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Abstract

As a metamorphic product of coal, microcrystalline graphite is of ultrafine polycrystalline structure
with near-isotropic and highly graphitized characteristics, which endows itself with great potential as
filler for ultrafine-grain isotropic graphite (UGIG). In this work, two kinds of microcrystalline graphite
based UGIG, MGG12 and MGGS8, are prepared by a liquid mixing process from microcrystalline
graphite filler with an average particle size of 12 and 8 um, respectively. For comparison, pitch coke
based UGIG, PCGS8, is prepared as control sample from pitch coke filler with an average particle size
of 8 um using the same pitch binder and preparation method. Compared with PCG8, MGG12 and
MGGS8 exhibit many structure and property advantages such as higher density, higher graphitization
degree, higher thermal conductivity, higher isotropy, lower coefficient of thermal expansion, smaller
median pore diameter, lower porosity and better barrier property to molten fluoride salt. Notably, due

to the smallest median pore diameter (0.431 um) of MGG8 among these three kinds of UGIG, the
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molten salt weight gain ratio of MGGS8 is only 0.13 wt% under 5 atm, which is much lower than 16.1
wt% and 15.1 wt% for PCG8 and MGG12 under 4 atm, respectively. These advantages indicate that
microcrystalline graphite may have advantages over pitch coke as filler for the preparation of UGIG
for molten salt applications such as molten salt reactor. In addition, the relevant mechanisms are
analyzed and discussed by comparison of the structural characteristics of microcrystalline graphite and
pitch coke.
Keywords: Ultrafine-grain isotropic graphite, Microcrystalline graphite, Pitch coke, Pitch binder,
Molten salt barrier property
1. Introduction

Molten salts are widely used in advanced technologies such as molten salt reactor (MSR) [1], solar
thermal power plant [2, 3] and high temperature thermal energy storage system [4]. However, molten
salts are often highly corrosive to the structural materials used in these environments, which
discourages the application of molten salt technologies and increases the technical cost. Graphite
materials have outstanding comprehensive property including high chemical stability, high
temperature mechanical strength, high thermal conductivity as well as excellent nuclear properties,
and thus are suitable for working with molten salts. Notably, the pore size of graphite materials for
molten salt applications must be small enough to keep molten salts from penetrating. For example, the
pore size of nuclear graphite for MSR must be less than 1 um to prevent molten fluoride salt from
penetrating into it and affecting its service performance [5-7]. However, large pores are inevitable in
synthetic graphite materials for the following two main reasons. On the one hand, the pores are mainly
caused by the decomposition and volatilization of pitch binder during baking process. On the other

hand, connatural pores and mutually imperfect filling effects of raw materials can also form pores in
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synthetic graphite materials. So far, graphite materials that satisfy this criterion are hard to obtain, and
it is urgent to develop graphite materials that satisfy the pore size requirements of molten salt
applications to promote the development of this advanced technology.

Previous researches have indicated that the self-sintered method [8, 9], the precursor impregnation
pyrolysis method [10, 11] and the use of ultrafine filler [12-14] are promising methods to obtain
graphite materials with small pore size. Unfortunately, self-sintered graphite derived from mesocarbon
microbead or green coke is easy to crack due to its large volumetric shrinkage during the sintering
process, which severely limits its application potential. Moreover, the precursor impregnation
pyrolysis method is likely to lead to the inhomogeneity of impregnation and worsen the structure
homogeneity of graphite material. Although ultrafine filler is often used to prepare ultrafine-grain
isotropic graphite (UGIQ), it is still challenging to prepare large-sized products due to several technical
problems. Firstly, it is difficult to prevent agglomeration when ultrafine filler mixed with pitch binder.
Secondly, the low thermal conductivity of ultrafine petroleum/pitch coke (the most common filler)
formed green body increases the risk of cracking due to the large temperature gradient between surface
and center of green body during the calcination procedure. Additionally, due to the release of large
amounts of volatile components (more pitch binder is usually used in the kneading process of ultrafine
filler) that cause a large volume change and the reduction of escape channels for volatile components,
the ultrafine filler formed green body tends to crack during the calcination procedure. Both raw
material and preparation technique are two key factors that determine the structure and properties of
graphite materials. Therefore, selection of suitable raw material and optimization of preparation
technique are keys to the development of large-sized UGIG for molten salt applications.

