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a b s t r a c t

Irradiation-induced damage of binderless nanoporous-isotropic graphite (NPIG) prepared by isostatic
pressing of mesophase carbon microspheres for molten salt reactor was investigated by 3.0 MeV Heþ

irradiation at room temperature and high temperature of 600 �C, and IG-110 was used as the com-
paration. SEM, TEM, X-ray diffraction and Raman spectrum are used to characterize the irradiation effect
and the influence of temperature on graphite radiation damage. After irradiation at room temperature,
the surface morphology is rougher, the increase of defect clusters makes atom flour bend, the layer
spacing increases, and the catalytic graphitization phenomenon of NPIG is observed. However, the
density of defects in high temperature environment decreases and other changes are not obvious. Me-
chanical properties also change due to changes in defects. In addition, SEM and Raman spectra of the
cross section show that cracks appear in the depth range of the maximum irradiation dose, and the
defect density increases with the increase of irradiation dose.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Graphite has been used as a moderator, reflector and core sup-
port structure in high temperature gas cooled fission reactors due
to its excellent neutron moderation performance, high thermal
conductivity andmechanical strength. It has become one of the key
materials in the nuclear industry [1]. However, as one of the future
promising generation IV nuclear reactor series, the molten salt
reactor (MSR) has special requirements for the pore size of graphite.
In addition to the requirement that the graphite pore size is less
than 1 mm to prevent molten salt immersion from damaging the
graphite structure [2,3], the previous study indicated to realize the
breeding of MSR, the removal of Xe135 from the core puts a
constraint on the graphite with a pore diameter requirement of less
than 100 nm [4]. The spherical mesocarbon microbeads (MCMBs)
containing solid b-resin are used in binderless nanoporous
zjliu03@sxicc.ac.cn (Z. Liu),
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isotropic graphite (NPIG) prepared by self-sintering reaction
without binder, satisfying the requirements for graphite pore size
[5]. But in a reactor environment, graphite is facing the test of
neutron irradiation. Therefore, studying the irradiation behavior of
graphite can not only select graphite, but also contribute to the
service life of graphite [6].

Radiation damage in graphite is mainly caused by the impact of
fast neutrons [7,8]. Displacement of carbon atoms during the
cascade produces irradiation defects such as lattice vacancies and
interstitial atoms. And it changes its physical properties such as
size, strength, electrical resistivity, thermal conductivity and stress
radiation creep behavior in high temperature environments
[8e10]. Therefore, the radiation-induced defects of NPIG graphite
are characterized and compared with conventional nuclear
graphite IG-110 to test its radiation resistance and irradiation
sensitivity. The characterization of the irradiated graphite visually
indicates the degree of radiation damage of the graphite, which
helps to select and manufacture nuclear graphite suitable for MSR.
However, it is well known that emitting neutron radiation data on
graphite is difficult, expensive and time consuming. In this case, the
ion accelerator is used to simulate the neutron radiation to simulate
the damage simulation, and the candidate level of illumination can
open access article under the CC BY-NC-ND license (http://creativecommons.org/

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jlsong1982@yeah.net
mailto:zjliu03@sxicc.ac.cn
mailto:tangzhongfeng@sinap.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2019.11.033&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2019.11.033
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2019.11.033
https://doi.org/10.1016/j.net.2019.11.033


Fig. 1. Depth profiles of damage level (dpa) for dose a and b, according to an esti-
mation with SRIM2008.
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be compared under the same illumination conditions for selection
[6]. The results of ion irradiation can be used to estimate changes in
microstructure caused by neutron irradiation [11]. Therefore, ion
irradiation has been widely used to study radiation damage in
nuclear graphite. In recent years, irradiation studies of pyrolytic
carbon coatings have shown that although the coating is airtight, it
will peel and fall off after irradiation [12,13]. There are also studies
that characterize the NPIG after 7MeV Xe26þ ion irradiation, but the
Xe26þ with a large difference in mass from the neutron has a
shallower irradiation depth, and the data of high temperature
irradiation is not obtained [14]. Therefore, it is necessary to use
lighter ions for irradiation study in a high temperature
environment.

