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Abstract 

Defect evolution in nuclear graphite has been studied in real time using high-temperature 

in situ transmission electron microscopy. In situ electron-irradiation was conducted at 800°C on a 

200 kV transmission electron microscope with a dose rate, given in terms of displacements per 

atom per second, of approximately 1.46x10-3 dpa/s. Defect domains consisting of ordered 

arrangements of pentagons, hexagons, and heptagons exist intrinsically in nuclear graphite and in 

addition are readily produced via electron-irradiation; however, at elevated temperatures these 

defect domains undergo atomic rearrangements resulting in the formation of carbon nanostructures 

via curling and closure of the basal planes. The formation of fullerenes and other structures due to 

thermal annealing or high-temperature electron-irradiation has been observed in disordered 

regions of the microstructure and interstitially between basal planes. These defect structures result 

in localized swelling and expansion of crystallites along the c axis; thus, it is proposed as one of 

the many atomic mechanisms involved in the dimensional change of nuclear graphite subjected to 

high-temperature irradiation. 
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1. Introduction 

Nuclear graphite is commonly used as a moderating material as well as a key structural 

component in nuclear reactor designs. It is also a candidate material for the future Generation IV 

reactors such as the very high temperature nuclear reactor (VHTR), which may operate at up to 

1000°C [1]. While in reactors, irradiation damage is accumulated in graphite over time from a 

fluence of fast neutrons. During irradiation, significant structural changes to the crystalline 

structure of graphite occurs, leading to plastic deformation. Irradiation-induced microstructural 

changes can play an important role in adversely affecting the mechanical properties (and hence 

performance) of nuclear graphites; however, a clear consensus on the various atomic mechanisms 

responsible for irradiation-induced microstructural evolution has not yet emerged, which yields 

uncertainty in accurately predicting component in-service lifetimes. In part, this uncertainty is due 

to the difficulty in monitoring the dynamic response of graphite during irradiation at the atomic 

level. 

While in situ monitoring of the atomic level response of graphite in nuclear reactors 

remains impossible; in situ transmission electron microscopy (TEM) offers a way to monitor the 

dynamic atomic response of graphite during irradiation-induced defect production, in which 

electrons are used as a substitute for neutrons. While electron-irradiation does provide a method 

to overcome difficulties in monitoring the atomic level response of graphite, considerations must 

be taken as the dose rate for electron-irradiation (10-4 - 10-3 dpa/s) is far greater than that of typical 

neutron-irradiation (10-7 dpa/s) [1]. Electron-irradiation is generally observed experimentally to 

primarily cause point defects; however, theory proposed by Oen [2] suggests that secondary 

cascade collisions have only a small contribution at high electron accelerating voltages; whereas 

cascade damage can be significant under irradiation by neutrons given their larger mass. In any 

event, the mobility and annealing rate of defects are Arrhenius in nature [3]; therefore, as the 

operating temperature of many nuclear reactors is above 450°C, as will be that of the VHTR, 

cascade damage is partially annealed out between individual cascade events, giving a net effect of 

isolated point-defect damage [4]. In addition, given a low density of collision cascades due to the 

wide spacing of graphite’s basal planes [4], high-temperature neutron-irradiation may arguably be 

comparable to high dose-rate electron-irradiation [5,6]. 

On the atomic scale, radiation displacement of carbon atoms causes contraction in the a/b 

direction (i.e., parallel to the basal planes) and expansion in the c- direction (i.e., perpendicular to 
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the basal planes) [7-10]. The formation of interstitial loops between basal planes is generally 

believed to result in c-axis expansion due to the formation of additional basal planes and a-axis 

contraction from displacement of atoms within the basal planes [8]; however, alternative 

explanations for dimensional change in nuclear graphite have been proposed by recent theoretical 

models of basal plane defects, such as five- and seven-member rings [11,12], the buckling of basal 

planes, and the so called “ruck and tuck” of basal planes[13]. The buckling and distortion in sp2 

bonded materials is known to occur in the presence of defect domains consisting of ordered 

arrangements of pentagons, hexagons, and heptagons, in which the atomic arrangement departs 

from the typical honeycomb structure [14]. Specific defects include the so called Stone-Wales 

defect and the Haeckelite allotrope of carbon [15]. These basal plane defects are commonly 

modeled two-dimensionally within graphene ribbons (isolated graphene strips). Density functional 

theory (DFT) and molecular dynamics (MD) studies provide a means for further analysis of the 

stability, scalability, and other key physical properties of materials with these defect structures. 