As a metamorphic product of coal, microcrystalline graphite has great potential as filler for UGIG
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due to its unique structural characteristics [15, 16]. On the one hand, microcrystalline graphite is
composed of randomly oriented graphitic micro-crystallites, which is conducive to facilitating the
wetting of pitch binder and ensuring the isotropic property of final graphite block. On the other hand,
the high thermal conductivity and the highly graphitized structure are beneficial for facilitating the
green body baking process and improving the graphitization degree of the final graphite block,
respectively. In addition, the continuous emergence and development of advanced technologies such
as high-temperature purification can effectively remove impurities dispersed in microcrystalline
graphite ores, which makes it easier to obtain cost-effective and high-purity microcrystalline graphite
for the preparation of UGIG [15]. Previous researches have indicated that graphitic fillers such as
natural flake graphite [13, 14], microcrystalline graphite [15, 16] and recycled nuclear graphite [17,
18] can be used to produce isotropic graphite. Although microcrystalline graphite is abundant in China,
it is not as widely used as natural flake graphite. At present, microcrystalline graphite is mainly used
in low-end fields such as pencil lead and carburant for steelmaking. Recently, microcrystalline graphite
is adopted to develop numerous products such as anode materials [19, 20], electromagnetic absorbers
[21], graphene nanosheets [22-27] and refractories [28, 29]. However, it is difficult to achieve large-
scale application of microcrystalline graphite in the short term because of some technical barriers to
break through. Therefore, it is important and meaningful to develop value-added materials from
microcrystalline graphite. And development of UGIG from filler of microcrystalline graphite will
certainly promote and accelerate the rise of China's microcrystalline graphite industry. In terms of the
agglomeration of ultrafine filler in the kneading process, the liquid mixing process may be an effective
solution [12, 14, 30-32]. Compared with conventional mixing process, liquid mixing process, in which

ultrafine-grain filler is mixed with the solution of pitch and tetrahydrofuran, has advantages in
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preventing filler from being conglomerated and improving the coalescent ability as well as
homogeneity of raw materials, and thus is conducive to improving the microstructure and properties
of obtained graphite. Moreover, liquid mixing process is also conducive to decreasing of the pitch
binder dosage, which can decrease the difficulties of carbonization and strengthen the ability to
produce UGIG with large dimensions. Based on the above analysis, it is meaningful and feasible to
prepare UGIG from filler of ultrafine microcrystalline graphite by a liquid mixing process for molten
salt applications such as MSR.

In this work, microcrystalline graphite and pitch coke are used as filler to prepare three kinds of
UGIG by a liquid mixing process. Microstructures and properties of these three kinds of UGIG are
investigated and compared with each other. Especially, the molten fluoride salt and mercury infiltration
behaviors in these three kinds of UGIG are evaluated to compare their differences in barrier property
related to molten salt applications such as MSR. It is found that microcrystalline graphite gives rise to
UGIG with smaller pore size and therefore better molten salt barrier property than pitch coke filler
under the same experiment process. In addition, the property differences of these three kinds of UGIG
are elucidated based on the differences in filler type and average particle size.

2. Experimental
2.1. Materials

Microcrystalline graphite with 99.9 wt% carbon, which was purified by a high temperature
purification process, was provided by Hunan Chenzhou Lutang Microcrystalline Graphite Carbon Co.
LTD, Hunan Province, China. Both pitch coke and coal-tar pitch were provided by Jining Keneng New
Carbon Materials Technology Co. Ltd., Shangdong Province, China. The microcrystalline graphite

was pulverized into two powders with an average particle size of 12 and 8 um. The pitch coke was
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pulverized into a powder with an average particle size of 8 um for comparative analysis. As shown in
Fig. 1, the morphology and microstructure of pitch coke and microcrystalline graphite (both of which
have an average particle size of 8 um) are quite different. There are obvious graphitic micro-crystallites
in the microcrystalline graphite, but not in the pitch coke. UGIG were prepared using microcrystalline
graphite and pitch coke as filler and coal-tar pitch as binder and impregnating agent. Tetrahydrofuran,
which was selected as a solvent to dissolve coal-tar pitch, was provided by Sinopharm Group Chemical
Reagent Beijing Co. Ltd., Beijing City, China. FLiNaK salt (46.5% LiF-11.5% NaF-42% KF,

mole ratio), one potential coolant for MSR [1], was used as impregnation salt.

