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Abstract Developing a molten salt reactor needs molten
salt-impermeable nuclear graphite. Ultra-fine grain gra-
phite is a good choice as it is better in permeability than
fine grain graphite. In this paper, ultra-fine grain graphite
(HPG-510) and fine grain graphite (IG-110) samples are
irradiated at room temperature by 7 MeV Xe ions to doses
of 1 x 10'=5 x 10" jons/cm®. Scanning electron micro-
scopy, transmission electron microscopy (TEM), Raman
spectroscopy and nano-indentation are used to study the
radiation-induced changes. After irradiation of different
doses, all the HPG-510 samples show less surface fragment
than the IG-110 samples. The TEM and Raman spectra,
and the hardness and modulus characterized by nano-in-
dentation, also indicate that HPG-510 is more resistant to
irradiation.
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1 Introduction

Nuclear graphite has been widely used in nuclear reac-
tors from the earliest graphite reactors to the fully com-
mercialized high-temperature gas-cooled reactors (HTGRs)
[1, 2]. Due to its excellent neutron-moderating ratio, good
chemical and physical properties and low cost [3], nuclear
graphite is also used in molten salt reactors (MSR) as
structural material, neutron moderator/reflector and flow
channel for the molten coolant/fuel salt [4, 5]. As we know,
graphite, being porous in nature [6], can be impregnated
with the coolant salt [7, 8], which may lead to the changes
in graphite properties, such as coefficients of thermal
expansion and diffusion [9, 10], strength [11] and irradia-
tion resistance [4]. And a seepage of the fuel salt into the
graphite can lead to the formation of local hot spots, which
may significantly damage the graphite, thereby reducing
the service lifetime of the graphite components. Therefore,
it is especially unfavorable that the coolant/fuel salt infil-
trate into the nuclear graphite.

The infiltration of molten coolant/fuel salt in graphite is
controlled by capillary force which can be described by the
Young-Laplace equation [7]. The pore diameter of gra-
phite, the surface tension of molten salt and the contact
angle of them determine the capillary force. As the selec-
tion of coolant/fuel salt is mainly based on its thermal
hydraulic properties and nuclear properties [12, 13], the
easiest way to stop the infiltration is to select a nuclear
graphite grade with small pore size. This choice was made
for the MSRE at ORNL [3, 5] and the thorium-based
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molten salt reactor (TMSR) project in China. A special
graphite grade CGB was developed for the MSRE by the
Union Carbide based on extrusion moldering technique
[11]. According to our understanding, isostatic-molded
graphite is the best nuclear graphite candidate for the next
generation graphite reactors [4]. Therefore, it is important
to find an isostatic-molded graphite with appropriate pore
size. Isostatic-molded graphite with ultra-fine grain (pore
size < 1 pm) is believed to be a promising graphite type.

Besides the pore size, a good irradiation behavior is also
essential to the candidate graphite for MSR. Irradiation-
induced defect [14], such as vacancy clusters, interstitial
clusters and dislocations [15], may cause changes in
properties [16], such as the Young’s modulus [17], fracture
strength [18] and thermal conductivities [19]. The irradia-
tion of isostatic-molded graphite of fine grain, such as IG-
110, was studied extensively for its application in high-
temperature gas-cooled reactor [20-23]. The ultra-fine
grain graphite is quite different from fine grain graphite in
microstructure and property. Its behavior under irradiation
is less known and may differ from that of fine grain one.

For now, the research team of TMSR has not screened
out the most appropriate graphite. Taking into account
molten salt infiltration, the ultra-fine grain graphite HPG-
510 with small pore, which is isostatic-molded graphite
grades, shall be a promising nuclear graphite. In order to
assess the safety of nuclear reactors, estimating the radia-
tion effect is essential for the new nuclear graphite. In this
work, samples of IG-110 (isostatic-molded graphite with
fine grain) and HPG-510 (isostatic-molded graphite with
ultra-fine grain) were irradiated by 7 MeV Xe®°" ion
beams to different doses. The irradiated samples were
analyzed by various methods. The surface morphology was
evaluated by scanning electron microscopy (SEM). The
microstructure was characterized by transmission electron
microscopy (TEM) and Raman spectroscopy. And nano-
indentation was used to check the changes in hardness and
Young’s modulus.

2 Experimental
2.1 Specimen preparation and irradiation

The ultra-fine grain graphite HPG-510 and fine grain
graphite IG-110, which are both isostatic-molded graphite
grades, were manufactured by Toyo Tanso Co (Kagawa,
Japan). Their physical and mechanical properties are listed
in Table 1.