Stable basal plane defects cause strain with respect to unstressed graphene and have been proposed 

to result in out-of-plane “blistering” of approximately 2 Å [12]. Furthermore, MD studies have 

shown that graphene ribbons of a critical size (rectangular ribbons of 56 atoms or more), along 

with the presence of five-member rings and high temperature (~525-925°C), will curl and edges 

will meet resulting in closure and the formation of open-ended hollow structures (i.e., nanotubes) 

[16]. MD studies have also shown graphene-to-fullerene transformations under simulated electron-

irradiation [17].  

Many in situ electron-irradiation studies which analyze the c-axis expansion of crystallites, 

amorphization, fragmentation of basal planes, tortuous nanotexture and line-defect formation of 

graphite have been conducted [3,6,18-21]. Koike’s [18] room temperature electron-irradiation 

TEM studies showed 300% expansion along the c axis in a crystallite of highly oriented pyrolytic 

graphite (HOPG). The proposed mechanism for the extraordinary swelling along the c axis was 

given by fragmentation of basal planes due to small interstitial clusters.  Room-temperature 

electron-irradiation studies on graphitized carbon fibers by Muto and Tanabe [19] additionally 

showed swelling along the c axis; however, experimental results showed homogenous swelling of 

the lattice spacing contradicting the proposed expansion due to fragmentation.  It should also be 

noted that experimental results from Refs. [18] and [19] did not provide evidence of stable 

interstitial or vacancy dislocation loops, and their existence at room temperature remains 
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controversial. Other experimentally deduced mechanisms proposed for irradiation-induced 

structural changes in nuclear graphite at room temperature include the formation of new basal 

planes via dislocation climb [6]; however, electron-irradiation studies conducted at elevated 

temperatures remains scant [3,20,21]. Of the few studies conducted, that of Muto and Tanabe [20] 

showed that above temperatures of approximately 125°C the mechanisms controlling irradiation 

damage change at a critical dose inferred from electron diffraction patterns. At temperatures below 

125°C, an increase in lattice spacing was observed; however, at temperatures above approximately 

400°C lattice spacings remained unchanged, indicating that during irradiation the graphite lattice 

structure was not altered. As such, there remains no clear consensus to the atomic mechanisms that 

contribute to dimensional changes seen in nuclear graphite. While there remains a dearth of 

experimental studies of graphite at elevated temperatures, there have been many studies of the 

alterations within disordered carbonaceous species irradiated with energetic electrons, in which 

the formation of fullerenes, nanotubes and carbon onions have been observed [9,22-24]; however, 

in-situ TEM experiments of these phenomena occurring within nuclear graphites under irradiation 

at elevated temperatures have not yet been conducted.  

Almost all graphitic precursors, such as soot particles, or any disordered graphitic species 

have been shown to transform to fullerene phases when subjected to sufficient irradiation with an 

electron beam [25]. Nuclear graphites have a complex microstructure composed of filler, binder, 

quinoline insoluble (QI) particles, micropores, turbostratic graphite phase, and lenticular cracks 

nanometers to several hundreds of nanometers in length known as Mrozowski cracks [26,27]. 

Mrozowski cracks form between basal planes due to weak Van der Waals bonding and volumetric 

shrinkage during cooling from graphitization temperatures. Given the complexity of this 

microstructure, a high density of various defects exists; therefore, studies conducted on areas of 

the microstructure with well aligned crystallites, such as filler particles, in which lattice fringes are 

imaged perpendicular to the c axis, may not be an accurate depiction of the bulk material. 