In this paper, NPIG and traditional nuclear graphite IG-110 were
irradiated with irradiated with 3 MeV Heþ at room temperature
(RT) and high temperature (HT). Scanning electron microscopy
(SEM) was used to characterize the change of the morphology of
the graphite surface. Transmission electron microscopy (TEM),
High resolution transmission electron microscope (HRTEM),
selected area electron diffraction (SAED), X-ray diffraction (XRD)
and Raman spectroscopy were used to characterize changes in
graphite crystallite size and radiation-induced defects. In order to
show the effects of irradiation on NPIGmore comprehensively, SEM
and Raman spectroscopy also characterized the cross section of
NPIG, and using the relationship between the radiation damage and
depth simulated by Stopping and Range of Ions in Matter (SRIM),
showing the microscopic morphology and defects at different
irradiation depths. The changes in the mechanical properties, such
as hardness and Young's modulus, were measured using a
nanoindenter.
2. Experimental

2.1. Specimen preparation and irradiation conditions

Binderless nanoporous-isotropic graphite is prepared by mes-
ophase carbon microspheres as raw materials by isostatic pressing
method [5]. The thermal polycondensation reaction of the asphalt
compound at high temperature produces anisotropic mesophase
pellets and separates the pellets from the matrix to form MCMB.
The b-resin in theMCMB is advantageous for the sinterability of the
bulk object [15], which is pressed into a cylinder by applying a
pressure of 150 MPa at room temperature, and then it is subjected
to a nitrogen atmosphere at 900 �C at 20 �C/h. The rate of
carbonization is 4 h. Finally, NPIG was prepared by graphitization at
a temperature of 2800 �C under an argon atmosphere.

Both NPIG and IG-110 were subjected to the same polishing
treatment prior to irradiation in order to remove the effect of
deeper scratches on the uniformity of the irradiation depth. The
dried NPIG and IG-110 were irradiated with 3.0 MeV Heþ at room
temperature andMSR operating temperature (600 �C), respectively,
and the irradiation dose was divided into two groups of a (5 � 1015

ions/cm2) and b (1 � 1017 ions/cm2)。The displacement per atom
(dpa) is often used as a unit of irradiation damage, and the defi-
nition of the dpa is expressed by the following equation:

dpa ¼ Ndis/Natom ¼ Fndis/ratom.

Where F is the ion irradiation dose, ndis is the atomic number/ion
number/unit depth (calculated by SRIM-2008), and ratom is the
atomic density of the material. Fig. 1 shows the relationship be-
tween the damage depth and dpa of 3 MeV Heþ irradiation ob-
tained by SRIM-2008 simulation.
2.2. Characterizations

Scanning electron microscopy (SEM, LEO 1530VP) was used to
monitor the change in the morphological structure of the graphite
samples, and their structure before and after irradiation was
measured with a Bruker D8 Advance XRD with CuKa1 radiation
source (l ¼ 1.5406 Å) conditioned by two 2.5� Soller slits and a
0.025 mm Ni mask. The reflected X-ray intensity was collected by a
LynxEye XE counter using continuous q-2q scans at a tube power of
40 kV/40mA in a range of 20e70� (2q), with a step size of 0.02� (2q)
at 0.15 s intervals. Any changes in the defects induced by irradiation
were recorded using a Raman spectrometer (XploRA INV, France) at
an excitation wavelength of 532 nm and effective penetration
depth of about 50 nm. After all the above characterization, the
changes in hardness and modulus were measured using a nano-
indenter (G200, America).

3. Results and discussion

3.1. Microstructure

Fig. 2 shows the change in morphology of NGIP and IG-110
graphite before and after irradiation at HT and RT. Fig. 2a shows
that NPIG is formed by the fusion of nearly spherical particles with
an average diameter of about 6 mm, and the small spheres have a
distinct layered structure, which is similar to the layered structure
of MCMB [16]. Fig. 2b shows themorphology of the unirradiated IG-
110, which is rough, porous, randomly oriented, and has a large
number of wrinkles due to the polycrystalline characteristics of
nuclear graphite [17,18] and the evaporation of amorphous carbon
species resulting from its fabrication procedure [17]. Compared to
IG-110, NPIG has a smaller pore size and a denser surface, which
indicates that it is more compatible with MSR in terms of sealing,
which is attributed to the content of b resin. After Heþ irradiation at
RT, the wrinkles on the surface increase, the texture is rougher, and
the pore diameter of IG-110 becomes smaller, as shown in Fig. 2a2
and b2. While the surface of the sample after irradiation at HT
(Fig. 2a1,b1) has no visible changes.