Specimens in a size of 10 mm x 10 mm x 2 mm were
polished manually with 1200 grit sandpaper to remove
surface scratches, and then rotary polished with polishing
compound (0.05 pm Al,Oj3) to achieve a smoother surface.
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Table 1 Nominal physical and mechanical properties of HPG-510
and IG-110

Properties HPG-510 IG-110
Bulk density (g cm™) 1.83 1.77
Grain size (um) 3~5 20
Hardness shore (shore D) 72 51
Specific resistivity (L€ m) 12.6 11.0
Flexural strength (MPa) 81 39.2
Compressive strength (MPa) 144 78.4
Tensile strength (MPa) 50 24.5
Young’s modulus (GPa) 11 9.8
C.T.E (10°*K™) 5.1 45
Thermal conductivity (W m K™ 103 120
Isotropy ratio 1.05 1.04

They were ultrasonically cleaned in acetone and deionized
water successively to remove surface contaminations and
vacuum heated at 120 °C to remove moisture.

The samples were irradiated at room temperature to
1 x 10", 5 x 10", 1 x 10" and 5 x 10" ions/cm® by
7 MeV Xe** ion beams on a terminal of the 320 kV high-
voltage experimental platform equipped with an electron
cyclotron resonance ion source in the Institute of Modern
Physics, Chinese Academy of Science [24]. The irradiation
processes were simulated by SRIM 2008 program using the
“detailed calculation with full damage cascades” mode
[23]. The averaged irradiation damages were D = 0.10,
0.52, 2.61 and 5.23 dpa (displacement per atom) for cor-
responding irradiation doses, respectively, calculated by
D= Ndisplacement/Natom = Pngis/ Patoms where @ is the ion
fluence, ngy;s is the number of displacements per ion, and
Patom 18 the atomic density. The depth profiles of dis-
placement damage are shown in Fig. 1. Notably, some of
the displaced atoms are so close to vacant lattice sites that
they recombine immediately, and at high radiation fluxes,
annealing of damage due to the temperature rise in the
irradiation process becomes prominent [15, 25].

2.2 Characterization

The SEM (LEO1530 VP, Germany) was used to study
the surface morphological changes in graphite. The com-
parison of graphite in the microstructure, that is, Mro-
zowski cracks, was studied using a TEM (Tecnai G2 F20,
America) operated at 200 kV. The TEM specimens (as-
received) were cut and sanded into @3 mm x ~50 pum
disks and spattered by 4-keV Ar ions in an incident angle
of ~4° from an ion beam thinner (Gatan PIPS ion mill,
America). A Raman spectrometer (XploRA INV, France)
was used to record the Raman spectroscopy of the virgin



Behaviors of fine (IG-110) and ultra-fine (HPG-510) grain graphite irradiated by 7 MeV...

Page 3 of 8 144

Ae = 0.02 dpa Damage peak: 2300 nm
g e 0.12dpa
©T5- 4 0.61dpa v'"' = 0.10 dpa
- v 1.22dpa y Y ° 052dpa
S v v 4 261dpa
84| Surface dose v v 5.23 dpa
© vV v
o v v Peak dose|
Q.3 i 'v'
[2) v
) WV A‘“‘ v
g “va' AAA AA
£ 24 o e AV
o  aaditd antt N
v aad
g v M“m AV
- N
o AM aY
.‘2 1 ‘.......oooo.... iV
O o |sassasssezses Statae
' ! T T T T T T T T T T
0 500 1000 1500 2000 2500 3000
Depth (nm)

Fig. 1 (Color online) Depth profile of displacement induced by
7 MeV Xe?*™ jon irradiation in graphite calculated by the SRIM-2008
code

and irradiated specimens with excitation laser wavelength
of 532 nm.

After the microstructure characterization, the changes in
hardness and modulus were measured using a nano-in-
dentation with Berkovich indenter (G200, USA). The
geometry of Berkovich indenter was three-sided pyramids
with a sharp tip end. The Berkovich indenter was modified
to have the same projected area as the Vickers indenter at
given indentation depth.

3 Results and discussion
3.1 Microstructure changes
3.1.1 Changes in surface morphology

The surface morphology evolutions of the graphite
samples irradiated with 7 MeV Xe?*" ion beams are shown
in Fig. 2. Figure 2a, f shows typical polished surface of IG-
110 and HPG-510 before irradiation, with irregular pores.
After irradiation, fragmented-shaped surface can be seen
obviously, indicating that the microstructure of graphite
can be damaged by ion beam bombardment, and the degree
of damage increases with the irradiation dose. Comparing
Fig. 2a—e with Fig. 2f—j, the IG-110 samples show more
fragmentation than that of HPG-510, i.e., the IG-110 is
more susceptible to surface damage by ion bombardment.

