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Abstract

The structural change of graphite under high-energy electron irradiation at a wide range of temperatures was in-

vestigated by means of conventional transmission electron microscopy (CTEM), transmission electron di�raction

(TED), high-resolution transmission electron microscopy (HRTEM) and electron energy-loss spectroscopy (EELS).

The experimentally observed result at lower temperatures (<600 K) could be basically interpreted by the local formation

of non-hexagonal atomic rings (loss of the local hexagonal symmetry) in the graphite planes associated with the change

in chemical bonding states. At higher temperatures (>650 K), a graphite single crystal was polycrystallized into nano-

size crystallites with the original hexagonal network locally retained within each crystallite. The apparent activation

energy derived from the present data over the whole temperature range was estimated to be 0.014 eV, which is in

agreement with a reported migration energy of a self-interstitial atom between the basal planes. Ó 2000 Elsevier

Science B.V. All rights reserved.

1. Introduction

The present authorsÕ group has recently re-examined

the damaging process of graphite with electron-irradia-

tion by means of transmission electron microscopy

(TEM) and associated analytical techniques [1±6].

Conventional studies on this subject have treated the

observed phenomena as fragmentation and amorphiza-

tion, in which the underlying structure of disordered

regions has not been fully clari®ed. Several attempts to

imagine the damaged structure have been reported,

taking the issues speci®c to materials having covalent

bonding and high crystallographic anisotropy into

consideration [7±9].

Our new observation [2±5] has strongly suggested

that the damaging process was not mere amorphization

but the structural changes, such as fragmentation and

curling of the basal planes which accompanies a transi-

tion of chemical bonding from sp2 to sp2�a �0 < a6 1�
hybridization, an intermediate state between sp2 and sp3

resonance bonding. This can be closely connected to a

recent ®nding that the surface of graphite thin foils or

carbon nano-tubes transform to closed carbon cages by

high-energy electron illumination [10]. The transforma-

tion is brought mainly through the displacement dam-

ages by high-energy particle irradiation and their

reconstruction by a self-organization process [5,6].

In the present report, the structural changes in elec-

tron-irradiated graphite at elevated temperatures are

described in comparison with the previous results at

room temperature. The origin of the observed structural

change is discussed by a simple kinetic theory. Prelimi-

nary experimental results of conventional TEM

(CTEM), energy-loss near edge ®ne structure (ELNES)

and in situ high resolution TEM (HRTEM) at elevated

temperatures [11,12] and at lower temperatures [5] are

described elsewhere.

2. Experimental

Samples used here were cleaved kish graphite thin

foils with ®ne crystallinity. The sample preparation was

described in detail elsewhere [2].
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The electron irradiation and conventional TEM

(CTEM) observations were carried out over the tem-

perature range of 90±680 K in a Jeol-JEM200CX

microscope, operated at 200 kV with the electron ¯ux of

�1.8 ´ 1020 cmÿ2 sÿ1. After the electron irradiation

ELNES of carbon K-edge was examined at room temper-

ature in an analytical electron microscope (Philips

CM200) equipped with a parallel EELS spectrometer in

the National Center for Electron Microscopy (NCEM)

at Lawrence Berkeley Laboratory (LBL). This instru-

ment was used also for high-resolution observation at

the spots pre-irradiated at 680 K.

3. Results

3.1. Temperature dependence of the changes in electron

di�raction pattern

The original single crystal structure of graphite was

fragmented into nano-pieces by the irradiation, each

portion of which was gradually rotated about the basal

plane normal. The [0 0 0 1] electron di�raction pattern

turned to di�use halo rings by the irradiation below

600 K, whereas to sharp Debye±Scherrer rings above

650 K. The ELNES of the C K-absorption edge did not

appreciably change with the irradiation above 650 K, in

contrast with the case below 600 K, where the speci®c

broad spectral feature commonly seen in higher order

fullerenes appeared [4,11,12]. These suggest that below

600 K, the structural change of graphite under high-

energy electron irradiation proceeds by competition

between the damage production and self-restoring

through the rotation of crystallites about the basal plane

normal and formation of non-hexagonal atomic rings

[2±4,6]. On the other hand, above 650 K the structural

change is characterized by mere fragmentation and ro-

tation of the crystallites with the hexagonal atomic rings

strictly maintained within the crystallites. After very

long irradiation, another Debye-ring intensity, corre-

sponding to the (0 0 0 2) planes, appeared. This indicates

that the graphitic sheets are highly curled, as also shown

in the HRTEM image (Fig. 2(b)). The interplanar

spacing between the basal planes estimated from this

di�raction pattern was 0:346� 0:05 nm and remained

nearly unchanged, compared to the value before irradi-

ation.