Fig. 1 Morphology images of pitch coke (a, b) and microcrystalline graphite (c, d).
2.2. Sample preparation
Different amounts of coal-tar pitch binder were selected according to the average particle size of
filler. Specifically, filler with an average particle size of 8 um (both microcrystalline graphite and pitch

coke) was kneaded with 40 wt% coal-tar pitch binder, and 35 wt% coal-tar pitch binder was kneaded
6
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with microcrystalline graphite with an average particle size of 12 um. The specific mixing process IS
shown in Fig. 2 and mainly consisted of the following steps: coal-tar pitch binder was firstly dissolved
in the tetrahydrofuran organic solvent at 60 °C, with a solvent dosage of no less than 80 wt%; These
three kinds of filler (both microcrystalline graphite and pitch coke) and dissolved pitch were kneaded
at 60 °C for 1 hour; The obtained slurry was put in a blast drying oven and dried at about 100 °C for 4
hours to remove the solvent; The mixed materials in the dry state were pulverized into fine powders
after being cooled to room temperature. The fine powders were then pressed into cylindrical green
bodies by isostatic pressing at 200 MPa. The obtained green bodies were calcined at 1000 °C for 3
hours. Following this, one pitch impregnation process was conducted on these carbonized bodies for
increasing their densities. The final graphite blocks were obtained after the secondary calcination and
subsequent graphitization processes, which was done at a graphitization temperature of 2500 °C. The
as-prepared graphite blocks were labelled as microcrystalline graphite-based graphite (MGG8 and
MGG12) and pitch coke-based graphite (PCG8), and number 8 and 12 referred to the average particle
size of filler (microcrystalline graphite and pitch coke). To interpret the experimental results, coal-tar
pitch and pitch coke were subjected to the same carbonization and graphitization treatments along with

the graphite blocks preparation process.

Coal-tar pitch Tetrahydrofuran Pitch coke/ Microcrystalline graphite

\_l_/

Dissolving

!

Slurrying

|

Desiccation

|

Pulverization

Fig. 2 The technical flow of the liquid mixing process.
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2.3. Sample characterization methods

The elemental compositions of pitch and pitch coke were analyzed by an elemental analyzer
(Elementar VARIO EL cube). The softening point of pitch was measured by ring and ball method. The
carbon yield of pitch was tested in accordance with Conradson method. The ash content of pitch was
tested according to ASTM D2415-1966. The ash content of pitch coke was tested according to ASTM
D4422-19. A helium pycnometer (Micromeritics, Accupyc 1330) was adopted to test the density of
filler, and the Archimedes method was used to evaluate the sample apparent density. X-ray diffraction
(XRD, Bruker D8 Advance, A=0.15406 nm) and Raman spectroscopy (HORIBA Jobin-Yvon, LabRam
HR800, A=514 nm) were adopted to characterize the crystal phase structure of sample. A field emission
scanning electron microscope (SEM, JSM-7001F) was used to characterize the microstructure
morphology. A laser flash technique (Nano Flash Apparatus, LFA 447/2-2, NETZSCH) and a
differential scanning calorimeter (DSC, 200F3, NETZSCH) were adopted to measure the thermal
diffusivity and the specific heat of sample, respectively. Equation (1), k =a X C, Xp (1), was
adopted to calculate the thermal conductivity (k) of sample. And the a, C, and p in equation (1)
refer to thermal diffusivity, specific heat and density, respectively. A dilatometer (Netzsch DIL 402
PC, NETZSCH) was used for the coefficient of thermal expansion (CTE) of sample, and the
anisotropic factor (¢) was calculated according to equation (2): ¢ = a,/a; (2), where a, and
a) refer to the CTE perpendicular and parallel to the molding pressure, respectively. An automatic
mercury porosimeter (AutoPore 1V 9500) was adopted to quantify the pore structural information. The
flexural strength was obtained by three-point bending method and the compressive strength was tested
according to ASTM C695-91 [33]. The average values of each structural and performance parameters

