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Abstract The impregnation behavior of molten 2LiF-
BeF, (FLiBe) salt into a graphite matrix of fuel elements
for a solid fuel thorium molten salt reactor (TMSR-SF) at
pressures varying from 0.4 to 1.0 MPa was studied by
mercury intrusion, molten salt impregnation, X-ray
diffraction, and scanning electron microscopy techniques.
It was found that the entrance pore diameter of the graphite
matrix is less than 1.0 um and the contact angle is about
135°. The threshold impregnation pressure was found to be
around 0.6 MPa experimentally, consistent with the pre-
dicted value of 0.57 MPa by the Washburn equation. With
the increase of pressure from 0.6 to 1.0 MPa, the average
weight gain of the matrix increased from 3.05 to 10.48%,
corresponding to an impregnation volume increase from
2.74 to 9.40%. The diffraction patterns of FLiBe are found
in matrices with high impregnation pressures (0.8 MPa and
1.0 MPa). The FLiBe with sizes varying from tens of
nanometers to a micrometer mainly occupies the open
pores in the graphite matrix. The graphite matrix could
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inhibit the impregnation of the molten salt in the TMSR-SF
with a maximum operation pressure of less than 0.5 MPa.
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1 Introduction

A molten salt reactor (MSR) is one of the most
promising candidates for Generation IV reactors and has
attracted more attention due to its unique recyclable fuel
capabilities and safety characteristics [1-7]. A solid fuel
thorium molten salt reactor (TMSR-SF) is a new MSR
design proposed by the Shanghai Institute of Applied
Physics (SINAP) in 2011 [4, 8]. The first TMSR-SF under
R&D is a 10 MW liquid-fluoride molten salt (a eutectic
mixture of 2LiF-BeF;)-cooled and graphite-moderated
experimental reactor. The inlet and outlet temperatures are
maintained at 600 °C and 628 °C, respectively. The max-
imum operation pressure of the 2LiF-BeF, coolant is less
than 0.5 MPa [9]. The reactor uses spherical fuel elements
which are made of a graphite matrix and tri-isotropic
(TRISO)-coated particle (CP) [8, 10]. These fuel elements
were originally developed for high-temperature gas-cooled
reactors (HTGRs) [11-14]. To use the fuel elements in
TMSR-SF, the graphite matrix must be in direct contact
with the molten salt. Owing to the porous nature of gra-
phite, the molten salt may penetrate the pores of the gra-
phite under high-pressure environments. The impregnation
of graphite with molten salt has been studied and reported
as early as the 1950s, when Oak Ridge National Laboratory
(ORNL) in the USA conducted the impregnation of gra-
phite with molten LiF-BeF,-UF, salt in order to study the
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compatibility of molten salt with the graphite and select the
type of graphite [15-18] to be used in MSR. Their studies
[15-18] suggested that the impregnation of graphite with
molten salt is closely related to the pressure environment
and pore diameter of graphite. In addition, they reported
that the impregnation of graphite with the molten fluoride
salt is restricted by the surface tension (approximately
0.200 N/m) if the entrance pore is less than 1 um [18].
Previous studies [17, 19, 20] have reported that the
impregnation of graphite with molten salt may change the
coefficient of thermal expansion and increase the damage
rate for graphite. It is therefore essential to determine the
impregnation behavior of molten salt into a graphite matrix
of fuel elements.

In the present study, the impregnation behavior of
molten FLiBe into a graphite matrix at high temperatures
was investigated. Mercury intrusion was performed to
determine the pore size distribution of the graphite matrix.
The sessile drop method was used to measure the contact
angle between the molten FLiBe salt and the graphite
matrix. Using combinations of these results, the threshold
impregnation pressure of the molten salt into the graphite
matrix was calculated with the Washburn equation. The
impregnation amounts of the molten FLiBe salt under
pressures varying from 0.4 to 1.0 MPa in the graphite
matrix were obtained. X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM) coupled with energy
dispersive X-ray spectrometry (EDS) were used to char-
acterize the phase and distribution of the molten FLiBe salt
in the graphite matrix after impregnation, respectively.