The critical doses, Dc, necessary for the transforma-

tion from the [0 0 0 1] di�raction pattern to the closed

halo or Debye±Scherrer rings are plotted as a function

of irradiation temperature in Fig. 1. This curve seems to

consist of two straight lines, suggesting two types of

competing phenomena, as so far reported [13]. Apparent

activation energy for each line was estimated to be 0.31

and 0.016 eV. A very sophisticated consideration based

on kinetic equations has attributed this feature to di-

interstitials, which start mobile around 500 K [13]. The

theoretical model, however, does not take the damaged

structure speci®c for covalent bonding materials with

large anisotropy into account but apply the concepts

same as those valid for metals. It is still doubtful

whether the concepts of interstitial, vacancy and its

clusters hold for graphite in the same manner as metals

because, for example, unsaturated chemical bonds will

be reconstructed, as we have shown in [2±4]. This point

is discussed in a later section.

The change in the full width at half maximum

(FWHM) of the intensity pro®le of the ®rst halo or

Debye±Scherrer ring is also presented in Fig. 1. The

FWHM of the halo ring (T < 600 K) exhibits no tem-

perature dependence, which indicates that the size of

fragmented crystallites is nearly constant irrespective of

irradiation temperature. The approximate unit sizes of

the crystallites were also estimated from the inverse of

the FWHMs to be �1 nm for the halo rings and �5 nm

for the Debye-rings.

3.2. HRTEM observation along the [0 0 0 1] axis

HRTEM images of the sample after the irradiation at

680 K for 4 and 8 h are, respectively, shown in Figs. 2(a)

and (b) together with fast Fourier transform (FFT)

power spectra of the respective HREM images in (c) and

(d). As seen in the images (a) and (c), the resultant

structure is constructed by polycrystals, each rotated

about the basal plane normal with locally well-arranged

lattice fringes. The patchy contrasts and disturbed lattice

fringes are dispersed among the well-de®ned hexagonal

patterns and the approximate size of a unit crystallite is

estimated to be �1 nm. Assuming that the disturbed

contrasts are superposition of fragmented graphite

crystallites having several di�erent orientations, a com-

puter image simulation was carried out, which quite well

Fig. 1. The critical dose, Dc, necessary for the transformation

of the (0 0 0 1) di�raction pattern to the closed halo or Debye±

Scherrer rings as a function of inverse of irradiation tempera-

ture. The full width at half maximum (FWHM) of the intensity

pro®le of the ®rst ring is also presented for each stage.
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reproduces the image [12]. At the upper left corner of the

image (a), curled lattice fringes with larger spacing are

observed. These are corresponding to the (0 0 0 2) lattice

planes. The other lattice fringes across the (0 0 0 2) lattice

fringes in these areas are continuously connected or

making an angle of �30° to the one of three sets of

��2110� lattice fringes. These orientation relationships

between the curled (0 0 0 2) and ��2110� fringes indicate

that the graphitic sheets are bent or curled along Ôzigzag

linesÕ and Ôarm-chair linesÕ, which is similar to the ion-

irradiation-induced surface ridge structure, as reported

previously by the present authorsÕ group [14]. These

highly distorted regions also maintain the original intra-

and inter-plane structural correlations and coherency

with the matrix.

Prolonged irradiation revealed remarkable image

features. As shown in Figs. 2(b) and (d), the structure

can be characterized by the randomly oriented lattice

fringes. Since the radii of the rings in the FFT power

spectra of (c) and (d) are almost unchanged, the graphite

crystal structure is considered to be still maintained lo-

cally within a certain volume at this stage.

4. Discussion

It should be mentioned that the interplanar spacing

between the basal planes was gradually widened by in-

creasing the irradiation time in the RT irradiation,

whereas it was unaltered in the 680 K irradiation [1,11].

Fig. 2. HRTEM images of electron-irradiated graphite viewed along the original c-axis direction at 680 K for 4 h (a) and 8 h (b).

Fourier transformed power spectra of (a) and (b) are shown in (c) and (d), respectively.
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This could be caused by the slight change in the elec-

tronic structure and the interplanar spacing increased

accordingly. The lattice dilation is saturated at �11%

corresponding to �1 dpa irradiation. This suggests that

there is an upper limit in the possible amount of non-

hexagonal atomic rings formed within a fragmented

crystallite. After reaching this limit, the apparent struc-

ture does not change by further irradiation, though the

bond breaking and reconstruction would dynamically

occur. In this regime, the density of the material is de-

creased [2] because a part of displaced atoms will escape

away.