The magnified image (Fig. 3a and b) shows that the change in
morphology of graphite is actually an increase in the spacing be-
tween the graphite sheets, and the boundary is more conspicuous,
due to the expansion of the graphite crystallite size caused by the
irradiation. Heþ irradiation dislodges atoms from the graphite



Fig. 2. Field-emission SEM micrographs of pristine NPIG (a) and IG-110 (b), NPIG and IG-110 irradiated with dose of b at HT (a1,b1) and RT (a2,b2).

Fig. 3. The magnified image of Fig.a2 (a) and Fig.b2 (b).
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lattice nodes, producing a large number of displacement atoms and
vacancies. Due to the anisotropy of the graphite structure, the
atomic bonding force on the base surface is strong, and the bonding
force between the base surfaces is weak. The displaced atoms easily
enter between the two base surfaces, causing the expansion of the
graphite crystallites in the c direction [19]. Annealing can release its
energy storage portion to slow down this effect, thus creating a
difference between HT and RT.

Fig. 4a (SEM of NPIG) shows a folded linear layer of the ball, and
the creases shown in Fig. 4b should be a TEM of this structure. The
HRTEM image (Fig. 4c) shows that there is an angle in the
arrangement direction of lattice stripes, which indicates that the
shape of graphite sheet is caused by the arrangement direction of
atoms. Fig. 4c shows that before irradiation, NPIG has relatively
distinct lattice stripe and intact basal planes, but there are still
defects. After the irradiation (Fig. 4d), the ordered structure is
destroyed, the lattice fringes become blurred, the integrity of the
base surface is severely damaged, and the crystallite size is signif-
icantly reduced. The SAED before irradiation (Fig. 4c) is elliptical
and has bright spots, indicating that the interplanar spacing is not
equal. The spectrum after irradiation (Fig. 4d) becomes blurred and
tends to be amorphous, indicating that the degree of order is
destroyed.



Fig. 4. (a) Field-emission SEM micrographs of pristine NPIG, (b)TEM micrographs of pristine NPIG, HRTEM image and SAED pattern of pristine (c) and irradiated (d) NPIG.
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3.2. Crystal structure

In order to reduce the influence of the non-irradiated part on
XRD characterization as much as possible, the sample before irra-
diation was polished to a thickness of about 50 mm. Fig. 5a and b
shows the change trend of 002 peak and the crystal plane spacing
d002 before and after irradiation. The d002 of IG-110 increases with
the increase of dose after irradiation, which is consistent with the
conclusions of SEM. However, d002 of NPIG decreased first and then
increased after irradiation at RT, and decreased continuously after
irradiation at HT. The graphitization degree (g) can be obtained

from to the Mering and Maire formulas: g ¼ ð0:3440�d002Þ
ð0:3440�0:3354Þ. Where

0.3440 nm and 0.3354 nm are the layer spacing of completely un-
graphitized carbon and ideal graphite crystal respectively, d002 is
the interlayer spacing of the (002) planes of the sample. The in-
crease in d002 and the decrease in the degree of graphitization
indicate that the irradiation destroys the degree of ordering.
However, the decrease of d002 of NPIG after irradiated with lower
dose at RT, indicating the phenomenon of irradiation-induced
catalytic graphitization, and the decrease of d002 after high tem-
perature irradiation is attributed to annealing effect. Fig. 5c shows
that the degree of graphitization of NGIP graphite is slightly lower
than that of IG-110. The Lateral size La and stacking height Lc can be
obtained from the formula [20]:

La ¼ 1:84l
Ba cosðqaÞ
Lc ¼ 0:89l
Bc cosðqcÞ

Where l is the wavelength of X-ray used, Ba and Bc are the half
width of the (100) and (002) peaks, and qa and qc are the corre-
sponding scattering angles. As can be seen from Fig. 4d, the La of
unirradiated NPIG is the same as that of IG-110 (0.85 nm), but the Lc
of the former is slightly larger than that of the latter (0.39 nm). As
radiation fluence increases, La decreases first and then increases,
but does not exceed the initial value. Moreover, the shrinkage of La
is more serious after high temperature irradiation at the same
fluence. The results are similar to those summarized by Delle et al.
and they believe that as the temperature rises, the probability of
interstitial atoms recombining with vacancies increases, and the
probability of interstitial clusters forming nuclei decreases, result-
ing in fewer and larger interstitial atoms [21]. Unlike the change in
La, Lc becomes larger as the irradiation dose increases. It is worth
noting that the Lc of NGIP is reduced at RT, possibly because the
crystallites are broken in the c-axis direction due to irradiation at
RT, thereby making the crystallite size smaller. As the irradiation
dose increases, the broken crystallites expand again. However, IG-
110 did not show a similar trend.

