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Atomic level processes involved in the swelling and crack-closing in nuclear grade graphite under elec-
tron irradiation have been observed in real-time using transmission electron microscopy. Noise-filtered
lattice images show the formation of vacancy loops, interstitial loops and resulting dislocations with
unprecedented clarity. The dislocation dipoles formed via vacancy loops were found to undergo climb
resulting in extra basal planes. Concurrent EELS studies showed a reduction in the atomic density because
of the breakage of hexagonal carbon rings. The formation of new basal planes via dislocation climb in
addition to the bending/breaking of basal planes leads to swelling and closing of micro-cracks.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Artificial polycrystalline nuclear graphite will be used as a ma-
jor structural and moderator material in high-temperature gas-
cooled next-generation nuclear reactors [1]. Nuclear graphite has
a complex microstructure consisting of filler particles, binder and
micro-cracks parallel to the basal planes [2–4]. Since the historic
nuclear graphite grades are no longer available, it is necessary to
develop an understanding of irradiation induced dimensional and
property changes in the current and future grades. For this reason,
there has recently been renewed interest in the characterization of
the properties of nuclear graphite [5–10].

Under irradiation, polycrystalline graphite undergoes complex
dimensional changes, whereas single-crystalline graphite such as
highly oriented pyrolytic graphite (HOPG) undergoes elongation
in a direction perpendicular to the basal planes and shrinkage
along the basal planes [2]. The present understanding is that the
displacement of carbon atoms caused by irradiation results in the
accumulation of interstitial loops in-between the basal planes forc-
ing them apart. These interstitial clusters eventually rearrange to
form into new basal planes resulting in the expansion along c-axis
and the a-axis contraction is explained at present by the formation
of vacancy loops. At present it is argued that the bulk changes in
polycrystalline graphite can be explained by the orientation of
the crystallites coupled with accommodation provided by micro-
cracks oriented parallel to the basal planes [8]. The micro-cracks
ll rights reserved.
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accommodate the c-axis expansion resulting in net shrinkage at
lower doses of irradiation [11–13] provided by the a-axis shrink-
age. However, this explanation was disputed by Tanabe et al.
[14,15], whose room temperature electron microscopic studies
on carbon fibers did not show any evidence for the formation of
interstitial basal planes and their existence at room temperature
is controversial to date. Niwase [16,17] proposed a convincing
model to explain the dimensional change as well as irradiation in-
duced amorphization at lower temperatures based on the accumu-
lation of partial dislocations, yet the nature of such dislocations
remains unknown. The reasons for the lack of clear understanding
of radiation induced microstructural changes is the complex
microstructure of nuclear graphite as well as the difficulty in cap-
turing the microstructural changes in real-time given the dynamic
nature of the process. One of the ways to overcome these difficul-
ties is to use electron-beam (as a substitute for neutrons) in a TEM
to simulate the reactor environment which enables real-time
observations. However, the dose rates of electron irradiation
(�10�4 to 10�3 dpa/s) is much higher than neutron irradiation
(�10�7 dpa/s). Furthermore, unlike electrons, neutrons and ions
produce cascade damage owing to their heavier mass. Neverthe-
less, the microscopic studies have shown the neutron-induced
damage in graphite to be similar to that of electrons which is be-
lieved to be because of the large open space between the basal
planes [18,19]. The openness of graphite results in less dense neu-
tron-induced cascade structures compared to other close-packed
materials which combined with the lower neutron dose rates in
usual reactor environments result in annealing of cascade struc-
tures leaving a small number of point defects between cascades.
Koike and Pedraza [20,21] have carried out detailed microscopic
studies on HOPG as well as nuclear graphite and established the
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similarities between electron and neutron-induced damage pro-
cesses. However, as pointed out by Pedraza [21] one should not di-
rectly compare the calculated dpa values because of the difference
in the dose rates and the consequent difference in the rate of defect
pairs generated.

