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ARTICLE INFO ABSTRACT
PACS: Three million electron volt C* irradiation effects on the microstructure (crystallinity, crystal size), mechan-
81.05.Uw ical properties (hardness, Young’s modulus) and oxidation of IG-110 (petroleum coke) and 1G-430 (pitch
81.40.—z coke) nuclear graphites were compared based on the materials characteristics (degree of graphitization
g}'gg'?\/ﬂvg (DOG), density, porosity, type of coke, Mrozowski cracks) of the grades and the ion-irradiation conditions.

The specimens were irradiated up to ~19 dpa at room temperature. Differences in the as-received micro-
structure were examined by Raman spectroscopy, X-ray diffraction (XRD), optical microscope (OM) and
transmission electron microscope (TEM). The ion-induced changes in the microstructure, mechanical
properties and oxidation characteristics were examined by the Raman spectroscopy, microhardness and
Young’s modulus measurements, and scanning electron microscope (SEM). Results of the as-received
microstructure condition show that the DOG of the grades appeared the same at 0.837. The size of
Mrozowski cracks appeared larger in the IG-110 of the higher open and total porosity than the 1G-430.
After an irradiation, the changes in the crystallinity and the crystallite size, both estimated by the Raman
spectrum parameters, appeared large for the 1G-430 and the IG-110, respectively. The hardness had
increased after an irradiation, but, the hardness increasing behaviors were reversed at around 14 dpa.
Thus, the 1G-430 showed a higher increase before 14 dpa, but the IG-110 showed a higher increase after
14 dpa. No-clear differences in the increase of the Young’s modulus were observed between the grades
mainly due to a scattering in the measurements results. The IG-110 showed a higher oxidation rate than
the IG-430 both before and after an irradiation. Besides the density and porosity, a possible contribution of
the well-developed Mrozowski cracks in the IG-110 was noted for the observation. All the comparisons
show that, even when the differences between the grades are not large, the results of the oxidation and
hardness test show a higher irradiation sensitivity for the IG-110. The similar irradiation sensitivities
between the grades were attributed to the same degree of graphitization (DOG) of the grades.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Recently, with the development of a very high temperature gas-
cooled reactor (VHTR) within the Generation-IV (GIV) next gener-
ation nuclear energy system development road map, a number of
studies on nuclear graphite are being planned, and some are being
performed in those countries participating in the GIV VHTR project
management boards (PMB)-Materials. The backgrounds for the
graphite studies are described well in the work package plan for
the graphite technology development area. Thus, several new
grades of nuclear graphite have been developed since the graphites
developed in the 1970s and 80s for advanced gas-cooled reactor
applications are no longer in production. Consequently, codes
and standard, material properties and behavior data must be
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developed to support the design and construction of structures
associated with new Generation-IV reactor concepts [1,2].

Of those various R&D topics, studies on the selection of the
grades, qualification of the selected grades, and preparation of a
database for the design of VHTR have been the major subjects of
common interest. Especially, studies on radiation effects have been
recognized as important not only for the selection but also for the
qualification of the candidate grades. It is well known, however,
that the development of neutron irradiation data on graphite is dif-
ficult, expensive, and time consuming. In this case, the use of an
ion-accelerator can be a useful tool for a neutron radiation damage
simulation by a charged-particle irradiation, and to compare the
irradiation effects of the candidate grades in the same irradiation
conditions for the purpose of a selection [3].

On the other hand, regarding the selection of the grades, since the
virgin and irradiated graphite properties depend strongly on the raw
materials and manufacturing processes, information on the effects
of the differences in the raw materials on an irradiation-induced
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property change are also important during the selection process of
the grades. Currently, most of the commercially available nuclear
graphite is made of coke (~75%) and a binder (~25%), and only
two types of coke, i.e., pitch or petroleum, are being used for manu-
facturing the artificial nuclear graphite for a VHTR [4].

In the present study, based on the two discussions above, nucle-
ar graphite specimens made of pitch coke or petroleum coke were
irradiated to 3 MeV C" ion by using an accelerator, and comparisons
were made between the grades to provide the basic information
necessary for an understanding of the radiation effects on nuclear
graphite and for the selection of the nuclear graphite for the VHTR.