A simple kinetic theory leads to a relation for the

fraction of the disordered region, fa, as a function of

irradiation temperature, T [15]:

fa � 1ÿ exp

�
ÿ /rt � t

s

� �
exp

�
ÿ Ea

kT

��
: �1�

The ®rst term in the square bracket represents the pro-

duction rate of displacement damage, where / denotes

the electron ¯ux and r the cross-section of elastic colli-

sion. The second term is temperature-dependent damage

recovery rate with a characteristic time s and activation

energy Ea. If one assumes that the continuous ring for-

mation of halo or Debye±Scherrer rings is achieved by

the same damage level, f 0
a , as de®ned by the time t0,

Eq. (1) can be expressed as

C
t0

� ÿ/r� 1

s

� �
exp

�
ÿ Ea

kT

�
; �2�

where C is a negative constant, corresponding to

ln�1ÿ f 0
a �. Since the electron ¯ux is a constant, the

critical dose, Dc, is proportional to t0 and ®nally the

relation between Dc and the temperature can be given as

1

Dc

/ /rÿ 1

s
exp

�
ÿ Ea

kT

�
: �3�

The experimental results ®t well with the relation,

Eq. (3), for the whole temperature range irrespective of

halo or Debye ring formation, as shown in Fig. 3. It

gives Ea� 0.014 eV, which is consistent with the mi-

gration energy of self-interstitial carbon atoms in the

basal planes, Ea� 0.016 eV, theoretically estimated by

Iwata et al. [16]. Therefore, the orientational and

structural disordering of graphite by electron irradiation

would be controlled by the mobility of interstitial atoms

produced by displacement damage.

On the other hand, the characteristic time for damage

recovery, s, was estimated to be �210 s with

/ � 1:8� 1020 cmÿ2 sÿ1 and r � 20� 10ÿ24 cmÿ2 [17] at

the present experimental conditions. The recovery in this

case should correspond to the orientational ordering of

small crystallites fragmented by the displacement dam-

age. The very large value of s indicates that the recovery

process is very slow because it involves dynamical pro-

cesses of the large structural units, presumably trying to

®nd a more stable reconstruction of broken bonds be-

tween the fragmented crystallites.

The reconstruction within the crystallites which in-

volves the formation of non-hexagonal atomic rings at

lower temperature could have apparent activation en-

ergy much larger than 0.014 eV, instead of the longer

characteristic time for recovery involved, which makes

the term from this process negligible in Eq. (3). This

could be a reason why the data points in Fig. 3 ®t well

with the single equation. The data points are not avail-

able here between room temperature and 94 K in Figs. 1

and 3. These lacking data points may give an alternative

expression or additional term to Eq. (3) because the term

with larger activation energy will be manifested at a

lower temperature range. It is hence necessary to bridge

the wide gap for further discussion.

The structural changes observed in the present study

are not recovered by post-annealing at temperatures

lower than 800 K. Hence the structural changes pre-

sented here give no explanation for the origin of the

unusual energy release around 600 K, which is known as

the Wigner energy [18]. The analysis presented here

might be too simpli®ed, though we would like to show

an alternative interpretation for the phenomenon other

than the sophisticated one in [14] and further investi-

gation is still needed to fully understand the damaging

process of this material.

5. Summary and conclusions

Amorphization of electron-irradiated graphite has

been well characterized so far by X-ray di�raction and

TEM as fragmentation and rotation of the crystal,

though the underlying structure of disordered regions or

each fragmented crystallite has not been clari®ed. A

series of our studies give an answer for the question:

Fig. 3. Replot of Fig. 1 as 1/Dc vs 1/T. The solid curve is the

best ®t result according to the equation inset.

920 S. Muto, T. Tanabe / Journal of Nuclear Materials 283±287 (2000) 917±921



what is the two-dimensional disordered structure under

the constraint condition that the bond length between

atoms remains almost unaltered. As a conclusion slight

variation of bond lengths associated with the local for-

mation of non-hexagonal atomic rings at lower tem-

peratures is necessary to give a di�use halo pattern in

electron di�raction and this inevitably induces the

fragmentation and curling of the basal planes. The long-

range disordering should proceed only by polycrystalli-

zation through orientational disordering about the plane

normal without the transition of bond lengths and three-

dimensional distortions. These two modes at di�erent

scales of disordering process correspond, respectively, to

the irradiation-induced structural changes at RT and

680 K. The two modes depend only on the recovery rate

characterized by one parameter, Ea, which may be

connected to the migration energy of self-interstitial

atoms within the basal plane.
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