Furthermore, one might expect the presence of under-coordinated carbon atoms in poorly 

graphitized areas of the microstructure including phase boundaries, crystallite boundaries, and 

within many microstructural features such as QI particles and Mrozowski cracks. Distortions in 

the graphitic structure may be expected when any non-six-sided rings are present. In addition, 

given defect production due to high temperature and irradiation, non-equilibrium conditions are 

maintained while graphite is in nuclear reactors, which may stabilize fullerene phases and other 
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carbon nanostructures. In this work, high-temperature in situ electron-irradiation studies have been 

conducted on nuclear graphite IG-110. Experimental results show the morphology and ordering of 

carbon nanostructures not only in disordered areas of the microstructure, but interstitially between 

basal planes as well. The formation of these nanostructures is proposed as one of the many 

mechanisms resulting in the dimensional changes seen in high-temperature irradiated nuclear 

graphite. 

2. Experimental  

2.1. Sample Preparation and Microscopy 

IG-110 nuclear graphite (Toyo Tanso Co., Kagawa, Japan) is a petroleum-coke-based, fine-

grained, iso-molded nuclear graphite chosen because it is a common reference fine-grained 

graphite. Bulk samples of IG-110 were cut into approximately 0.5 mm thick slabs using a low-

speed diamond wafering blade. Samples were further mechanically thinned to approximately 

60 μm via grinding and polishing, then specimens 3 mm in diameter were cut using a rotary disc 

cutter (Model 360, Southbay, San Clemente, CA). Final thinning of specimens to electron-

transparency was achieved by Ar+ ion-milling using an ion polishing system (Model 691, Gatan, 

Pleasanton, CA).  Low-voltage, low-angle ion-milling finishing was conducted on the specimens 

at 1 kV and 2° for 20 minutes after perforation to minimize ion-induced damage. In addition, 

electron-transparent specimens were also prepared via controlled oxidation in which the center of 

the 3 mm specimen discs were selectively oxidized. Experimental conditions for the preparation 

of TEM specimens of nuclear graphite via controlled oxidation can be found elsewhere [28]. 

Oxidized TEM specimens are free of irradiation-induced artifacts from ion-milling; thus, they may 

be used as a baseline to confirm that any experimental observations at near no irradiation damage 

are not artifacts caused by ion-milling induced irradiation. Bright-field and high-resolution 

transmission electron microscopy (HRTEM) studies were performed using a JEOL-2100 HR TEM 

(JEOL Ltd., Tokyo, Japan) operated at 200 kV. In-situ heating experiments were conducted with 

a double-tilt heating holder (Model 652, Gatan, Pleasanton, CA) in which specimens were heated 

at a rate of 10°C/minute.  It should be noted that any material imaged with a TEM will experience 

potentially damaging electron irradiation; however, care was taken to perform all beam alignments 

and focusing off regions of interest to reduce electron beam-induced damage; in addition, low 

exposure times (0.35s) were used while imaging. Hereafter, these baseline images are labeled as 

having ‘near-0 dpa’.  
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2.2. DPA calculations 

 To evaluate the dose of radiation damage experienced by a material, a commonly used 

parameter that characterizes the number of atoms displaced from their normal lattice sites as a 

result of energetic particle bombardment is the ‘displacements per atom’ (dpa). To determine the 

dose experienced by a material in a transmission electron microscope, the flux of electrons at 

operating conditions of the microscope must first be calculated. The flux is calculated with the 

total beam current, itot, the radius of the beam, r0, and the magnification used, M. The following 

expression represents the total flux of electrons, 
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where ܥ is the fundamental charge (1.60217662 × 10-19 C). Evaluating the expression for a total 

current of 4.01x10-10 A, a beam radius of 18 mm, and a magnification of 600,000 gives a flux of 

9x1023 electrons m-2s-1. The dose rate, given in dpa/s, is given by the product of the flux and the 

total cross section for atomic displacement, tot. 
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where ܧ௜ is the energy of the incident electron, ܧ஽ is the threshold energy for displacement of a 

given element of atomic number ܼ, and ݔ ൌ ܶ/ ௠ܶ , which is the ratio of the primary knock-on 

energy ܶ  and the maximum transferred energy ௠ܶ resulting from a head-on collision. The function 

,ݔሺܯ  ሻ yields the ratio of the Mott and Rutherford cross sections, the solutions for which areܧ

given by Ref. [29]. Assumptions implicit in Eqs. 2 – 4 follow the Kinchin and Pease Model [30] 

which assumes only one atomic displacement will occur for primary knock-on energies in the 

range ܧ஽ ൑ ܶ ൑  ஽, and the number of atomic displacements for primary knock-on energiesܧ2

T > 2ED is given by the ratio ܶ/2ܧ஽. Reported values for ܧ஽ in graphite show a great variation in 

the literature [5,9,21,31] and range from 12-60 eV; however, Banhart [9] suggests an appropriate 
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polycrystalline value between 15-20 eV. Assuming a value of 20 eV for ܧ஽, and a 200 keV incident 

electron energy, the total displacement cross section for carbon is given in Ref. [2] as 16.25 barns. 