In the Raman spectra of graphitic materials, the G band (around
1580 cm�1) is a doubly degenerate phonon mode at the Brillouin
zone center that is Raman active for sp2 carbon networks, and is
inherent in graphite [22]. D band (1350 cm�1) and D0 band
(1620 cm�1) are caused by defects, and were derived from elastic
scattering caused by crystal defects (mainly vacancy defects



Fig. 5. This is an XRD pattern of NGIP graphite (a) and IG-110 (b); (c) is a (002) peak of unirradiated NGIP and IG-110; (d) is La, Lc as functions of fluence.

H. Zhang et al. / Nuclear Engineering and Technology 52 (2020) 1243e1251 1247
existing at the boundary of crystallites) and inelastic scattering by
emission or absorption of phonons [22]. After the peak fitting, in
addition to the D peak and the G peak, there are three peaks y1
(around 1150 cm�1), y2 (around 1260 cm�1) and y3 (around
1450 cm�1). The peak y2 is interpreted as a broadened vibrational
density of states of small diamond clusters and/or tetrahedral
amorphous carbon [23]. There are many controversies about the
interpretation of peak y1 and y3. However, some papers [12e14]
have accepted the view of Ferrari and others that y1, y3 are
concomitant modes, attributed to trans-polyacetylene (trans-PA)
lying in the grain boundary [24]. Since the D band is attributed to
the A1g graphite disorder mode, it is one of the in-plane vibrations
[25], the integrated intensity ratio of ID and IG of D and G bands is
widely used to characterize the amount of defects in graphite
materials [22], and according to the conclusions of Tuinstra and
Koening: the intensity ratio ID/IG is inversely proportional to the in-
plane crystallite size [25] and the formula [26]: La

(nm) ¼(2.4 � 10�10) llas er
�1 laser

�
ID
IG

��1
.

The presence of the D peak indicates that both NPIG and IG-110
graphite have a large number of defects, and the order of IG-110 is
better than that of NPIG, which is consistent with that observed by
XRD. After irradiated at HT, the intensity of D peak decreases with
the increase of irradiation dose, indicating an increase in the degree
of order. This is because the annealing effect of the high tempera-
ture environment at a certain irradiation dose not only restores the
ordered structure damaged by irradiation, but also eliminates a
certain number of defects and increases the degree of graphitiza-
tion of graphite. The Raman spectrum of the sample after irradia-
tion at RT is more complicated. With the increase of dose, the
intensity of D peak of IG-110 increased, and the peak width of D
peak and G peak increased, indicating that the number of defects
and the degree of disorder caused by irradiation increased. While
the intensity of D peak of NPIG decreased first and then increased, it
is attributed to the catalytic graphitization of irradiation. During
irradiation, ions collide with carbon atoms, providing the activation
energy required to convert a low degree of crystallinity structure
into a highly ordered structure, causing it to graphitize. Irradiation
damage dominates and intensity of D peak increases, as the dose of
radiation increases.

Fig. 7 shows the trends of Iother/IG (Iother is the intensity of other
peaks) and ID/IG are similar. After HT irradiation Iother/IG decreases
as the irradiation dose increases. At RT, Iother/IG of IG-110 increased,
and Iother/IG of NPIG decreased first and then increased. The relative
intensities of Iy1 and Iy3 with IG, which is due to the favorable
environment for C]C chain stretching and CHwaggingmodes [24].
The decrease in relative intensities of Iy2 and ID’ with IG indicates
the conversion of the amorphous structure to the crystal structure
and the decrease in defects, and the increase of Iy2/IG and ID'/IG
indicates the orderly destruction of the crystal structure by
irradiation.