2. Experimental procedure
2.1. Materials and specimen preparation

The materials used in the present study are IG-110 and 1G-430
isotropic nuclear graphites manufactured by Toyo Tanso. From two
nuclear graphite blocks (size: 300 x 300 x 200 mm each) of IG-110
(petroleum coke) and 1G-430 (pitch coke), specimens with a size of
10 x 10 x 2 (mm?) were prepared by a mechanical polishing up to
0.05 um Al,03 and followed by a cloth polishing and ultrasonic
cleaning for the irradiation and the as-received baseline property
measurements: i.e., hardness, Young’s modulus, Raman spectrum,
and the oxidation rate. Table 1 compares some of the physical
and mechanical properties reported in the manufacturer’s materi-
als test sheet.

2.2. Optical microscopy, TEM, XRD, porosimetry and ion-irradiation

After a fine polishing (0.05 um Al,03 and followed by a cloth
polishing), the specimens were ultrasonic cleaned, and a polarized
light was used for the optical microscopy (OM). TEM was per-
formed to investigate the possible differences in the crystal struc-
ture such as the Mrozowski cracks. For TEM, after preparing
3 mmy disks (thickness ~0.5 mm) by using an ultrasonic disk cut-
ter and a polishing up to No. 2000 SiC paper, all the specimens
were dimpled (t < 10 pm) using a 30 g load and 1 pum paste, and
ion-milled (Ar, 3 KeV-14 pA).

To estimate the degree of graphitization (DOG: g) from the lat-
tice parameter ¢, XRD measurements with a Cu Ko radiation were
conducted by referring to the Japanese procedure for measure-
ments of the lattice parameters and the crystallites sizes of carbon
materials by an X-ray diffraction [5]. The DOG was determined
from the following Eq. (1),

_[3.440 — d(002)] )
~ [3.440 — 3.354] @

Table 1
Comparison of some of the physical and mechanical properties of IG-110 and 1G-430
nuclear graphite (manufacturer data sheet)

Grade IG-110 1G-430
Coke Petroleum Coal-tar
Grain size, mm 0.02 0.01
Apparent density, g/cm® 1.77 1.82
Anisotropy ratio 1.10 1.09

Ash content, ppm <10 <10
Impurity, ppm 0.001-0.1 0.001-0.1
Young’s modulus (E), GPa 9.7 10.6
Tensile strength, MPa 27.2 37.8
Compressive strength, MPa 79.0 96.0
Thermal conductivity, W/m 129-140 138-147
Coefficient of thermal expansion (CTE), 4.2(Z) 4.7(2)
(107%/K) RT-400 °C 3.8(T) 4.3(T)

T: perpendicular to axial direction of the block.
Z: parallel to axial direction of block.

where d(002)=c/2=3.354Aforg =1and d(002)=3.44 Aforg =0
[6].

To examine the effects of a porosity on the oxidation and the
irradiation sensitivity of the grades before and after an irradiation,
the total and open porosity were measured based on the apparent
and the pycnometric density. The pycnometric density was deter-
mined by using the helium gas pycnometer (model: AccuPyc
1330). The total porosity (¢) and closed porosity (&.) were deter-
mined based on the apparent density (dy) and the pycnometric
density (dp) as follows:

— dv

e= {1 —2.25} x 100 )
ee=11--% ] « 100 3)
< 225

where the value 2.25g/cm? is the density of a graphite single
crystal.

The open porosity ¢y was determined as a difference between
that of the total porosity and the closed porosity.

Specimens prepared for an ion-irradiation were irradiated to
the peak dose of ~19dpa by 3 MeV C" ions of a 1A beam
current by using a Tandem Vande-Graff accelerator at room tem-
perature. The range of ions calculated by TRIM 98 was 3.2 um
(Eq =25 eV).