Evaluating Eq. 2 with the given values for electron flux and the total displacement cross section 

yields an approximated dose rate of 1.46x10-3 dpa/s. 

3. Results and discussion 

 Fig. 1. shows bright-field TEM micrographs of nuclear graphite IG-110 prepared by 

conventional ion-milling technique. Fig.1. (a) shows a boundary region near the termination of a 

filler particle. Boundary regions between phases in nuclear graphite may extend several hundred 

nanometers and are composed of Mrozowski cracks, pores, misaligned basal planes and randomly 

oriented crystals.  Fig.1. (b) shows QI particles that are often found in the binder phase of nuclear 

graphites. The micrographs shown in Fig.1. depict representative areas of the microstructure in 

which there is no long-range order to crystals, basal planes are misaligned, and disordered graphitic 

phases exist on the microscopic scale.  

Fig.1. Bright-field TEM micrographs showing the complex microstructure of IG-110 in (a) a 
region in the phase boundary between a filler particle and the binder phase and (b) QI particles 
found in the binder phase. 

Fig.2. (a) and (b) show a specimen of IG-110 prepared via oxidation and imaged at room 

temperature with very little electron beam exposure and therefore near 0 dpa. Although this 

technique has been shown to produce isolated artifact-free crystals of nuclear graphite [28], basal 

plane edges which contain under-coordinated carbon atoms are exposed (i.e., while such 

specimens are artifact-free, they are not defect-free), whereas Fig.2. (c) and (d) show specimens 

of IG-110 prepared via ion-milling. The micrographs of IG-110 in Fig. 2 were all taken near 0 dpa. 

Fig.2. (a) was taken at room temperature while Fig. 2 (b-d) were taken at 800°C.  While basal 
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plane edges are left largely unaltered at room temperature, curling and closure of basal plane edges 

is observed as loops in oxidized specimens with localized swelling indicated, Fig. 2. (b), and in 

ion-milled specimens as either hollow nanotube-like structures within Mrozowski cracks, Fig. 2. 

(c) or interstitially as a line defects, Fig. 2. (d). These results show experimentally that the curling 

and closure of basal planes is not a result of irradiation but of thermal annealing only. Furthermore, 

given Fig.2. (b), the curling and closure of basal planes cannot be explained as simply an artifact 

introduced by ion milling. 

 

Fig.2. HRTEM images of IG-110 imaged at near 0 dpa. (a) TEM specimen prepared via oxidation 
of IG-110 imaged at room temperature showing no curling or closure of basal planes. (b) 
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Oxidation-prepared TEM specimen showing curling of basal planes and localized swelling, at the 
edge of a crystallite imaged at 800°C. (c) Ion-milled TEM specimen imaged at 800°C showing 
curling and localized swelling of basal planes, indicated by an arrow, in disordered region of the 
microstructure. (d) Curling of incomplete basal planes around a prismatic dislocation in ion-
milled IG-110 imaged at 800°C.  
 

Fig.3. shows the effect of electron-irradiation at 800°C on IG-110 prepared via oxidation. 

The oxidized specimen of IG-110 irradiated to 1.75 dpa depicted in Fig. 3 (a) shows that under-

coordinated carbon atoms near the edges of crystals will transform into carbon onions upon 

continued irradiation. 