3.3. Mechanical properties (hardness and Young's modulus)

Fig. 9 shows the change in hardness and Young's modulus after
irradiation, respectively. The hardness and Young's modulus of the
irradiated graphite increase with increasing of radiation damage
dose in the shallower regions, while in the deeper regions, both
begin to decrease as the damage increases. Stable defects (va-
cancies, interstitial atoms, dislocations, etc.) formed by irradiation
in shallower regions act as pinning centers to improve hardness
and modulus values [12]. However, a further increase in defect
density causes the crystal structure to be converted into an amor-
phous structure, which may result in a decrease in hardness and
Young's modulus. This behavior is consistent with previous studies
in neutron-injected silicon carbide systems [27].

Fig. 9f shows the change in the average of hardness and Young's



Fig. 6. Raman spectra with linear background subtraction of (a) pristine NPIG and (b) IG-110, irradiated NPIG (a1-a4) and IG-110 (b1-b4), All spectra were fitted with Lorentz line
shape fitting.
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Fig. 7. Intensity ratio of Raman peaks (a) NPIG, (b)IG-110 as functions of fluence.

Fig. 8. (a) Field-emission SEM micrographs and (b) Raman spectra of NPIG cross-section irradiated at influence of 1 � 1016 ions/cm2 and RT.
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modulus. After irradiation at HT, the average begins to decrease due
to the reduction in defect density which reduces the pinning effect
in the original sample. After RT irradiation, the pinning effect at low
dose increased the average value of hardness and Young's modulus
of IG-110 first, and then the average decreased with the crystal
structure was destroyed at the higher dose. The catalytic graphiti-
zation phenomenon of NPIG at low doses reduces its defects and
average value of hardness and Young's modulus, and the subse-
quent increase is due to the pinning effect caused by irradiation.
The trend of this defect density is consistent with that analyzed in
the Raman spectrum.
3.4. Cross-sectional structure analysis

In order to show the effect of irradiation on NPIG graphite more
clearly, the samples irradiated at dose of 1 � 1016 ions/cm2 and RT
were selected. The cross-section morphology of NPIG graphite was
characterized by SEM, and the internal structure was characterized
by Raman spectroscopy at every 2 mm. According to Fig. 8a, cracks
appear in the cross section of NPIG, and the central position of the
cracks is 8e9 mm away from the ion implantation surface, indi-
cating that the damage degree reaches the maximum in this depth
range, which is consistent with the results of SRIM simulation
(Fig. 1). Fig. 8c shows that the relative intensity of the D peak be-
comes larger as the depth increases, and saturates at a depth of
2 mm, and further, the shape of the Raman spectrum at a depth of
4 mmundergoes a significant change, and the D peak and the G peak
are mixed together and the boundaries have been blurred. This
trend of change also occurs in Fig. 6 and is attributed to damage
caused by irradiation. The shape of the Raman spectrum at a depth
of 6 mm initially remains substantially unchanged, and this shape is
similar to the Raman spectrum of nanocrystalline graphite [28]. The
Raman spectrum with a depth of 10 mm restored the state before
irradiation. This indicates that at least the depth is in the range of
8 mme10 mm, and the degree of damage that Raman can detect is
maximized. The relationship between the degree of damage and
the depth is the same as that of the SRIM simulation, that is, the
degree of damage reaches a peak at a depth of about 9 mm.
4. Conclusions

The surface morphology and microstructure of NPIG after 3 MeV
He þ ion irradiation at RT and HT have been studied systematically
and compared to the IG-110 graphite. After RT irradiation, the
graphite surface becomes rougher, the defect clusters increase, the
layer spacing and microcrystal expansion and the defect density in-
crease are observed by SEM, TEM, XRD and Raman spectra respec-
tively. Afterhighdose irradiation, Lc ofNPIGdecreased, butno similar
change was found in IG-110. When the fluence is 1 � 1016 ions/cm2,
Raman spectra show that NPIG exhibits catalytic graphitization. It
was also observed that the damage degree of HT irradiation was
lower than that of RT irradiation, because heat treatment can stim-
ulate the removal of defects. In addition, Raman spectroscopy studies
show that annealing effect dominates and graphite defects decrease
after irradiation with a certain dose at HT. Defects caused by RT
irradiation will increase hardness and Young's modulus. With the
increase of irradiation dose, the crystal structure is destroyed and its
hardness and Young's modulus begin to decrease. After HT irradia-
tion, the change trend ofmechanical properties of NPIG and graphite
is opposite due to the reduction of defects.



Fig. 9. Hardness and Modulus of (a,c) NPIG and (b,d) IG-110, (f) the average in hardness and Young's modulus (0e2000 nm) as functions of fluence.
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