3.1.2 TEM microstructure analysis

Artificial graphite is imperfect with Mrozowski cracks,
which is formed by anisotropic shrinkage effects due to

greater shrinkage perpendicular to the layers than parallel.
Mrozowski cracks affect graphite properties of coefficient
of thermal expansion [7], thermal conductivity [26], radi-
ation resistance [27] and so on. Figure 3 shows the TEM
images of as-received HPG-510 and IG-110. Although the
average length of cracks is smaller in HPG-510 than that of
IG-110, HPG-510 is of larger crack density than 1G-110.
Microcracks play an important role in accommodating the
bulk volume changes in polycrystalline graphite by irra-
diation. Graphite with more microcracks means higher
capacity to accommodate the irradiation-induced volume
changes, hence the higher radiation resistance of HPG-510
than IG-110.

3.1.3 Raman spectroscopic analysis

Raman spectroscopy is an appropriate tool for
microstructure characterization of irradiated graphite due
to its sensitivity to various defects [28, 29]. Figure 4a, f
shows Raman spectra of as-received HPG-510 and IG-110,
respectively. They are very similar. The G resonance peak
at 1582 cm™' is Raman active for the sp carbon networks
[30]. The peak intensity depends on the size of graphite
microcrystal in the sample [31]. The D peak at 1352 cm™'
indicates the existence of disorder and/or presence of
defects such as vacancy defects and edges [32, 33]. The
intensive D resonance peaks of IG-110 and HPG-510
indicate that they have plenty of defects before irradiation.
The D and G peaks overlapped at 0.52 dpa, and the outline
of the Raman spectra does not change above 0.52 dpa. This
may be related to the irradiation-induced amorphization of
graphite [34, 35].

In Fig. 4, to show the ion beam effects on microstructure
of IG-110 and HPG-510, the Raman spectra were decon-
voluted into four Lorentzian peaks marked as v, D, v; and
G bands at 1150, 1352, 1500 and 1582 cm_l, respectively
[36]. Figure 5 shows the peak positions as a function of the
displacement per atom. Both the D and G peak positions of
IG-110 shift more than that of HPG-510. The peak position
shifts of the D and G bands reveal an occurrence of strain
in graphite due to ion irradiation [37]. The results indicate
that the strain induced by ion irradiation in IG-110 is higher
than that in HPG-510, i.e., IG-110 is more sensitive than
HPG-510 to 7 MeV Xe?*" ion irradiation.

The D peak intensity (Ip) and vz peak intensity (I,3)
normalized by the G peak intensity (Ig) are shown in
Fig. 6. Ip/l; is widely used for characterizing the defect
quantity in graphitic materials [33, 38]. Irradiation-induced
changes in the Raman spectrum are usually explained in
terms of a reduction in the phonon correlation length due to
defects [39, 40]. In Fig. 6a, Ip/lg increases with the dis-
placement per atom, with the IG-110 being in a greater
changing rate than HPG-510.
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Fig. 2 SEM images of the 1G-
110 (a—e) and HPG-510 (f-
j) before and after irradiation

The Ip/lg is inversely proportional to the in-plane  empirical Tuinstra—Koenig equation (valid for graphitic
“crystallite size” (La) that is either the cluster diameter or ~ materials at La > 2 nm [39]), the La of IG-110 decreases
the in-plane correlation length [41]. According to the  from 22.17 to 10.65 nm, while the La of HPG-510
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Fig. 4 (Color online) Raman spectra of IG-110 (a—e) and HPG-510
(f-j) before and after irradiation

decreases from 21.37 to 12.62 nm, i.e., after Xe ion irra-
diation, IG-110 decreases more in crystal size than HPG-
510.

The intensity of v; peak increases with the dpa (Fig. 4)
and the integrated intensity ratio to G peak (I,3/Ig)
increases with the dpa too (Fig. 6b). This indicates rapid
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Fig. 5 (Color online) Comparison of peak position changes in the
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Fig. 6 (Color online) Comparison of Ip/lg and Ivs/lg of the
irradiated 1G-110 and HPG-510

accumulation of the interstitial defects [32, 42]. The
interstitial defects in graphite pin the dislocations and
increase the elastic modulus. Figure 6b also shows that IG-
110 has more interstitial defects than HPG-510.