were obtained from test results of five samples.
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The molten salt infiltration experiments were carried out to evaluate and compare the molten salt
barrier properties of the as-prepared three kinds of UGIG. The specific experiment process has been
reported by previous works [10, 11]. The molten salt infiltration experiments were conducted at 650 °C
to ensure the completely melting of FLiNaK salt (melting point of 454 °C). The infiltration time under
a series of infiltration pressures (1, 1.5, 2, 2.5, 3, 4 and 5 atm) was set at 12 hours. Equation (3), n =
(m,-my)/m;  (3), was adopted to calculate the weight gain ratio (n, wt%) for each graphite sample
(namely its infiltration amount of molten FLiNaK salt). And the m, and m, in the equation (3) refer
to the weight values of every graphite sample before and after the molten salt treatment, respectively.
3. Results and discussion

3.1. Microstructures and thermo-physical properties of UGIG
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Fig. 3 XRD spectra (a, b) and Raman spectra (c) of UGIG.
As shown in Fig. 3a-b, these three kinds of UGIG have typical graphitic structure. Compared with

PCGS8, the diffraction peaks of MGG8 and MGG12 are slightly narrower and the (002) peak also tends
9
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to a larger 2Theta (Fig.3a-b). The interlayer spacing d,,, can be calculated out according to the Bragg

A

diffraction: dyg, = Py

(4). Lg, the mean dimension of crystallite parallel to the diffracting plane

9.5

™ doop-3354 (5) . The

(002), can be calculated out by using the Scherrer equation: L,

graphitization degree (g) can be calculated out according to the following equation: g =

0.3440—dgo2

(6). The mean dgy,, for MGG8 and MGG12 are 0.33681 nm and 0.33655 nm,
0.3440-0.3354

respectively, and both of which are smaller than the 0.33707 nm of PCG8. The mean dimensions of
crystallite L, for MGG8 and MGG12 are 67.0 nm and 81.3 nm, respectively, and both of which are
larger than 56.9 nm of PCG8. The graphitization degrees of MGG8 and MGG12 are as high as 83.5%
and 86.4%, respectively, whereas PCG8 only has a graphitization degree of 80.6%. Typical peaks of
D band and G band of UGIG were tested and shown in Fig. 3¢c. As shown in Fig. 3c, the D band and
G band of the Raman spectra of UGIG were at about 1350 cm™ and 1580 cm™, respectively. And these
two bands represent the first-order defect-induced Raman features and the doubly degenerate phonon
mode with Bz, symmetry for a sp? carbon network, respectively. The more obvious D band in the
Raman spectra of PCGS indicates it has more defects than MGG8 and MGG12. The intensity ratio of
D band and G band (Ip/Ig) can also be adopted to evaluate the graphitization degree of UGIG [34].
The Ip/Ig indicates that MGGS (0.25) and MGG12 (0.20) have higher graphitization degree than PCGS8
(0.34), which is consistent with the results of XRD. As these three kinds of UGIG are prepared by the
same preparation process, their differences in crystal structural parameter can be ascribed to the effect
of filler. The graphitization degree of microcrystalline graphite ores (from Lutang of Chenzhou) has
reported to be as high as 88.8% [15], not to mention its high-temperature purification products.
Therefore, the intrinsic higher crystallinity of the microcrystalline graphite filler than graphitized pitch
coke, may cause the higher graphitization degree of MGG8 and MGG12 than PCG8. The higher