2.3. Mechanical property measurement: hardness and Young’s
modulus

Dynamic ultra-microhardness tester (model: Shimadzu DUH-
200) was used for a measurement of the hardness (H) and Young’s
modulus. The DUH-200 tester is a very effective tool to trace
microhardness changes at a depth of a few microns as appeared
in the present ion-irradiated specimen. The tester enables us to
measure the change of a load (0.01-200 gf) in depth (0-10 wm)
continuously. The hardness (H) was determined as H= P/A, where:
P - the maximal load, A - projected area of the impression [7]. For
the standard Vicker’s pyramid, A = 24‘5h§, where, hc is the pene-
tration depth of a pyramid. However, in a real case, since the pyra-
midal indenter has non-ideal form, a specific calibration
experiment was performed to evaluate the projected area accu-
rately [8,9]. The stressed zone size during the test was estimated
to be about 3.5 times that of the penetration depth of the indenter
[10]. Thus, it is thought that the indentation load starts to increase
when the indentation depth reaches about 30% of the depth at the
damage peak. In the case of a 3.2 um peak damage depth, the
damage peak starts to affect the indentation load at the penetra-
tion depth of 0.9-1.0 pm. If irradiated, this penetration depth de-
creases by an interaction of the stress fields due to the indentation
load and the formation of an ion-damaged volume. Actually, in the
present experimental condition, the peak indentation loads for the
ion-irradiated specimens appeared at about <0.5 pm of an inden-
tation depth [9].

For the Young’s modulus determination, relationships between
the unloading compliance and Young’s modulus were used [7,11].
The effective elastic modulus was calculated by the formula:
E=0.179 (S/hc), where S is the slope of the unloading curve and
hc is the penetration depth of pyramid. The dose effects on the
hardness and elastic modulus were evaluated for the 1 gf test load.
More details of the experimental features are described elsewhere
[9].

2.4. Raman spectroscopy

The application of a Raman spectroscopy especially for the
characterization of an ion-irradiated graphite microstructure
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should be useful since the penetration depth of a Raman laser into
the graphite is 80-100 nm [12] and the formation of an ion-in-
duced defected microstructure in graphite is limited to the surface
(range peak: ~3.5 um) for 3 MeV C".

Raman spectroscopy was performed to estimate the over all
development of the graphite structure in the as-received condition,
the evolution of a defected microstructure, i.e., the changes in the
crystallinity, due to an irradiation, from the changes in the FWHM
of D and G-peaks, and the crystallite size from the intensity ratio of
the D and G-peak, i.e., Ip/Ig o 1/ L, [13], before and after an irradi-
ation. Here, Ip and I; are the peak intensity of the D (1355cm™!)
and G-peak (1583 cm™'), respectively, and the L, is the diameter
of the crystallite in a basal plane direction.

The Raman spectrums were recorded by a LabRamHR with a
LN2 cooled CCD multichannel detector and performed at room
temperature in a conventional backscattering geometry. The
spectra were excited with the 514.5 nm line of an Ar-ion laser.
Laser beam power was 2 mW on the specimen. The Raman
parameters of the spectrum peaks were obtained by a Lorentzian
fitting [14].

2.5. Oxidation experiment

Oxidation experiments were performed to investigate, firstly,
the temperature dependency of the oxidation rate (400-1300 °C),
and, secondly, the irradiation effects on the oxidation (750 and
1000 °C, 15-120 min) in the He-2.5% air environment by using a
thermogravimeter (TG) (flow rate: 40 CC/min). The differences in
the oxidation characteristics as appeared in the oxidized surfaces
between the un-irradiated and irradiated IG-110 and 1G-430 spec-
imens were investigated by SEM. Detailed condition of the oxida-
tion experiments are reported elsewhere [15].

3. Results

3.1. Comparison of the as-received microstructure
(OM, TEM, porosimetry)

Figs. 1 and 2 compare the as-received pore microstructure and
the Mrozowski cracks of the grades by OM and TEM, respectively,
and Tables 2 and 3 show the results of the porosity and Mrozowski
crack size measurements of the grades, respectively. Fig. 1 and
Table 2 show that the pore structures of the grades are nearly
the same, especially with the same open porosity. However, even
when the differences are nearly negligible, Fig. 1 shows that the
size and total area of the pores in IG-430 appear somewhat smaller
than those of IG-110 corresponding to the results of Table 2, where,
even if negligible, the density of the IG-110 of the higher total and
closed porosity is slightly smaller than the 1G-430. Fig. 1 shows
that both the sizes of the pores of the grades are nearly the size
of the coke particles, ~20 pm.