Another parameter to monitor the carbon bonding is the
FWHM of the D and G peak. The FWHM of D band is
generally considered as a result of the cluster distribution
with different dimensions and orders in amorphous phases
[43]. The FWHM of G peak is proportional to the disorder
of the carbon phase, which always increases with the dis-
order [44]. Figure 7 shows the FMHW of D and G peaks of
the irradiated 1G-110 and HPG-510 graphite. Both the
FWHMs of the G and D peak increase before 0.52 dpa, and
from 0.52 to 5.23 dpa, they have little changes considering
the measurement error. The FWHM increases indicate the
increased disorders due to the ion irradiation. The FWHMs
of the G and D peaks in IG-110 increase faster than that in
HPG-510, i.e., IG-110 is of higher irradiation sensitive than
HPG-510.
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Fig. 7 (Color online) FMHW of the D and G peak in Raman spectra
of the irradiated IG-110 and HPG-510 graphite
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3.2 Hardness and Young’s modulus

Mechanical properties of graphite are important for its
application in nuclear reactors. Hardness and Young’s
modulus of irradiated graphite are frequently characterized
by nano-indentor as an indicator for changes in mechanical
properties [32]. Neutron irradiation experiments in Refs.
[45, 46] indicated that the Young’s modulus of graphitic
increased with fast neutron fluence (at low irradiation flu-
ence) because of the dislocation pinning and a closure of
the fine pores. With an increase in fast neutron fluence,
dislocation pinning quickly reduced and then structural
changes took precedence. These changes led to an increase
in the Young’s modulus first and then decrease rapidly as
the structure disintegrates toward the critical fluence.

Hardness and Young’s modulus of the irradiated IG-110
and HPG-510 graphite are compared in Fig. 8, in the
depths from 2.2 to 2.6 um. The data are averaged from 36
tests, and the error bars are the standard deviation. The
hardness of IG-110 at 2300 nm increased from 0.06 to 1.09
GPa after the irradiation (Fig. 8a) while that of HPG-510
increased from 0.41 to 1.49 GPa after the irradiation
(Fig. 8c). The Young’s modulus of IG-110 changed from
4.23 to 12.25 GPa after irradiation (Fig. 8b) while that of
HPG-510 changed from 10.53 to 13.83 GPa (Fig. 8d). Both
the hardness and Young’s modulus increase after irradia-
tion, indicating an obvious irradiation-hardening effect,
which is consistent with the neutron irradiation experi-
ments [46]. The increases in hardness and Young’s mod-
ulus are presumably caused by pinning of the basal plane
dislocations as observed in single crystal graphite.
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Changes in the Hardness and Young’s modulus are
shown in Fig. 9, as a function of displacement per atom. In
Fig. 9a and b, the Hardness and Young’s modulus increase
with the dpa, but the hardness of IG-110 decreased after
being irradiated to 2.61 dpa, due to probably by the satu-
ration of defects in graphite. In Fig. 9c, the hardness of IG-
110 increases rapidly with the irradiation dose, being 17
times higher at 2.61 dpa than that of the as-received sam-
ples. And it is larger than that of HPG-510 (less than 3
times). In Fig. 9d, the modulus of IG-110 is 2 times higher
than that of HPG-510 (less than 0.32 times). And it is pretty
obvious that the hardness and modulus of HPG-510 are
larger than that of IG-110 at 5.23 dpa.

As we discussed above, many evidences indicate that
HPG-510 is more irradiation resistant than IG-110.
Although no theory could predict the irradiation behaviors
of graphite yet, it is agreed that the microcrack is essential
to the irradiation behaviors of graphite, for it accommo-
dates the interstitial atom-induced expansion along the
c-axis of graphite crystal. HPG-510 has more microcrack
than IG-110 (Fig. 2), and this may explain their irradiation
behavior difference.

4 Conclusion

The irradiation effect of 7 MeV Xe?*" on the graphite,
IG-110 and HPG-510, was characterized by the SEM,
TEM, Raman spectroscopy and Nano-indention analyses.
The comparison of surface morphology before and after the
irradiation indicated that HPG-510 has a higher resistance
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Fig. 8 (Color online) Hardness and Young’s modulus of IG-110 and HPG-510 graphite irradiated by 7 MeV Xe?*™, as a function of depth
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. 9 (Color online) Changes in hardness and Young’s modulus of
irradiated IG-110 and HPG-510 graphite

to ion-induced damage than IG-110. With the increase in
irradiation dose, in the Raman spectra of these two grades
of graphite, the shift in D and G band, the growth rate of I/

I

and the Ivi/Ig, and the FWHM evolution of D and G

peak support that HPG-510 may be more resistant to ion
irradiation than IG-110. Compared with as-received sam-
ples, the change in the hardness and Young’s modulus also
indicates that the HPG-510 may be more irradiation

Ies

istant than 1G-110.
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