10
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graphitization degree of MGG12 than MGG8 may be ascribed to the effects of different filler size and
coal-tar pitch binder dosage. Firstly, finer average particle size of the microcrystalline graphite filler
contains more defects and may introduce more defects in the final graphite product, which is confirmed
by Fig. Sla-b, Table S3 and Table 1. Secondly, with the increase of coal-tar pitch binder dosage, there
may be a lower crystallization of the final graphite products due to the higher crystallinity of filler
particles than the binder after graphitization (Fig. S1a-b and Table S3) [35-37]. The graphitization
degrees of MGG12 and MGGS8 are comparable to that of commercial nuclear graphite such as 84.8%
of 1G-110 and 83.5% of NBG-18 [38], and much higher than 74% of NPIG [8]. The graphitization
degree of nuclear graphite is vital to its irradiation property including irradiation lifetime. Specifically,
the higher the graphitization degree, the slower the damage accumulation rate, which prolongs the
irradiation lifetime [15]. These results show that UGIG with a high degree of graphitization can be
obtained at a low graphitization temperature (for example, the 2500 °C used in this experiment) by
using microcrystalline graphite filler.

Table 1 Properties of UGIG.

Properties PCGS8 MGG12 MGG8
Grain size (um) 8.00£0.23  12.00+0.18  8.00+0.24
Apparent density (g/cm?®) 1.80+0.02 1.84+0.01 1.87+0.01
Compressive strength (MPa) 93.6+1.8 80.5+2.0 89.4+1.6
Flexure strength (MPa) 44.8+1.2 38.8+1.5 42.1+1.3
L, (nm) 56.9+0.3 81.3+0.2 67.0+0.3
Graphitization degree (%) 80.6+0.2 86.4+0.2 83.5+0.2
Anisotropic factor (a, /a))) 1.09+0.02 1.06+£0.01 1.04+£0.01

11



Thermal conductivity (298 K, W/m-K)  106.4+1.5 126.5+1.3 116.3+1.4
CTE (298-573 K, 10%/K) 5.1+0.1 4.6+0.1 4.8+0.1

Median pore diameter (volume, um)  1.601+0.028 1.310+0.035 0.431+0.032

Open porosity (%) 16.2+0.2 15.6+0.3 13.8+0.2
Total porosity (%) 20.4+1.2 18.6+0.6 17.3+£0.6
214 Note: The total porosity was calculated based on the theory density of graphite (2.26 g/cm?).

215
216 Fig. 4 SEM images of PCG8 (a, b), MGG12 (c, d) and MGGS8 (e, f).
217 SEM images of these three UGIG are presented in Fig. 4. These images show that MGG12 and
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MGG8 are more compact than PCG8. Specifically, as labeled by yellow arrows in Fig. 4b, some large
pores exist in PCG8. Compared with PCG8, the pores in MGG12 are smaller in size (Fig. 4d), and in
MGGS8, there are only some quite small pores observed (Fig. 4f).

As shown in Table 1, although these three kinds of UGIG were prepared by the same preparation
process, there are significant differences in their structures and properties. MGG12 and MGGS8 are
superior to PCG8 in terms of structural compactness and other properties except mechanical properties,
for which MGGS8 is still comparable to PCG8. The density differences between UGIG prepared from
filler of microcrystalline graphite and pitch coke can be interpreted as follows. Firstly, the higher true
density of microcrystalline graphite (2.2 g/cm®) than pitch coke (1.95 g/cm?®) endows a higher density
to MGG8 and MGG12 than PCG8. Secondly, microcrystalline graphite is more easily wetted by coal-
tar pitch binder than pitch coke [16], which is conducive to the penetration of coal-tar pitch binder into
the pores of microcrystalline graphite particles, the improvement of interfacial strength, the reduction
of pore formation as well as the increase of final graphite density. Thirdly, the low surface friction of
microcrystalline graphite is conducive to reducing the forming resistance and further improve the
density of green body and subsequent graphitization product [15]. In addition, the graphitic micro-
crystallites in microcrystalline graphite may facilitate the graphitization process of the coal-tar pitch
binder carbon coated around them, which is also conducive to the increase of the density of final
graphite. These factors can not only increase the density of graphite block prepared from
microcrystalline graphite filler, but also reduce the pore size and porosity of graphite block. Within a
certain range, the smaller the size of filler is, the easier it is to achieve the compact accumulation during
the forming process, resulting in higher density, smaller pore size and lower porosity of MGGS8 than
MGG12. The highest density and graphitization degree, the largest mean dimensions of crystallite L,
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the smallest pore size and lowest porosity of MGG12 endow it with the highest thermal conductivity
among these three kinds of UGIG. There are randomly oriented graphitic micro-crystallites in
microcrystalline graphite, but not in pitch coke. This structural difference gives the MGG12 and
MGGS8 better isotropic properties than PCG8, as shown by the anisotropic factors of MGG12 (1.06)
and MGG8 (1.04), which are lower than PCG8 (1.09). The finer the average particle size of the
microcrystalline graphite filler is, the more spherical the filler particle is, and the easier it is to realize
random orientation during the forming process. Therefore, MGG8 has lower anisotropic factor than
MGG12. The low anisotropic factor (1.04) of MGGS8 is conducive to ensuring its structural integrity
and even service life in the MSR irradiation environment. Although MGG12 and MGG8 have higher
density, smaller pore size and lower porosity than PCG8, their CTEs are lower than PCG8. This should
be ascribed to their higher graphitization degree than PCG8. Similarly, the lower graphitization degree
of PCG8 may be partly responsible for its higher mechanical strength than MGG12 and MGGS.
Furthermore, microcrystalline graphite is one kind of highly graphitized filler, which is stable and
almost no structural changes occurring during the graphitization process. However, pitch coke is
amorphous, which can convert into graphitic structure along with coal tar pitch binder carbon during
the graphitization process. And strong chemical bonds are formed during this transformation process,

