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Abstract: Multi-walled carbon nanotubes (MWCNTs) were irradiated with focused electron beams in a transmission electron 
microscope at room temperature. The results showed that carbon nanotubes had no obvious structural damages but only shell bending 
under 100 keV electron beam irradiation. However, when the electron energy increased to 200 keV, the nanotubes were damaged and 
amorphization, pits and gaps were detected. Furthermore, generating of carbon onions and welding between two MWCNTs occurred 
under 200 keV electron irradiation. It was easy to destroy the MWCNTs as the electron beams exceeded the displacement threshold 
energy that was calculated to be 83−110 keV. Conversely, the energy of electron beams below the threshold energy was not able to 
damage the tubes. The damage mechanism is sputtering and atom displacement. 
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1 Introduction 
 

Carbon-based materials are commonly used in 
aerospace industry or nuclear reactors. Due to the unique 
chemical and physical properties [1−4], carbon 
nanotubes (CNTs) reinforced copper or silver composites 
have been widely used in electric brushes on spacecrafts. 
However, these materials are sensitive to the 
environment, particularly to the influence of high-energy 
particle radiation. The structural stability of such 
materials under various irradiation conditions is crucial 
to the safety of aviation facilities. Investigations on 
structural change of irradiating CNTs are of great 
importance to provide insights for interactions between 
energetic particles and CNTs and for controllably 
protecting radiation damages [5]. Electron irradiation has 
always been used to simulate the behavior of high- 
energy particle bombardment for investigating the 
applicability of materials under harsh outer space 
radiation environments with a considerable flux of 
energetic cosmic particles [6]. However, electron beam 
irradiation of MWCNTs has been seldom reported. 

Motivated initially by materials requirement for 
nuclear reactor development, studies focusing on the 
irradiation effects have been widely performed by 

transmission electron microscopy (TEM) [7]. CHOPRA 
et al [8] reported the first in situ study of the dynamical 
behavior of CNTs employing TEM. Nowadays, field 
emission TEM (FETEM) proposes the possibility to 
achieve the current density of about 108 A/cm2 by 
focusing the beam to a small spot (less than 1 nm) on the 
specimen. Additionally, FETEM is equipped with CCD 
cameras with exposure time of typically 0.5 s which can 
catch more dynamical details. Thus, TEM takes the 
advantage of in-situ observation of structural 
transformations at atomic resolution in real time [9]. 
Based on all of these, FETEM is always applied in 
electron beam irradiation experiments. 

In this work, the electron irradiation performance of 
MWCNTs was studied under a focused electron beam in 
FETEM. Morphology changes and damage mechanism 
under electron irradiation were investigated. It is 
expected that the study on the stability of CNTs under 
electron beam gives insights into material selection. 
 
2 Experimental 
 

The MWCNTs with diameter of 20−50 nm and 
length of 0.5−500 μm (synthesized by catalytic 
decomposition method) were provided by Shenzhen 
Nanotech Port Co., Ltd., China. TEM specimens of  
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MWCNTs were prepared by a brief dispersion in an 
ultrasonic bath of tetrahydrofuran and collected on holey 
carbon micro grids. In-situ observation and electron 
bombardment experiment were carried out on a 
JEM−2100F FETEM with a field emission electron gun 
operating at 100 kV and 200 kV and equipped with a 
slow-scan CCD camera. During the experiment, the 
electron beams were focused to spots with the radius of 
5−25 nm to irradiate samples. Imaging and irradiation 
were always performed on nanotubes protruding into the 
open space of the holes in the carbon film to avoid the 
transformation of the nanotubes from being hindered by 
supports and the contrast overlap of amorphous material 
in the image. 
 
3 Results and discussion 
 

Electron energy of 100 keV was firstly applied to a 
MWCNT. Figures 1 (a)−(d) show the sequential bending 
of the nanotube walls when the beam was irradiated on 
one side of the wall and the spot size was a little larger 
than the wall thickness. The visible dark regions of the 
bending area in Figs. 1 (c) and (d) were caused by the 

shrinking shell structure. After 60 s irradiation, except 
for shrinkage of the shells, no structural damage was 
observed. In addition, the selected area electron 
diffraction (SAED) patterns in Figs. 1 (e) and (f) 
displayed no distinct change after irradiation, indicating 
that no structural changes happened. 

Actually, interaction between electron beams and 
materials is interaction between electrons and atoms. 
When a light electron collides with a nucleus, the 
momentum transfer arises almost entirely from the 
change in direction of the electron. The schematic 
diagram is displayed in Fig. 2 referring to Ref. [10]. The 
angular dependence of the energy T(θ) transferred to the 
nucleus is given by 
 

2
max( ) cosT Tθ θ=                             (1) 

 
where θ is the angle between the initial electron motion 
direction and the scattering direction of the nucleus after 
collision and Tmax is the maximum energy which is 
transferred by a head-on collision (θ=0). Momentum 
conservation gives the maximum energy transfer of a 
relativistic particle (energy E, mass m) to a nucleus  
(transferred energy T, mass M, θ=0): 

 

 

Fig. 1 Bending of shells of MWCNTs under electron irradiation of 100 kV with different irradiation time of 0 s (a), 6 s (b), 11 s (c), 
60 s (d) and selected area electron diffraction patterns of 0 s (e) and 60 s (f) (The beam spot size has a radius of about 6 nm) 
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