and
11 nm, respectively.
The density and open porosity are 1.77 g/cm3 and 18.4% for IG110, and 1.86 g/cm3 and 2.8% for D-IG-110, respectively. This
demonstrated that impregnation with phenolic resin and then
carefully controlled carbonisation of phenolic resin under a nitrogen atmosphere could probably be conducive to lowering the pore
size and porosity of the graphite. MSR studies indicated that the
inﬁltration of molten salt into graphite could be effectively
restricted by surface tension in the case of the entrance pore size
was less than 1 mm [4]. Most of the pores in IG-110 were bigger than
1 mm, which implied this graphite could not inhibit the liquid
ﬂuoride salt from inﬁltrating into its inner [4,33]. Fig. 8c displayed
the salt weight gain of IG-110 and D-IG-110 graphite. Very low
amount of molten salt (0.91 wt%) was detected in IG-110 for the
pressure of 1atm. The weight gain of IG-110 graphite increased
sharply to 13.5 wt% under 1.5 atm and trended toward being
saturated under 3 atm with the molten salt inﬁltration of 14.8 wt%.
However, the D-IG-110 exhibited excellent molten salt-barrier
properties with the molten salt inﬁltration continued to be steady
at 0 even up to 10 atm, which totally satisﬁed the critical index
proposed for MSR of 0.5% [9,33]. This demonstrated that the obtained D-IG-110 graphite could effectively inhibit the molten ﬂuoride salt inﬁltration. Fig. 8b showed the 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), small quantity of mercury inﬁltrated into graphite.
Nevertheless, the mercury injection amount started to increase
sharply and then trended toward being saturated during the second
pressurization stage of 5.01  105 to 1.97  107 Pa. As the pressure
exceeded 1.97  107 Pa during the third pressurization stage, the
accessible voids continued to increase primarily by the mechanical
breakdown of the closed pores [34]. The incremental intrusion
process for D-IG-110 could similarly be distributed into such three
stages. However, due to the high interfacial capillary force caused
by the nanoscale pore structure of the graphite, the mercury injection amount couldn't start to increase sharply until the pressure
exceeding 1.02  108 Pa for D-IG-110. The ultimate total mercury
injection amount into D-IG-110 (0.0286 ml/g) was much smaller
than that into IG-110 (0.1041 ml/g). The mercury injection amount
into D-IG-110 was extremely less than that of IG-110 due to its small
pore diameter and low open porosity (Fig. 8a and Table 2).
Fig. 9 showed fracture surface images of IG-110 at 1.5 atm and DIG-110 at 10 atm after molten salt inﬁltration. For IG-110, the
ﬂuoride salt weight gain of IG-110 was 13.5 wt% under 1.5 atm. The
density of molten salt was 2.05 g/cm3 at 650  C [20] and the density
of graphite in molten salt could be approximately regarded as 2.2 g/
cm3. Thus the salt weight gain of IG-110 under 1.5 atm (13.5 wt%)
could be converted into molten salt volume occupation at 650  C
(14.3 v%). The open porosity of IG-110 in molten salt could be
approximately regarded as 18.4 ± 0.1%, which indicated the main
open pores of the IG-110 were full of molten salt under 1.5 atm at
650  C. Moreover, as shown in Fig. 9a and b, the pores of IG-110
were nearly completely ﬁlled with crystallographic ﬂuoride salt
particles. Even the pressure added to 10 atm, ﬂuoride salt weight
gain of D-IG-110 continued to be steady at 0. Fig. 9c and d showed
the molten salt inﬁltration of D-IG-110 under 10 atm. No salt particles embedded in the graphite could be found, which meant that
D-IG-110 could effectively inhibit molten ﬂuoride salt inﬁltration.
The helium gas diffusion detector device was manufactured on
the basis of previous studies of ORNL [6,7]. It is wall collisions rather
than intermolecular collisions that govern the gaseous diffusion
rates in graphite. The diffusion rates of xenon should not be inﬂuenced by the existing of other gases [35]. In case of these preconditions existing, each gas possesses its own gaseous diffusion
coefﬁcient (D), and the diffusion coefﬁcients of Xe135 (DXe) and He
(DHe) obey the equation of

Z. He et al. / Journal of Nuclear Materials 499 (2018) 79e87

Fig. 8. (a) pore diameter distribution, (b) mercury injection amount with the increase of pressure and (c) salt weight gain of IG-110 and D-IG-110 graphite.