Unlike the porosity by OM, Fig. 2 and Table 3 show large differ-
ences in the length and width of the Mrozowski cracks between
the grades. Even the exact densities of the cracks are not known,
Fig. 2, Tables 3 and 4 imply that the size and density of the
Mrozowski cracks should be far larger and higher in the IG-110
than the 1G-430. Based on the measurements, a slightly higher oxi-
dation rate in the IG-110 may be expected (see Fig. 5).

The Mrozowski cracks are known to be formed by the aniso-
tropic shrinkage effects. A greater shrinkage perpendicular to the
layers than parallel to them which occurs during a calcination is
responsible for the mechanism. The extent of shrinkage cracking
is known to decrease as the graphitizability of the coke decreases
[16].

(5) 1G-110
1"':,'.1:«n' o

(b) IG-430

Fig. 1. As-received optical microstructure of (a) IG-110 and (b) IG-430 graphite.
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Fig. 2. TEM microstructure of (a) 1G-110 and (b) 1G-430 graphites. Different
orientations of crystallites can be assumed from the Mrozowski cracks on the
(0002) planes. The size of the Mrozowski crack in the IG-110 appears far larger
than the 1G-430.

Table 2
Determination of the porosity
Characteristics Graphite

IG-110 1G-430
Apparent density (dy), g/cm? 1.77 1.82
Pycnometric density (dp), g/cm> 2.05 2.10
Total porosity (&), % 21.33 19.11
Closed porosity (&), % 8.89 6.67
Open porosity (&o), % 12.44 12.44
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Table 3
Comparison of the width and length of Mrozowski cracks (unit:nm)
Grade IG-110 1G-430
Width Length Width Length
57.8 450.0 62.1 363.6
60.9 562.5 62.1 515.1
71.8 3125 69.7 484.8
73.4 593.7 56.0 727.2
78.1 875.0
57.8 450.0
176.9 1491.9
199.9 2307
Average 97.1 880.3 62.5 522.7

3.2. Comparison of the degree of graphitization (DOG)

The lattice parameters a and ¢ by XRD, and the degree of graph-
itization (DOG: g) by Eq. (1) are summarized in Table 4 for the as-
received IG-110 and 1G-430.

Table 4 shows that, while the a appeared slightly larger for IG-
110, the c, that determines the DOG by Eq. (1), was determined to
be the same for both grades at 6.736 A. This observation may imply
a similarity of the graphite manufacturing procedure for both
grades, and predicts that the properties related to the DOG will
be similar between the grades.

3.3. Comparison of the hardness and Young’s modulus

Fig. 3 shows the changes of the hardness (a) and Young’s mod-
ulus (b) due to a 3 MeV C" irradiation at room temperature. Fig. 3
shows that the hardness increase due to an irradiation is higher for
the IG-430 up to about 14 dpa, while no-clear differences in the in-
crease of the Young’s modulus are observed between the grades
mainly due to a scattering of the measurements results.

It is worth noting the reversal of the hardness increase after
about 14 dpa, where, the increase in the hardness due to an irradi-
ation (i.e., irradiation sensitivity) became higher for the 1G-110
than the 1G-430.

3.4. Comparison of the Raman spectrum parameters

Fig. 4(a) shows the Raman spectra of the as-received IG-110 and
1G-430, and Table 5 shows the positions and FWHM of the D and G-
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Table 4
Lattice parameter q, ¢, and the degree of graphitization (DOG: g) of the as-received
1G-110 and 1G-430

a(A) ¢ (A) d(002)=c[2 g
1G-110 2.4575 6.736 3.368 0.837
1G-430 2.3606 6.736 3.368 0.837

peaks, and the crystal size of the grades obtained from Fig. 4(a)-(c)
show the (FWHM)irr/(FWHM)q of the D-peak and the (Ip/Ig)irr/(Ip/
Ig)o of 1G-110, 5(b), and 1G-430 5(c) with the specimen surface
dose, respectively. Here, the (FWHM)irr and the (FWHM), corre-
spond to the FWHM of D-peak after irradiation (irr) and before
irradiation (0) condition, and the (Ip/Ig)irr and (Ip/Ig)o correspond
to the ratio of the intensity of the D-peak to G-peak after irradia-
tion and before an irradiation, respectively.