In the present study, the room temperature electron irradiation
induced swelling, crack-closing, and associated microstructural
processes performed on next-generation nuclear-grade graphite
(grade NBG-18) were observed in situ using a transmission elec-
tron microscope (TEM). The changes in the local lattice structure
of nuclear grade graphite under electron irradiation, especially
the evidence for the formation of interstitial loops have been
shown with unprecedented clarity with the aid of noise-filtered
high resolution electron microscopic (HREM) images obtained
from videos recorded in situ. EELS was also been used to monitor
the changes in the bonding environment as well as the atomic den-
sity of the graphite.
2. Experimental

TEM samples of commercial nuclear-grade graphite, NBG-18
(supplied by SGL group, Germany), were prepared by conventional
sample preparation techniques. Disks with 3 mm diameters were
cut from the as-received bulk graphite. These disks were further
thinned mechanically to approximately 100 lm thick. An ion-slicer
(EM09100-IS, JEOL) was used to achieve the final electron trans-
parency. Compared to conventional ion milling techniques, the
ion-slicer is known to produce minimal beam damage to the sam-
ples. In situ electron irradiation and EELS studies were performed
at room temperature on a 200 kV JEOL-2100 high resolution trans-
mission electron microscope fitted with an EELS spectrometer
(Enfina, Gatan). Since the irradiation induced processes were rapid,
the whole process was captured in the form of a video. The noise
reduction of the videos was carried out via notch-pass filtering of
fast Fourier transforms. The entire filtering process was carried
out using a MATLAB� code developed at Boise State University.
3. Results and discussion

Fig. 1a and b show the microstructure of NBG-18 taken from fil-
ler and binder regions respectively. The complex microstructure of
nuclear graphite arises from the manufacturing process which in-
volves mixing coke filler particles (petroleum or coal tar) with a
binder (pitch). The micro-cracks seen in Fig. 1a are formed due to
the anisotropic crystal thermal expansion coefficient leading to
de-lamination when the graphite billets cool from high graphitiza-
tion temperatures. These micro-cracks play a vital role in determin-
Fig. 1. Bright field TEM micrographs showing the microstructure of NBG-1
ing the magnitude of irradiation induced swelling as they can
accommodate crystalline swelling that occurs at lower irradiation
doses. Fig 1b shows a region of binder which is embedded with ro-
sette like particles which are resultant of graphitization of solid
quinoline insoluble particles made up of high molecular weight
aromatic molecules present in the pitch binder [4].

The electron irradiation induced microstructural changes, in
particular the closing of micro-cracks were studied in the filler par-
ticles where they are long and lenticular in nature and are believed
to have the most influence on irradiation induced property
changes. Fig 2 shows the effect of intense electron irradiation on
the micro-cracks. The electron-beam was focused (�5 � 1021 elec-
trons/cm-s) and positioned to cover the center of the micro-crack
with an initial width at the center of about�20 nm. With increased
irradiation, the graphite showed significant swelling and the crack
closed completely after only 20 s irradiation time. The dosage, in
terms of displacement per atom (dpa) was estimated to be approx-
imately 1 dpa. A significant decrease in the diffraction contrast in
the irradiated area as seen from Fig. 2b indicates a decrease in
the crystallinity in the graphite. Such behavior has been reported
elsewhere [7].

Fig 3a–c shows lattice images recorded along [1 0 0 0] depicting
the sequential changes in the (0 0 0 2) basal planes associated with
swelling and crack-closing induced by electron irradiation. The
crack with a width which was �20 nm seen in Fig. 3a completely
disappeared as seen in Fig. 3c due to swelling of the crystallite from
either sides. It is clearly shown that, with the increased electron
dose, the graphite basal planes lose their long-range order with
the formation of breaks and bends, eventually leading to random-
ization. The shape of the (0 0 0 2) reflections in the corresponding
Fast Fourier Transformation (FFT) patterns transformed from spots
to arcs (Fig. 4), which is an indication of fragmentation and rotation
of the basal planes while still retaining a layered structure locally
within a smaller scale of few nanometers as seen from the micro-
graphs. The average (0 0 0 2) inter-planar spacing was estimated to
increase approximately 13% from 3.6 nm to 4.2 nm.

During the initial stages of electron irradiation, the nucleation
of numerous dislocation dipoles was observed, the concentration
of which increased with increasing dpa. A high-magnification lat-
tice image shown in Fig. 3d depicts few of these dislocation dipoles
(marked with arrows). These dislocations were created by the for-
mation of vacancy loops (Fig. 3a inset). These images are highly
noisy due to the fast scan rate used to capture the rapid changes
in the lattice structure. In order to observe these changes more
clearly Fig. 5a shows a noise-filtered HREM image, this clearly
shows the nucleation of a vacancy loop (marked with arrows)
which leads to the formation of a set of edge dislocations with
opposite Burgers vectors as shown in Fig. 5b. These two snapshots
8 grade nuclear graphite recorded from (a) filler and (b) binder region.