Fig. 9. Fracture surface images of IG-110 at 1.5 atm (a, b) and D-IG-110 at 10 atm (c, d) after molten salt inﬁltration.
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Fig. 10. Helium diffusion of IG-110 graphite (a) and D-IG-110 graphite (a, b) with the increasing penetration pressure of high-pressure chamber.


DXe ¼ DHe

MHe T
MXe T0

1=2
(2)

MHe and MXe are the molecular weights of helium and xenon,
respectively. T and T0 are the testing temperatures of the graphite
samples for xenon and helium, respectively. Helium diffusion is
signiﬁcantly up to the pore structure and distribution in graphite,
which are closely relevant to the raw materials and preparation
process.
Fig. 10 presented the helium diffusion in IG-110 and D-IG-110.
For both graphite samples, the diffusion was approximately constant with the increasing penetration pressure in the high-pressure
chamber. In other words, the ﬂow of helium in the graphite samples
can be regarded as a molecular ﬂow rather than a viscosity ﬂow.
The helium diffusion coefﬁcients of IG-110 and D-IG-110 were
1.21  102 cm2/s and 6.92  108 cm2/s, respectively. Thus, the
diffusion of the ﬁssion gas would be effectively inhibited due to the
extraordinary air-tightness of D-IG-110 [36]. As we all know, if the
ﬁssion gases diffuse within the core of nuclear graphite, the
neutron absorption section would increase signiﬁcantly and the
breeding ratio of the reactor would reduce sharply. Thus one primary factor in neutron economy is taking measures to reduce the
quantity of Xe135 that resides in the fuel-bearing salt and nuclear
graphite core. In the previous research, large amount of helium
were injected continuously into a side stream of the fuel-bearing
salt to remove the noble gas (primarily Xe135) from the reactor
core. As a result, the noble gas in the molten fuel-bearing salt could
be stripped easily. However, this method would not be efﬁcient
enough to inhibit excessive quantity of Xe135 from being absorbed
by the graphite. Less than 0.5% is the basic criterion for the Xe135
poison fraction in the MSR breeding reactor. Once the helium
diffusion coefﬁcient was small enough, the Xe135-removing efﬁciency from the graphite would be signiﬁcantly elevated [4,8,37].
With the helium diffusion coefﬁcient decreased to 6.92  108 cm2/
s for D-IG-110, the time constant for the Xe135 stripping system is as
long as about 200s. Nevertheless, with the coefﬁcient of
1.21  102 cm2/s for IG-110, it is hard to satisfy the critical index
proposed of the Xe135 poison fraction for MSR and also hard to
realize the breeding of the nuclear reactor. As discussed, 20 wt%
phenolic resin was also chosen as binder in the process of preparation of the matrix graphite powder used for fabrication of
spherical fuel elements for high temperature gas-cooled reactor
[38]. Thus, the irradiation performance of phenolic resin-derived
carbon is of great importance. The further study will be

committed to investigate the inﬂuences of the irradiation on
phenolic resin-derived carbon and the bonding strength between
phenolic resin-derived carbon and nuclear graphite substrate.
What's more, the service lifetime and many thermophysical properties of nuclear graphite related to irradiation will changed greatly
by increasing its density. Especially the changes of fracture toughness of nuclear graphite, which is hard to be well characterized but
important to the integrity and safety of graphite components as
well as the whole nuclear reactor [39e45], is an urgent issue to
investigate too.
4. Conclusion
Compact graphite of D-IG-110 was prepared by impregnation of
phenolic resin and then carbonisation up to 1000  C under nitrogen
atmosphere to exclude molten salt and noble gas (primarily Xe135).
As being compared with IG-110, the obtained D-IG-110 showed
superior performances such as higher mechanical strength, higher
thermal conductivity, lower porosity, smaller median pore diameter as well as better molten salt and noble gas barrier property due
to the phenolic resin-derived carbon ﬁlling open pores. The ﬂuoride
salt weight gain of IG-110 was 13.5 wt% under 1.5 atm and tended to
be saturated under 3 atm with the ﬂuoride salt weight gain of
14.8 wt%. While the ﬂuoride salt weight gain of D-IG-110 continued
to be steady at 0 even up to 10 atm, which totally satisﬁed the
critical index proposed for MSR of 0.5%. The helium diffusion coefﬁcient of D-IG-110 was 6.92  108 cm2/s, which is nearly 6 orders of magnitude less than 1.21  102 cm2/s of IG-110. Thus we
believe that impregnation with phenolic resin followed by
carbonization is a promising method to densify nuclear graphite to
make it meet the performance requirements of moderator or
reﬂector materials for MSR.
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