which is also conducive to improving the mechanical strength of PCG8.
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Fig. 5 Thermal conductivity (a) and representative thermal expansion (b) curves of UGIG.

For graphite materials used in molten salt environment, especially nuclear graphite in MSR, both
good thermal conductivity and low CTE are key properties, which are conducive to facilitating thermo
transfer of system, reducing thermal stress and enhancing structural integrity of graphite components
[34]. Fig. 5a shows the variation of the thermal conductivities of these three kinds of UGIG with
temperature. The thermal conductivities of all UGIG decrease with the increase of test temperature
owing to the decrease of phonon motion mean free path and the increase of phonon scattering intensity
at elevated temperature [39]. Specifically, the thermal conductivity of PCG8 decreases from 106.4
W/m-Kat 25 °Cto 61.6 W/m-K at 800 °C. Similarly, the thermal conductivities of MGG12 and MGG8
decrease from 126.5 W/m-K and 116.3 W/m:-K at 25 °C to 72.5 W/m-K and 66.7 W/m-K at 800 °C,
respectively. Higher thermal conductivities of MGG12 and MGGS8 than that of PCG8 can be ascribed
to the effect of filler type. The grain size of MGG8 is 8 um, which is less than half grain size of
commercial nuclear graphite 1G-110 (20 pum) prepared from petroleum coke filler, however, the
thermal conductivity of MGG8 is comparable to that of IG-110 (116 W/m-K at 25 °C) [10, 11, 13] and
much higher than that of NPIG (46 W/m-K at 25 °C) [8]. The thermal conductivities of MGG12 and
MGG8 may be further improved by increasing the graphitization temperature from the 2500 °C used
in this study. These results indicate that microcrystalline graphite has advantage over petroleum/pitch
coke as filler for the preparation of UGIG with high thermal conductivity. Fig. 5b shows the thermal
expansion behaviors of these three kinds of UGIG. For PCG8, the CTE between 25 °C to 300 °C is
5.1x10°/K, which is much higher than 4.6x10%/K of MGG12 and 4.8x10/K of MGGS. As MGG12
and MGG8 are much more compact than PCGS8, their higher graphitization degree may be the key
reason for their lower CTEs. Moreover, the CTEs between 25 °C to 300 °C of MGG8 and MGG12 are

15



280  much lower than that of UGG-2 (5.3x10°/K) [12] and NPIG (6.0x10°%/K) [8], which indicates that
281  microcrystalline graphite may have advantages on preparation of UGIG with low CTE.