Both Fig. 4(a) and Table 5 show that the over all as-received
material structure of the grades are nearly the same in view of
the relationships between the FWHM and the crystallinity [17]
even a somewhat large difference is observed in the crystal size
(L,), where, the crystal size of the 1G-430 is estimated to be 38%
smaller than the IG-110. It is worth noting that the observed sim-
ilarity between the grades by the Raman spectroscopy is corre-
sponds well to the result of the XRD of the same DOG for both
grades, Table 4. It is observed that the higher the crystallinity,
the narrower the FWHM of the G-peaks, and the higher the irradi-
ation-induced damage, the wider the FWHM of the D-peak [18,19].

In Figs. 4(b) and (c), from the changes of (FWHM)irr/(FWHM)o
and (Ip/lg)irr/(Ip/Ig)o with the dose, the irradiation sensitivity of
the grades may be predicted and compared based on the assumed
changes in the graphite surface crystallinity (graphite surface
bonding microstructure) due to a defect accumulation. Fig. 4(b)
and (c¢) show that the (FWHM)irr/(FWHM), of IG-110 and 1G-430
are 6.8 and 8.2 at ~0.6 dpa, respectively. From the observation,
even when the difference is practically not critical, it is predicted
that the changes in the crystallinity due to an irradiation may be
slightly higher in 1G-430. Here, the changes in the FWHM of the
D-peak were recorded based on the observation that, while both
the FWHM of the G and D-peaks increase with an irradiation, the
increase in the D-peak is relatively larger than that of the G-peak
especially in the early stages of an irradiation [18,20,21].

Changes in the crystallite size due to an irradiation, estimated
from the ratio of the peak intensity of the D-peak to that of the
G-peak, Ip/Ig, show that the crystallite sizes of the IG-110 and IG-

el
10} ; )

0 5 10 15 20
Peak dose, dpa

Fig. 3. Comparison of the changes in the hardness (a) and Young’s modulus (b) of IG-110 and 1G-430 nuclear graphite due to 3 MeV C" irradiation. Note that the hardness and
Young’s modulus value in the figure are normalized with the un-irradiated hardness (Ho) and un-irradiated Young’s modulus (E), respectively. A comparison of the figures
shows that the measurement of the irradiation sensitivity is far higher for the hardness than the Young’s modulus.
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Fig. 4. Comparisons of (a) the as-received Raman spectra between the IG-110 and
1G-430, and the changes in the (FWHM)irr/(FWHM), of the D-peak, and the (Ip/
Ig)irr/(Ip/Ig)o due to the 3 MeV C* ion-irradiation dose for (b) IG-110, and (c) IG-430
grades.

Table 5

Comparison of the Raman shift, FWHM, and the crystallite size (L,) estimated from
the intensity ratio between the D and G-peaks of the as-received 1G-110 and 1G-430
grades

Grades Raman shift, cm™'  FWHM, cm !  Crystal size (L,), nm
IG-110 D-peak 1356.9 489 30.6

G-peak 1582.2 19.9
1G-430 D-peak 1356.5 42.7 18.9

G-peak 1583.1 209

430 were estimated to be decreased by ~1/2.3, i.e., from 30.6 to
13.3 nm, and ~1/1.7, i.e., from 18.9 to 11.1 nm, respectively. It ap-
pears that the larger the initial crystallite size, the larger the de-
crease in a crystallite size resulting in a decreased difference
between the grades after an irradiation. Here, it is worth noting
the reversed reaction of the crystallinity and crystallite size of
the grades when analysed based on the Raman spectroscopy. Thus,
for the same dose, while a higher damage to crystallinity occurred
in the IG-430, a large decrease in the crystallite size was observed
in IG-110.

It is also worth noting that the appearance of the peaks in both
grades in the (Ip/Ig)irr/(Ip/Ig)o curve at ~0.02 dpa may correspond
to an amorphization (or disruption of crystallinity) of the graphite
structure due to an irradiation [10,22].