 
Fig.3. HRTEM micrographs of IG-110 prepared via oxidation imaged at 800°C. (a) Specimen 
irradiated to 1.75 dpa where the formation of carbon onions is indicated. (b-d) Specimen 
irradiated to ~1.44 dpa where significant distortion of the basal planes is observed. Area (b) shows 
the curling and closure of a basal plane interstitially, (c) shows the rucking of basal planes, and 
in (d) basal plane separation and voids are visible. 
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Carbon onions are a non-equilibrium structure consisting of concentric shells of fullerenes which 

self-assemble under irradiation. Formation of concentric-shelled fullerene phases due to electron-

irradiation from graphitic or amorphous carbon precursors was first observed by Ugarte [22] and 

may be expected to form in any highly disordered phase of carbon irradiated at high temperatures; 

however, their evolution and existence in disordered phases of nuclear graphite has not previously 

been reported. The present experimental results shown in Fig.3. (a) show that the formation of 

carbon onions will occur in nuclear graphite where basal plane edges and under-coordinated atoms 

are exposed. As carbon onions form in un-constrained areas near voids or pores, their contribution 

to dimensional and property changes observed in nuclear graphite remains an open question; 

however, other distortions to the graphite lattice is seen to occur. The oxidized specimen of IG-

110 irradiated to approximately 1.44 dpa depicted in Fig.3. (b-d) illustrates several mechanisms of 

basal plane distortion, including Fig.3. (b) the curling and closure of a basal plane interstitially 

forcing adjacent planes apart, Fig.3. (c) the rucking of basal planes, and Fig.3. (d) the separation 

of basal planes creating voids. It is clear from this image that many different mechanisms are 

responsible for observed dimension changes in nuclear graphite at elevated temperatures. The 

difficulties in acquiring quality micrographs (i.e., snapshots) from in situ heating studies should 

be noted. Significant mechanical drift in all axial directions may occur during in situ analysis and 

increases with temperature. An in situ video showing the formation of the carbon onions is 

provided as Video 1 from which the snap shot shown in Fig. 3(a) is taken. 

Video 1 HREM in situ video of nuclear graphite IG-110 prepared to electron transparency via 
oxidation. Specimen irradiated from approximately 0-1.75 dpa with an 200kV electron beam 
showing the formation of carbon onions. The video was rendered at 4 times normal speed. 

Fig.4. (a-f) shows an in situ electron-irradiation study of IG-110 prepared via ion-milling 

conducted at 800°C from approximately 0 to 1.77 dpa. Fig.4. (a) shows the initial state of a 

crystallite within the center of a QI particle, with the initial crystallite size measured along the c 

axis labeled. As the structure accumulates irradiation damage, displaced atoms appear to form 

small aggregate defects, which distort basal planes and are observed as blurred strain fields, 

indicated in Fig.4. (b). With continued electron-irradiation, nucleation and growth of a larger 

defect structure is observed in Fig.4. (c-e). Fig.4. (f) shows a nanotube-like defect interstitially 

formed, resulting in significant expansion in the c direction, with the width of the indicated 

crystallite increasing from 3.71 nm to 5.61 nm which is an increase of approximately 51%. In 

addition, the clear contrast of the observed defect in Fig. 4. (f) suggests that the defect must be 
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stable and extend through the majority of the specimen’s thickness [19] (approximately 115 nm 

measured via electron energy loss spectroscopy with the log-ratio method [32]).          

 

  

Fig.4. HRTEM micrographs within a QI particle at 800°C. (a) Initial micrograph at ~0 dpa with 
initial size of the crystallite along the c axis labeled. (b) After 0.90 dpa where the indicated strain 
field suggests the presence of defects. (c)  After 1.01 dpa where accumulation of defects is apparent 
within the structure. (d) 1.29 dpa & (e) 1.47 dpa show the curling and closure of interstitially 
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displaced carbon atoms into a nanotube-like defect that remains stable under continued electron-
irradiation, as shown in (f) after 1.77 dpa with final crystallite size along the c axis labeled. 