2 Experimental

The graphite matrix comprises of 64% natural flake
graphite, 16% graphitized coke, and 20% phenol resin
binder, similar to that of the German A3-3 graphite
[11-14]. To prepare the graphite matrix, the raw materials
were well mixed and the mixture was compressed into
spherical balls of 6 cm in diameter, followed by car-
bonization at 800 °C and purification at 1900 °C. Details
about the fabrication procedure of the graphite matrix were
reported in our previous study [21]. The prepared graphite
matrix sphere had a density of 1.74 + 0.01 g/cm® and an
anisotropic factor of approximately 1.03, similar to that of
the A3-3.

The graphite matrix sphere was then machined into
samples with sizes of @10 mm x 15 mm and
@10 mm x 20 mm for the mercury intrusion and molten
salt impregnation experiments, respectively. The mercury
intrusion was performed with an AutoPore IV 9500 mer-
cury intrusion porosimeter [22] in the incremental mode,
from which the open porosity, mercury intrusion curve, and
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pore diameter distribution of the graphite matrix could be
obtained. The samples with dimensions of #10 mm x 15
mm were degassed before the mercury intrusion
experiment.

The molten FLiBe salt impregnation experiment [9] was
performed in a homemade autoclave, the schematic struc-
ture of which can be seen in Fig. la. It consists of a gra-
phite crucible placed inside the autoclave, a sample holder
comprising one rod, and two or three graphite plates
according to the number of samples. The pressures of the
autoclave could be varied from 0.4 to 1.0 MPa, controlled
by the pressure of the argon cover gas. The graphite sam-
ples with dimensions of @10 mm x 20 mm were held
between the two graphite plates in the sample holder; the
schematic structure of the assembled samples is shown in
Fig. 1b. The samples were partially degassed by heating at
400 °C under vacuum for 4 h, according to previous
studies [9, 23]. The weights of the samples before and after
the impregnation tests were measured using an analytical
balance (METTLER TOLEDO MS105DU), located in the
glove box. During impregnation, three graphite samples
were completely submerged in the molten FLiBe salt at
650 °C for 20 h under each pressure. After the impregna-
tion, the graphite samples were removed from the molten
salt and weighted. The weight gain ratio y for each sample
was calculated using the following equation:

Wy — Wy
')) =

T (1)

where W, and W, are the sample weights before and after
molten salt impregnation, respectively.

In addition, the intrusion volume fraction v was calcu-
lated using the following equation:

Y X PG
V=—, (2
Ps )

where pg and pg are the density of the molten FLiBe salt
(approximately 1.94 g/cm?® at 650 °C [24]) and the graphite
matrix (1.74 g/cm?), respectively.

The contact angle between the molten FLiBe salt and
the graphite matrix at 650° was measured using the sessile
drop technique using a OCA15LHT goniometer [25-27].
For this measurement, the graphite matrix sample with a
size of @10 mm x 2 mm was placed on a graphite disk-
shaped substrate, and the solid FLiBe salt with a size of
&5 mm x 6 mm was placed on top of the graphite disk
(see Fig. 2). The chamber was purged with argon (99.99%)
before the sample was heated to the required temperature.
SCA20 software was used to control the furnace and record
the video captured by the CCD camera.

Crystal phase structures of the specimens before and
after impregnation were characterized using a XRD spec-
trometer. The diffractometer used Cu k, radiation
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Fig. 1 (Color online) a Schematic structure of the molten salt impregnation experiment device and b samples assembled in the sample holder
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Fig. 2 Sessile drop profiles of contact angle (0, between the
molten FLiBe salt and graphite

(4 ~ 0.154 nm, 40 kV, and 40 mA) with a scanning angle
ranging from 20° to 90° on a 20 scale.

The distribution of the FLiBe at the surface of the
impregnated graphite matrix was examined by using SEM
(Zeiss: Merlin compact) with EDS.