3.5. Comparison of the oxidation characteristics

Fig. 5 shows the temperature dependency of the oxidation rate
of the as-received IG-11, IG-110 and IG-430 (here, the IG-11 was
included for comparison with the 1G-110 since the IG-11 is an
un-purified version of IG-110 with a same recipe), and Fig. 6 com-
pares the SEM photos of the oxidized surface at 1000 °C of the as-
received and irradiated specimens. Fig. 7 compares the change of
the pore area with the dose in the oxidized surfaces of the irradi-
ated specimens.

In Fig. 5, while the differences in the oxidation rate between the
purified IG-110 and 1G-430 is small, and large differences are ob-
served between the IG-11 and the other two purified nuclear
grades, a higher oxidation rate of IG-110 than the 1G-430 is ob-
served through out the temperature >>~800 °C. The observed high-
er oxidation rates in the IG-110 by TG in Fig. 5 can be confirmed in
Fig. 6, where, both the as-received and lower dose condition
(0.026 dpa) show a higher oxidation rate in the IG-110 than the
1G-430. However, with an increase in the dose, the oxidation
behaviors of the grades show a critical change, as observed in
Figs. 6 and 7. Thus, for IG-110, the oxidation rate shows an appar-
ent increase with a dose up to ~0.02 dpa (Fig. 7(a)). However, for a
dose higher than ~0.02 dpa, the oxidation rate estimated by the
changes in the pore area appears to decrease in IG-110. It is worth
noting that the critical dose in Fig. 7, ~0.02 dpa, is similar to the
critical dose in the (Ip/lg)irr/(Ip/lg)e — surface dose curve in
Fig. 4(b) and (c), where, the (Ip/Ig)irr/(Ip/lg)o shows a peak at
~0.02 dpa. This observation in both Figs. 7 and 4(b), 4(c) implies
that a change in the irradiated microstructure has resulted in a
pore area change. This observation may be attributed to an irradi-
ation-induced defect formation and pore area reduction due to an
amorphization [23,24].

In Fig. 7(a), contrary to the IG-110, the IG-430 shows a quite dif-
ferent oxidation behavior in that the pore area begins to decrease

0.020

)

0.015

0.010 ﬁ 1G430
0.005 ///
0.000 s

400 600 800 1000 1200 1400
Temperature,’C

Oxidation rate, [wt.%/sec]

Fig. 5. The temperature dependency of the oxidation rate of the as-received, un-
irradiated IG-11, IG-110 and IG-430.
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Fig. 7. The change of the pore area in the oxidized surfaces of irradiated specimens. Note the differences in the oxidation temperatures in Fig. 7: (a) 750 °C and (b) 1000 °C,

respectively: Sp — pore area on the oxidized surface of un-irradiated specimen. S, — pore area on the oxidized surface of irradiated specimen.
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with the dose in the early stages of an irradiation, then, after a
slight recovery in the oxidation rate, little changes are observed
up to ~0.2 dpa. The reversal of the oxidation rate at ~0.17 dpa
should be noted.

In Fig. 7(b) of the oxidation at 1000 °C, both grades show a con-
tinuous decrease in the pore area after a small increase by
~0.01 dpa, and, at ~0.2 dpa, the decrease in the pore area of the
IG-110 is nearly three times that of IG-430. From the observation,
a large dimensional change due to an irradiation may be assumed
for IG-110 than the 1G-430.

Apparent changes in the graphite microstructure due to an irra-
diation may be confirmed from the observation on the differences
in the pore area due to an irradiation.

4. Discussion
4.1. Irradiation sensitivity

If the irradiation sensitivity of the grades is discussed in view of
the degree of graphitization (DOG) and the as-received crystallin-
ity, it is predicted that there will be no large differences in the irra-
diation sensitivity between the grades since the DOG and the
FWHM of the grades are the same at 0.837 (Table 4), and as ~20
(Table 5).