A possible interpretation of the evolution 

of the hollow nanotube-like defect seen in 

Fig.4. (f) could be interlayer bonding occurring 

between basal planes. While exposed to electron-

irradiation, displacement of carbon atoms from 

equilibrium postitions occurs, resulting in 

interstitial and vacancy defect species. It is 

generally believed that, in the case of single-

bonded interstials, binding sites are created in the 

adjacent interlayer regions due to interuption of π 

bonding within basal planes [33], which may 

result in the formation of  small aggregrates (4±2 

atoms) of cross-linking interstitials. Interlayer 

bonding may also occur from divacancy species, 

such as the so called ଶܸ
ଵߚߚ and ଶܸ

ଶߚߚ  interlayer 

divacancies (in the notation of Ref. [34]); 

however, only the later has been proposed to 

result in nucleation of extended interlayer defects 

[35] and is depicted in Fig.5. The notation  ଶܸ denotes a vacancy species in which two atoms 

surrounding each vacancy are able to form bonds within the plane where two under-cordinated 

atoms are situated directly above one another (α site), as indicated by the red square in Fig. 5. In 

the case of a ଶܸ
ଶߚߚ divacancy, the superscript 2 denotes the vacancies occur at second nearest 

interplane neighbour positions, and ߚ denoting a vacant lattice site position below a ring center in 

the adjacent layer.  This divacancy results in twofold coordinated carbon atoms which allow 

bonding interactions between basal planes similar to a spiro interstitial (ground state carbon atom 

interstitial consisting of four bonds, two bonds with each adjacent basal plane) [8]. It is proposed 

that the ଶܸ
ଶߚߚ interlayer divacancy will remain immobile at temperatures below 1000°C and may 

therefore result in further interlayer bonding from under-coordinated atoms [35]. After a ଶܸ
ଶߚߚ 

defect is formed, nucleation of an extended interlayer defect, such as the so called “V7-V7 interlayer 

Fig.5. Schematic of a ଶܸ
ଶߚߚ interlayer

divacancy, where the square highlights two
under-coordinated atoms that may form an
interlayer bond. A color version of this figure
can be found online. 
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defect” (in the notation of Ref. [34]) where four interlayer bonds occur as a result of two vacancy 

lines in adjacent layers consisting of seven vacancies in both α and ߚ sites along the zig-zag 

direction. This interlayer defect has been both simulated and found experimentally with room-

temperature HRTEM studies [6,35]. It is proposed that further growth of an extended interlayer 

defect species may occur, and as irradiation continues, bonds in under-coordinated carbon atoms 

linking the basal planes are broken via atomic displacements resulting in an interstitial “ribbon of 

graphene” with undercoordinated carbon atoms on the edges of the ribbon.  The resulting ribbon 

curls and closure occurs forming the nanotube-like structure (Fig.4. (f)). Further molecular 

dynamics studies could provide confirmation of the stability of these defect structures and a 

possible formation mechanism.  

The mechanisms responsible for the dimension change observed in nuclear graphite while 

subjected to irradiation is believed to be a function of temperature. Room temperature electron-

irradiation studies have proposed several mechanisms to explain the resulting dimensional change 

in nuclear graphite [6,18,19]. However, larger and stable defect structures have not been observed 

at ambient temperatures. At elevated temperatures it is generally believed that the mobility of 

interstitial and vacancy defects increases resulting in atomic rearrangement of atoms and/or 

agglomeration of point defects [8]. The curling and closure of basal planes due solely to thermal 

annealing, as seen in Fig. 2., has been found to occur at lower temperature (750°C, see 

supplementary data); however, the formation of stable fullerene defects via electron-irradiation 

was not achievable below 750°C in practical experimental times. The formation of the stable defect 

structure shown in Fig.4. (f) exemplifies the difference in the response of electron-irradiation 

conducted at room temperature compared to electron-irradiation at elevated temperatures. 

Furthermore, the experimental results of this study demonstrate that there is no single mechanism 

responsible for the dimensional change in nuclear graphite; thus, it is believed that many 

temperature-dependent mechanisms are responsible for dimensional change in nuclear graphite. 

 

4. Conclusions 

The formation of carbon nanostructures via curling and closure of basal planes in graphitic 

networks is favorable not only with increased temperature but also in the presence of under-

coordinated carbon atoms and defect species. This work shows experimental evidence that under 

electron-irradiation conducted at 800°C, nuclear graphite will form nanostructures not only in 
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disorded phases of carbon, but interstitially between basal planes. The given experimental results 

show that the formation of carbon nanostructure defects due to thermal annealing or high-

temperature electron-irraditation results in localized swelling and c-axis expansion in nuclear 

graphite; thus, it is an additional atomic mechanism for the observed dimensional changes in 

nuclear graphite subjected to high-temperature irradiation.  
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