3 Results and Discussion

3.1 Mercury and molten salt impregnation
into the graphite matrix

Previous ORNL studies [15-18] suggested that the
impregnation of graphite with molten salt is closely related
to the pressure, surface tension, contact angle, and pore
diameter of graphite. The capillary pressure of the molten

salt determined by the entrance pore size can be described
by the Washburn equation [Eq. (3)] [28]:

4y cos 0
=TT (3)

where p is the capillary pressure or pressure difference on
the interface between the mercury and gas inside the pore
of the graphite, y is the surface tension, 6 is the contact
angle, and 0 is the entrance diameter of the penetrated
pores.

The contact angle is a crucial indicator for providing
data on the wetting characteristic of the molten salt into the
graphite due to its close relationship with the impregnation.
A previous study showed that it has a surface tension (g,)
of about 0.200 N/m and a contact angle (0,,,) with graphite
of 147 4+ 12° at 650 °C [18]. The sessile drop method was
used to determine the contact angle by viewing the drop
profile shown in Fig. 2. It can be clearly seen that the
FLiBe gradually melted into a liquid drop when the tem-
perature was increased to its melting point (approximately
458 + 1 °C [24, 29]) under an argon atmosphere. The drop
shape remained unchanged even when the temperature was
increased to 650 °C. For the present measurement, 0,
determined by the goniometer eyepiece was approximately
135 £ 2° (Fig. 2), which is consistent with the value
reported above, indicating the non-wetting characteristics
of the molten salt to the graphite under a normal atmo-
spheric environment. However, the 0, determined here is
close to the minimum value obtained by the previous
measurement [ 18], which may be ascribed to the difference
in the flatness of the graphite. Several factors [18, 19, 25]
can affect the contact angle measured by the sessile drop
method, such as the content of H,O traces in the purge gas
and surface flatness of the substrate. Since the graphite has
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a natural porous structure, it is very difficult to prepare an
ideal flat surface for consistent measurements.

The pore diameter is another critical indicator for
determining the impregnation of graphite with molten salt.
Mercury intrusion porosimetry was used to determine the
pore size (with the accuracy of the pore diameter mea-
surement being approximately =+ 0.1%) distribution and
porosity (pore volume fraction) of three graphite samples
in this test. The surface tension (yyg) and contact angle
(Oug) between mercury and graphite are reported to be
about 0.485 N/m and 130.0° [30], respectively. The mer-
cury intrusion results are shown in Fig. 3, in which the
changes in the cumulative mercury intrusion with pressure
and the distribution of the pore diameter for the graphite
matrix are given in Fig. 3a, b, respectively.

As can be seen from Fig. 3a, the mercury could not be
impregnated into the graphite matrix when the pressure
was very low at the beginning. However, the cumulative
mercury intrusion detected sudden increases when the
pressure exceeded a certain value (approximately
1.3 MPa), suggesting that the pores of the graphite were
filled with mercury after the pressure exceeded the
threshold value. The entrance pore diameter for the gra-
phite matrix was calculated according to the Washburn
equation and its distribution is given in Fig. 3b. As can be
seen, the distribution of the entrance pore diameter is rather
narrow. The maximum entrance pore diameter for the
graphite matrix was approximately 1.0 pm, corresponding
to the threshold pressure (1.3 MPa).

According to the Washburn equation, the pressure is the
controlling factor for salt penetration as long as the wetting
characteristic of the graphite and salt is not altered. The
threshold impregnation pressure calculated using Eq. 3 was
approximately 0.57 MPa for an entrance pore size of
1.0 um, indicating that if the operating pressure is lower
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than 0.57 MPa, the molten salt should not impregnate the
graphite matrix. In fact, the maximum operating pressure
of the molten FLiBe salt designed for TMSR-SF is less
than 0.5 MPa, which suggests that the molten FLiBe will
not impregnate fuel elements under normal operating
conditions in TMSR-SF without regarding the irradiation
conditions.