282  3.2. Mercury and molten salt infiltration into UGIG

0.5 0.10

d

—a—PCG8 —a—PCGS8
——MGG12 1 ——MGG12
——MGG8 —+—MGG8

o
IS
1
o
o
@

o
w
1

0.06 -

0.04 -

e
3

0.02 -

dV/dlogD Pore Volume (mL/g)
e
Incremental Intrusion (mL/g)

0.00 -

0.01 0.1 1 10 100 0.1 1 10 100 1000
Pore Diameter (um) Pressure (x10°Pa)

0.14.d

0.12 4

——MGG8

N
1

0.10 -

- -
o

0.08 -

Infiltration amount (wt%)
Infiltration amount (wt%)

1 2 3 4 5 1 2 3 4 5

283 Pressure (atm) Pressure (atm)
284  Fig. 6 (a) pore diameter distribution, (b) mercury injection amount with the increase of pressure and
285  (c, d) salt weight gain ratio of UGIG.

286 Fig. 6a-b show the pore size distributions and mercury infiltration curves of these three kinds of
287  UGIG. Although prepared by the same preparation process, they are still quite different in compactness.
288  Specifically, the density of PCG8 is 1.80 g/cm?, which is lower than 1.84 g/cm?® of MGG12 and 1.87
289  glem® of MGG8. Moreover, the median pore diameter and porosity of PCG8 (1.60 um and 16.2%) are
290 larger and higher than that of MGG12 (1.31 um and 15.6%) and MGG8 (0.43 um and 13.8%). MGG12
291  and MGGS8 are much more compact than PCG8, which indicates that microcrystalline graphite may

292  have advantages over pitch coke as filler for the preparation of UGIG with high compactness. Previous
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works have confirmed that the pore size of nuclear graphite for MSR must be less than 1 pm to prevent
molten fluoride salt from penetrating into it [5-7], so molten fluoride salt is expected to penetrate both
PCG8 and MGG12 easily via their large pores (>1 um). The salt weight gain ratios are presented in
Fig. 6¢-d. And it is difficult for molten salt to penetrate into PCG8 and MGG12 under low infiltration
pressure. Nevertheless, as the infiltration pressure increased to 2.5 atm and 3 atm, the amounts of
molten salt that penetrated into PCG8 and MGG12 increased to 13.4 wt% and 13.5 wt%, respectively.
And as the infiltration pressure increased to above 4 atm, their molten salt infiltration amounts
saturated at about 16.1 wt% and 15.1 wt%, respectively. In comparison, MGG8 exhibits much better
molten salt barrier property than PCG8 and MGG12. Even as the infiltration pressure increased to 5
atm, MGGS8 resisted the penetration of molten salt effectively with the infiltration amount of 0.13 wt%,
which is well below 0.45 wt% for UUG-2 under the same experimental condition [12] and 0.5 wt%
(the specified value for MSR under a specified pressure of 5 atm) [5]. The mercury infiltration curves
are presented in Fig. 6b and show three stages. In the first stage (<5.03x10° Pa), mercury is difficult
to penetrate into PCG8. Once the test pressure exceeds 5.03x10° Pa, mercury can penetrate into PCG8
easily and rapidly until the test pressure increasing to 9.40x10° Pa (the end of second stage). The
starting pressure of this second stage is defined as the threshold pressure. When the test pressure
exceeds 9.40x10° Pa (the third stage), some mercury can fill the newly accessible voids caused by the
destruction of brittle closed pores [40]. Both MGG12 and MGGS8, show the same stages, but mercury
cannot fill into them significantly until higher threshold pressures (6.10x10° Pa and 22.50x10° Pa,
respectively). Compared with PCG8, the smaller median pore diameter of MGG12 (1.310 um) and
MGGS8 (0.431 pum) causes a higher capillary force, thus a higher test pressure is required to make
mercury penetrate into MGG12 and MGGS8 rapidly and significantly. The total mercury penetration
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amount of PCG8 is 0.0897 ml/g, which is more than MGG12 (0.0866 ml/g) and MGG8 (0.0768 ml/g),
showing there is a higher open porosity of PCG8 compared with that of MGG12 and MGG8. Notably,
the average filler size of MGG8 (8 um) is much larger than that of UGG-2 (5 um) [12], however, the
median pore diameter of MGGS8 (0.431 um) is much samller than that of UGG-2 (0.52 um) [12], which

indicates that microcrystalline graphite may have advantages on preparation of UGIG with small pores.