Actually, as seen in Fig. 4(b) and (c), the overall results show lit-
tle difference between the grades in the changes of the crystallinity
and the crystallite size due to an irradiation. However, even the dif-
ferences are not large, some small but apparent differences may be
confirmed. Thus, the results of the oxidation and hardness test
show a higher irradiation sensitivity for the IG-110, and the IG-
430 shows a higher irradiation sensitivity in the crystallinity
change estimated from the FWHM of the Raman spectrum of the
D-peak. The changes in the crystallite size estimated from the
intensity changes due to an irradiation, (Ip/Ig)irr/(Ip/Ic)o, show a
larger decrease in IG-110.

The irradiation sensitivity of the grades appears to show a little
change depending on the parameters evaluated. Of those parame-
ters, the changes in the FWHM of the D-peak and the intensity of
the Raman spectrum appear to show the highest sensitivity,
Fig. 4(b) and (c). In Fig. 4(b) and (c), the higher development of
the D-peak in the 1G-430 than the IG-110 due to an irradiation
may imply that the formation and the stabilization of the radia-
tion-induced defects may be higher in the 1G-430 than the IG-
110. All these understandings and predictions may be attributed
to the differences in the local graphite microstructure of the grades
(thus, the degree of a graphitization). Here, it is worth to note the
reversed responses of the crystallinity and crystallite size of the
grades when analysed based on the results of Raman spectroscopy,
Fig. 5. Thus, for the same dose, while a higher damage to crystallin-
ity occurred in 1G-430, a large decrease in the crystallite size was
observed in IG-110. Further study will be required to understand
the relationships between the changes in the microstructure and
the Raman spectrum.

4.2. Oxidation

Oxidation experiment in the present study has resulted in three
observations: (1) The oxidation rate of the IG-110 appeared higher
than the 1G-430 for both the un-irradiated and the irradiated con-
ditions. (2) The oxidation rate of IG-110 increased with an increas-
ing dose up to ~0.02dpa, where the graphite begins an
amorphization. (3) Amorphization resulted in a lower oxidation
rate. To understand the present observation regarding (1), informa-
tion on the fundamental differences between the grades on the
factors that could have a strong influence on the obtained results

needs to be compared. In this regards, some relevant information
may be found from the TEM microscopy on the grades, Fig. 2,
together with well proven relevant factors: density, porosity, and
impurity.

As seen in Fig. 2 and Table 2, the large differences in the size and
density of the Mrozowski cracks may also be considered as one of
the key factors for the present observations in addition to the al-
ready well proven ones. It is easy to understand that a microstruc-
ture with a high density of large Mrozowski cracks will have more
reaction sites for an oxidation.

Differences in the size and density of the Mrozowski cracks be-
tween the grades are attributed to the differences in the differen-
tial thermal strain of the crystallites of each grades [16].

The results of the lower oxidation rate of the amorphidized
graphite can be understood partly from the decreasing pore area
due to a volume contraction and an increase in the density with
an increasing amorphization [23,24].

5. Conclusions

Comparisons made on the 3 MeV C' ion-irradiation effects on
the microstructure (crystallinity, crystallite size), mechanical prop-
erties (hardness, Young’s modulus), and oxidation properties of the
IG-110 (petroleum coke) and 1G-430 (coal tar pitch coke) showed,
over all, a smaller or negligible differences between the grades.
Large part of the observed similarity in the irradiation sensitivity
between the grades may be attributed to the same degree of a
graphitization (DOG) of the grades. However, even if the differ-
ences are not significant, some small but apparent differences were
confirmed depending on the parameters examined. Thus, the re-
sults of the oxidation and hardness test showed higher irradiation
sensitivity for the IG-110, and the 1G-430 showed higher irradia-
tion sensitivity for the crystallinity change. The changes in the
crystallite size showed a larger decrease in IG-110. Of the parame-
ters examined, the Raman spectra appeared to show the highest
sensitivity to an irradiation. In particular, large sizes of the
Mrozowski cracks in the IG-110 of a higher oxidation rate was
noted.

Even if there are many limitations, a simulation of the neutron
irradiation effects on nuclear graphite by an ion-irradiation may be
useful, in particular, for the study of irradiation effects on the
oxidation and the surface crystallinity (i.e., molecular bonding
structure) of nuclear graphite.
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