The obtained weight gain ratio y of the graphite matrix
exposed to the FLiBe under various pressures after
impregnation is shown in Fig. 4. As can be seen, the
average weight gain ratio of the graphite matrix impreg-
nated at pressures lower than 0.6 MPa is zero, indicating
no FLiBe permeation occurred. With increasing the pres-
sure from 0.6 to 1.0 MPa, the average weight gain ratio y of
the matrix increased from 3.05 to 10.48% compared to its
original weight, corresponding to a volume fraction v
increase from 2.74 to 9.40%. The results indicate that the
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Fig. 4 Weight gain ratio and impregnation volume fraction of
samples with pressure increased from 0.4 to 1.0 MPa
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Fig. 3 Results of mercury intrusion experiments: a cumulative mercury intrusion curve and b distribution of the entrance pore diameters for
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threshold pressure for the FLiBe impregnation of the gra-
phite matrix is between 0.55 and 0.6 MPa, which agrees
with the value of 0.57 MPa calculated using the Washburn
equation for an entrance pore size of 1.0 pm in diameter
and a contact angle of 135°.

3.2 Phase characterization of matrix

In order to evaluate the influence of molten salt
impregnation on crystallite phase structure, the XRD

SRR Y U = 1.0MPal

-~
Z
g W SRR i 0.8 MPa
D
= 0.6 MPa
= 2 A
AL A 0.5 MPa
AL A 0.4 MPa
% E% % % %\'i in
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20 [deg.]

Fig. 5 XRD pattern of the graphite matrix with various impregnation
pressures; black diamond indicates graphite, red circle indicates
FLiBe. (Color figure online)

patterns of the matrix specimens before and after impreg-
nation are shown in Fig. 5. As can be seen clearly, six
characteristic graphite diffraction peaks located at
approximately 26 = 26.44° (002), 42.23° (100), 44.40°
(101), 54.56° (004), 77.38° (110), and 83.49° (112) [31, 32]
appear in all the specimens. In addition, there is no obvious
change in both the peak location and the full width at half
maximum (FWHM) of the (002) diffraction for each
sample, suggesting that FLiBe impregnation does not
change the crystallinity of the matrix. It should be noted
that this result is completely different from the previous
study [19], in which the stacking order of graphite was
found to be improved after impregnation with molten salt.
The reason for this may be due to the molten FLiBe salt
being impregnated into the pores rather than migrating
inside the graphite crystal lattice in our experiment.
However, for matrix samples impregnated with pressures
of 0.8 MPa and 1.0 MPa, new diffraction peaks assigned to
the FLiBe phase at 20, ranging from 20° to 50°, appear.

The interlayer spacing dy, the graphitization degree g,
and the mean dimension of the crystallite perpendicular to
the diffracting plane (002) L. derived from the XRD pat-
terns can be calculated using the Bragg diffraction equation
(Eq. 4), Mering-Maire equation (Eq.5), and Scherrer
equation (Eq. 6), respectively [31-33]:

A
dooy = Tsind’ (4)

Fig. 6 Surface SEM images of virgin and impregnated graphite matrix: a—c are virgin samples under different magnifications, d—f show the

impregnated specimen with 0.6 MPa under different magnifications
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where 1, 0, and f§ are the wavelength of the X-rays, the
Bragg angle, and the diffraction peak width, respectively.

The interlayer spacing d;, graphitization g, and the mean
crystallite size L. of the graphite crystallite before impreg-
nation are about 0.3370 nm, 81.1%, and 40 nm, respectively.
After FLiBe impregnation, no obvious changes in the phase
parameters of the matrix were observed, revealing that the
impregnation of the molten FLibe salt does not damage the
crystallite structure of the graphite matrix.

3.3 Distribution and morphology of FLiBe salt
in the graphite matrix

Radiographic examinations of the MSRE graphite
[15, 16] showed only skin-like permeation or shallow-

(
(
G
(h

Fig. 7 (Color online) FLiBe distribution on the surface of impreg-
nated specimens with various pressures from 0.6 to 1.0 MPa a—c, d-
f and g-i are the SEM image, EDS image (blue and red color
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surface (1.27 mm) impregnation of the salt in the speci-
mens. However, He et al. [19] recently reported that there
was very little difference between the molten salt content at
the center and at the surface of the impregnated samples. In
an attempt to determine the FLiBe distribution in the gra-
phite matrix, SEM with EDS examinations was performed
for the surface of the salt-permeated specimens.