Fig. 2. Bright field TEM micrographs showing the effect of electron irradiation on nuclear graphite; (a) shows a micro-crack present in the as-prepared sample and (b) the
same crack after �1 dpa irradiation.

Fig. 3. High resolution TEM images showing the effect of electron irradiation on the graphite lattice. (a)–(c) Recorded sequentially from as-prepared, �0.5 dpa and �1 dpa
irradiated samples. Inset in (a) shows the nucleation of vacancy loops. (d) Close up view of the lattice recorded after �0.25 dpa showing the creation of dislocation dipoles;
one such marked with a dashed circle.

Fig. 4. Fast Fourier Transformation (FFT) of HREM images recorded from (a) as-prepared and (b) �1 dpa irradiated sample.
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Fig. 5. Noise filtered HREM images showing the formation of dislocation dipoles via vacancy loops (a) shows the nucleation of a vacancy loop (�0.25 dpa) dissociating itself
into a set of dislocations as shown in (b) with the incomplete planes marked with arrows, (c) shows the growth of the incomplete planes via positive climb and (d) shows the
accumulation of several dislocations at higher irradiation doses resulting in disordering of the graphite lattice. Distance between two black fringes corresponds to (0 0 0 2)
inter-planar spacing (�0.36 nm).
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were captured at 1 s interval. Fig 5b also shows the nucleation of
more vacancy loops. It should be noted that the ballistic displace-
ment of carbon atoms under intense electron irradiation results in
high concentration of vacancies and interstitials. According to
Amelinckx [22], these dislocation loops, formed due to the precip-
itation of vacancies are known to contain a low-energy single
stacking fault (one layer of rhombohedral stacking) with a Burgers
vector of (1/2) h0 0 0 1i + (1/3) h�1 2 1 0i. Subsequent snapshots
show that these dislocations move via positive climb as illustrated
in Fig. 5c. Fig 5c clearly shows the growth of the incomplete planes
marked with arrows which effectively results in the formation of
an extra basal plane. In the case of neutron irradiation, it has been
assumed from TEM observations of irradiated graphite [23] that
the formation of interstitial loops is the reason for the swelling
along c-axis, but the images presented here for electron irradiation
show that extra basal planes can form without the initial formation
of interstitial loops. It should be noted that the whole process is dy-
namic with numerous dislocations being constantly created and
annihilated with only a few dislocations undergoing climb. Apart
from vacancy loops, the formation of interstitial loops (precipita-
tion of interstitials) was also observed as shown in Fig. 6a and b.
Fig. 6a shows the bending of planes outward indicative of compres-
sive stress exerted by interstitial cluster even though the loop is
not resolvable by the Fourier analysis. According to Muto and Tan-
abe [15], the interstitial loops would require to be larger than half
the sample thickness to be visible in HREM images. Fig 6b, a sub-
sequent snap shot recorded after 1 s irradiation shows a more fully
grown interstitial loop with a lateral length of about �5 nm. Most
of the loops observed in this work were of similar size. The inter-
stitial loops of sufficient size are considered to introduce a new c
layer in the ab stacking of hexagonal graphite. This type of intersti-
tial loops, also referred to as prismatic dislocation loops are essen-
tially partial dislocations with a Burgers vector of ½[0 0 0 1] [24].
These interstitial loops were found to be highly unstable and de-
stroyed by further electron irradiation. With the increased irradia-
tion, the concentration of dislocations also increased, leading to an
increase in the concentration of broken graphite layers, eventually
leading to more randomization as shown in Fig. 5d. The complete
real-time noise-filtered video of the above mentioned processes
is provided in video 1.

In order to obtain a better understanding of the implications of
the electron irradiation damage on the atomic bonding, EELS was
used to study the changes in the bonding environment associated
with breakage and randomization of the graphite layers. Fig. 7
shows the low-loss and core-loss EELS spectra recorded for as-pre-
pared and after 1 dpa irradiation corresponding to the microstruc-
tures shown in Fig. 3a and c. The low-loss spectrum shown in
Fig. 7a has two prominent features, a p-plasmon peak around
6 eV and p + r plasmon peak around 25 eV. The p + r plasmon
peak showed a shift towards lower energies with an increase in
the irradiation damage. The energy shift was 1.9 eV for 1 dpa irra-
diation. A shift towards lower energies indicates a reduction in va-
lance electron density which could be indicative of a volume
expansion or of structural transitions such as the formation of
non-six sided carbon rings [25]. It should be noted that there is a
weak p-plasmon peak still present even after 1 dpa irradiation



Fig. 6. (a) Nucleation and (b) growth of an interstitial loop.