Fig. 7 SEM images of PCG8 at 3 atm (a, b), MGG12 at 3 atm (c, d) and MGGS8 at 5 atm (e, f) after
molten salt experiments.
Fig. 7 shows the fracture surface images of infiltrated graphite samples. The molten salt volume
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proportion (v, vol%) of each graphite sample can be calculated from its molten salt weight gain ratio

(m, wt%) by referring to the next equation: v = ch n  (7), where pg and pg, are graphite
Salt

density (see Table 1) as well as molten salt density (2.05 g/cmq), respectively. For PCG8, when the
infiltration pressure is 3 atm, the molten salt volume proportion is as high as 13.93 vol%, which
accounts for 86.0% of its open pores (its open porosity is approximately 16.2%). Similarly, the molten
salt volume proportion of MGG12 at 3 atm is 12.14 vol%, which accounts for 77.8% of its open pores
(its open porosity is approximately 15.6%). This is consistent with Fig. 7a-d, which shows that most
pores of PCG8 and MGG12 are filled with white salt particles. For MGGS, even as the infiltration
pressure increased to 5 atm, few salt particles can be observed (Fig. 7e-f), which shows that MGG8
can inhibit the penetration of molten salt effectively.

Both mercury and molten FLiNaK salt cannot wet graphite well, so their infiltration behaviors into

graphite are comparable [41]. The threshold pressures in FLiNaK salt may be deduced using the

4ycos6

Washburn equation [42, 43] for the capillary force AP = 5

(8), where AP, v, 6 and o refer

to the capillary force, surface tension, contact angle and pore size, respectively. A scaling factor (X),

for the threshold pressure in salt, for same graphite sample can be defined as X =AA:i =

Salt
g 9y [44]. For graphite and mercury system, vy, and Oy, are about 485 dyne/cm
Ysaitcos(Osait)

and 130°, respectively [43]. For graphite and molten FLiNaK salt system, yg,: and Ogg)c are about
160 dyne/cm and 140°, respectively [12], hence the scaling factor X is ~2.54 and the obtained threshold
pressures are summarized in Table 2. The calculated threshold pressure of molten FLiNaK salt for
MGGS is 8.86x10° Pa (8.74 atm), which is much higher than the specified infiltration pressure for
MSR (5 atm) [5].

Table 2 Threshold pressures for UGIG.
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Threshold pressure (Pa)  PCGS8 MGG12 MGG8

Mercury (x10°) 5.03+0.12 6.10+0.15 22.50+0.21

Molten FLiNaK (x10°) 1.98+0.05 2.40+0.06 8.86+0.08

To our knowledge, the as-prepared MGG8 derived from microcrystalline graphite filler with an
average particle size of 8 um has never been reported before. Its excellent molten salt barrier property
makes it probably be used in molten salt applications including MSR, though if it were considered for
use in MSR, irradiation experiments would be indispensable.

4. Conclusion

Based on the design concept of densification of structure, we have experimentally demonstrated a
liquid mixing process to prepare UGIG from ultrafine filler of microcrystalline graphite. In addition,
the advantages of microcrystalline graphite over pitch coke as filler for UGIG have also been
demonstrated. The structure and the excellent properties of MGG8 are derived from the compact
accumulation of ultrafine filler, the characteristics of microcrystalline graphite and the advantages of
liquid mixing process in mixing ultrafine filler and coal tar pitch binder. The as-prepared MGG8 has
high density, high mechanical strength, high graphitization degree, high isotropic property, high
thermal conductivity, low CTE, small median pore diameter as well as low porosity. Benefiting from
its small median pore diameter, MGG8 exhibits excellent molten salt barrier property and can inhibit
the penetration of molten salt effectively. The protocol proposed in this work has shed light on
producing high-performance graphite blocks from microcrystalline graphite to satisfy the growing
demand for molten salt applications such as MSR, which may facilitate the development of
microcrystalline graphite industry.
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