The surface SEM results of the virgin matrix are shown
in Fig. 6a—c, which reveal that the matrix has many large
graphite lamellas and irregular pores with sizes less than
1.0 um located at the surface or interfaces between the
graphite crystallites. Some pores seem to have a hexagonal
shape, which should not introduce a significant error when
calculating the capillary pressure using the Washburn
equation. Figure 6d—f shows the surface SEM images of
the matrix after impregnation with a pressure of 0.6 MPa.
It was found that the impregnated matrix has a bright
contrast throughout the specimen, and some hundreds of
nanometers to several micrometer-sized FLiBe particles
were located at the open pores, which is very similar to the

represent the distribution of C and F, respectively), and the
distribution of F under 0.6 MPa, 0.8 MPa, and 1.0 MPa impregnated
graphite matrix, respectively
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distribution of the fluoride molten salt in other kinds of
nuclear graphite [9, 19, 34, 35].

The distributions of the molten salt on the surface of the
impregnated samples with pressures increasing from 0.6 to
1.0 MPa obtained by EDS together with SEM are shown in
Fig. 7. The molten FLiBe salt is easy to distinguish from
the matrix because it is a brilliant white color when
observed by SEM, as shown in Fig. 6. As can be seen from
the comparison of the SEM and EDS images of the gra-
phite matrix, the distributions of the molten salt on the
graphite surface have a net-like structure and are super-
posed with the opening pores; this suggests that the pore
shape structure of the graphite determines the distribution
of FLiBe. In addition, with the impregnation pressure
increased from 0.6 to 1.0 MPa, there is a significant
increase in the amount of salt observed on the graphite
surface, and the size of the vacant area reduces, indicating
that more opening pores are occupied by the molten salt
due to the higher impregnation pressure. This is in agree-
ment with the weight gain measurement.

The maximum operation pressure in the TMSR-SF
design is expected to be below 0.5 MPa. Therefore, it is
confirmed that the molten salt should not be impregnated
into the graphite matrix in case the matrix structure is not
alerted by the reactor environment. The present work
reveals that a graphite matrix with an entrance pore size
less than 1.0 um in diameter has a high resistance to
molten salt impregnation and could be a promising struc-
tural material for TMSR-SF fuel elements. However, if for
some reason, such as neutron irradiation, the entrance pore
size of the graphite matrix changes, the impregnation
behavior of the FLiBe salt in the graphite matrix may
change. It is therefore very important to investigate the
post-irradiation behavior of the graphite matrix, which is
under investigation in our institute.

4 Conclusion

The mercury and molten FLiBe salt impregnation into a
graphite matrix of fuel elements prepared for TMSR-SF
were performed under various pressures. The phase and
surface morphology of the FLiBe impregnated into the
graphite matrix were characterized by XRD and SEM
analyses. No graphite matrix was impregnated with molten
salt at impregnation pressures below 0.55 MPa, which
agrees well with the calculated threshold pressure of
0.57 MPa determined by the Washburn equation with an
entrance pore diameter of 1.0 pm and a contact angle of
135°. As the impregnation pressure increased from 0.6 to
1.0 MPa, the molten FLiBe salt was forced to penetrate the
open pores of the matrix, resulting in a weight gain
increase from 3.05 to 10.48%. The XRD diffraction

patterns unique to FLiBe salt were observed in the graphite
matrix with impregnation pressures of 0.8 MPa and
1.0 MPa. The surface morphology of the impregnated
samples observed by SEM with EDS shows that the FLiBe
was mainly distributed in the pores of the matrix with pore
sizes in the range of tens of nanometers to several
micrometers. The distributions of the molten FLiBe salt
impregnated into samples at higher pressure were irregular,
which is closely related to the original pore shape of the
graphite matrix.
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