Fig. 7. (a) Low-loss and (b) core-loss EELS spectra of the graphite recorded from the
as-prepared and �1 dpa irradiated graphite.

C. Karthik et al. / Journal of Nuclear Materials 412 (2011) 321–326 325
indicating that the layered structure associated with p-bonds is re-
tained, although largely aperiodic, even at this stage of irradiation,
confirming the microstructural observations of the present study.

From the peak position (Ep) of thep + rplasmon peak, the change
in the valence electron density (ne) of the graphite was calculated
using a relationship based on the quasi-free electron model [26],

Ep ¼ �h
nee2

e0m�
ð1Þ

where m� is the effective mass of electrons (for graphite, m� =
0.87me, where me is the free electron mass [27]) and e0 is the per-
mittivity of free space. The mass density can then be estimated from
ne using the atomic mass of carbon and the number of valance elec-
trons per carbon (4). This method of calculating mass density has
been used and verified by several authors [27,28]. From Fig. 7a,
the densities of the as-prepared and �1 dpa irradiated graphite
have been estimated to be 2.28 g/cm3 and 1.96 g/cm3, respectively;
an average fall in density drop of about 16%. It should be noted that
the density of the as-prepared graphite is essentially the theoretical
density of single-crystalline graphite (2.26 g/cm3), which gives val-
idation to this method.

The K-edge core-loss spectra for the corresponding doses are
shown in Fig. 7b. The spectra have two main features: a peak at
�285 eV and a maximum with extended fine structures at �
290 eV which are attributed to 1s-p� and 1s-r� electronic transi-
tions, respectively. It can be seen that the fine structure in the r�

peak disappeared with the formation of a broad peak, which is
indicative of the formation of fullerene like structures [29]. This
change indicates the deterioration of the long-range periodicity
within the basal plane due to the formation of non-hexagonal
atomic rings, which corroborates the previously calculated reduc-
tion in density. Apart from destroying the long range ordering,
the dislocation dipoles are also believed to aid the formation of
the so-called bucky onions [17] because the dipoles induce curva-
ture of the basal planes which is consistent with the formation of
bends and curves in the present case and may explain the changes
observed in the EELS spectra. Recently, Chuvlin et al. [30] have
shown in real-time the fullerene formation from a graphene sheet
under electron irradiation. Also, the accumulation of interstitial
carbon atoms themselves can induce, local buckling of basal planes
by forming cross-links between the basal planes.

Initially, the formation and growth of new interstitial planes as
a result of accumulation of displaced carbon atoms were consid-
ered to be the sole reason for the macroscopic swelling of graphite
along the c-axis, but there was no clear microstructural evidence
creating doubt as to the above mentioned hypothesis for c-axis
expansion [24]. In this work, clear evidence for the formation of
interstitial loops at room temperature has been shown. However,
the interstitial loops were found to be highly unstable and few in
number, therefore unlikely to significantly contribute to the ob-
served swelling. Hence, the authors believe that the observed
swelling along c-axis and the closing of micro-cracks is mainly be-
cause of the new basal planes being introduced by the positive
climb of dislocation dipoles created via vacancy loops. The disloca-
tion climb involves the migration and effective accumulation of
carbon atoms along c-axis leaving behind a high concentration of
vacancies, the condensation of which on free surfaces might be a
reason for the a-axis shrinkage. In addition, the significant reduc-
tion in density observed even at 1 dpa of electron irradiation shows
the increase in the open nature of the lattice. As proposed by Niw-
ase [16], as the dislocation dipoles increase in concentration, they
introduce breaks, bends and curls in the basal planes, leading to
the destruction of the lattice ordering and resulting in a more open
structure which is confirmed from the increase in the measured
lattice parameter and decrease in density as shown by EELS study.
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4. Conclusions

The in situ HRTEM study and analysis of electron irradiation
damage in graphite presented in this paper provides experimental
evidence for the formation of vacancy loops and interstitial loops
in graphite irradiated at room temperature. Dislocations were
found to undergo positive climb resulting in the formation of extra
basal planes which in addition to the reduction in atomic density
as evidenced by EELS are believed to be responsible for the ob-
served swelling and crack-closure.
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