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1. Introduction  

The effects of ionizing radiation on carbon materials have been thoroughly investigated 

because of its importance in the fields of nuclear, medical, and materials science.  Basically, 

the effect of ionizing radiation on carbon materials takes place as a displacement of carbon 

atoms from their amorphous or graphitic structures. For nanocarbon materials, only 

destructive effects were observed in early experiments involving bombardment of carbon 

nanotubes and fullerenes with ions. However, recent work reveals that radiation can exploit 

defect creation for novel materials development especially in electronic nanotechnology 

(Krasheninnikov et al., 2007). 

It is known that electron beam can be used to mechanically manipulate the interconnection of 

carbon nanostructures at high temperatures using transmission electron microscope (TEM). 

For example, two crossing pristine tubes would not normally join, even at high temperatures, 

while e-beam irradiation has been observed to lead to cutting and welding of tubes and 

transformation of single wall nanotubes (SWNTs) to multiwall tubes (MWNTs) (Li  et al., 

2004). The stability of nanotubes under electron irradiation is governed by generation and 

annealing of vacancies-interstitials pair. The interstitial defects have higher mobility and will 

determine the annealing process. Agglomeration of vacancies will lead to radiation cutting 

(Banhart et al., 2005). Also, radiation induces vacancies and the energy gain by dangling bond 

saturation can both weld tubes as well as allow for reaction with oxygen.  This can contribute 

favorably to the nano-electronic structure because it may improve the electric conductivity for 

example. Previous studies have shown that making an electrically conductive connection 

between nanotubes is not straightforward.  Instead of the desirable ohmic contacts, tunnel 

junctions are often generated with high resistance(Gupta et al., 2005; Krasheninnikov et al. 

2007; Zou et al, 2002; Eleketronenmikroskopie, et al 2001). For example, at high temperature 

a focused electron beam in a field emission transmission electron microscope was able to 

transform local arrangements of SWNTs to MWNTs (Li et al., 2004). Plegler et al. used 

computational molecular dynamic simulation to study electron beam modification of 

MWNTs.  They concluded that electron beam is not surface limited and may lead to cross-

links between inner layers (Pregler et al., 2006). 

Carbon nanofibers are being thoroughly investigated for application in structural composites 

for the aerospace industry. This will require careful control of the surface to promote 

properties required for end use because Carbon nanofibers (CNFs) are not highly compatible 

with most polymers. Therefore, it is necessary to modify their surfaces through chemical or 

physical techniques to produce optimized polymer nanocomposites. Oxidizing the nanocarbon 

surface creates active sites, changing non polar sites to polar compounds that are available for 

further chemical reaction or “grafting” (chemical reaction) with additional organic groups. 

Graphitic nanostructures show a variety of structural transformations under electron 
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irradiation. The objective of this proposed project is to develop methodology to functionalize 

carbon nanofiber with organic groups by radiation process to built nanocomposites with good 

interface fiber-matrix. 

2. Experimental 

2.1.Raw Materials  

Pyrograf III™ Vapor Grown Carbon Nanofibers (VGCF) was purchased from Applied 

Science Inc. (Cedarville, Ohio).   Many grades of VGCF are available, which differ in bulk 

density, wall architecture, overall diameter, and prior heat treatment.  We selected the PR-25-

PS-XT grade, which has an average diameter of 80 nm and has been heated treated in inert 

atmosphere up to 1100°C to remove polyaromatic hydrocarbon and metal catalyst impurities 

from the surface. This grade has a good balance of mechanical and electrical properties.  The 

carbon nanofiber has a very organized core and is cover with a thin layer of turbostratic 

carbon. This turbostratic layer is a less organized external layer of carbon, is less resistant to 

radiation, and is the layer that will receive the primary knock on to start the displacement of 

atoms process. Compared to other grades of Pyrograf III, such as PR-24 and PR-19, the PR-

25 grade has lower iron content, a smaller diameter, and a larger number of graphitic edge 

sites available along the length.  A prior investigation was made with the VGCF PR-24-LHT-

XT grade to verify the possibility of grafting oxygen functional groups onto it (Evora et al. 

2007 a, 2007 b). The results showed little or no change in oxygen content.  PR-24-LHT-XT 

has an average diameter of 100 nm, and it has been heated treated in inert atmosphere up to 

1500°C to increase the degree of graphitization compared to lower or non-heat treated 

versions such as PR-25-PS.   

2.2.Electron beam Irradiation Facilities 

 University of Dayton Research Institute electron beam facility. 

 Instituto de Pesquisas Energeticas e Nucleares (IPEN) electron beam facility. 

 E-BEAM Services Inc. electron beam facility. 

2.3.Processing of nanocomposites  

Polymer nanocomposites were comprised of epoxy resin system EPON 862/W with 5 wt% 

non irradiated and irradiated carbon nanofibers. The nanofibers were dispersed into the resin 

at room temperature using a 3-roll mill (Keith Machinery Corporation, see Figure 1).  This 

process is essentially a batch process that involves a high shear exposure at the nip between 

the rollers which are operating at different speeds (40, 105, 270 RPM).  The roller size was 4 

inch diameter x 8 inches wide, and samples were exposed to 4 passes (Klosterman et al., 

2007). 

Next, the mixture was compressed and cured into solid plaques using a programmable flat 

platen press and a silicon rubber mold set. The cure cycle was 2 hours at 121
o
C, 2 hours at 

177 
o
C, and 100 psi throughout. 
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Fig. 1. 3 roll mill for non solvent dispersion process 

2.4.Material Analysis 

The surface oxygen content of the nanofibers was characterized with X-ray Photoelectron 

Spectroscopy (XPS) analysis.  A Surface Science Labs SSX-100 XPS spectrometer was used 

with a base pressure of 6x10
-10

 Torr in the analysis chamber, and an X-ray source with a 600 

µm spot size.  Samples were prepared by first drying the nanofibers   in a vacuum oven 

overnight at 100°C or higher, and then distributing a small amount of material on copper 

adhesive tape.  Two areas were analyzed on each sample.  Results are reported in terms of 

atom% oxygen in the form of single bonded oxygen (O-C), double bonded oxygen (O=C), 

single bonded nitrogen (N), and water (H2O).   The signals for single and double bonded 

oxygen are caused by groups that are covalently bonded to the nanofiber/tube wall, for 

example in the form or phenolic groups (-OH), aldehyde (-CHO), or carboxylic acid (-

COOH).  Water molecules would be attached by secondary bonding; especially hydrogen 

bonding in highly oxidized samples.  The technique is sensitive only to surface atoms. 

To verify modification in their graphitic structure, the samples were analyzed by Raman 

spectroscopy. Raman is a powerful physical technique that is commonly used to characterize 

carbon materials. It is a nondestructive technique and is sensitive to the surface modifications 

occurring in graphitized carbon structures. A Renishaw 1000 micro Raman Spectrometer with 

an Ar+ ion laser at 514 nm (2.14 eV) was used.  Incident and scattered beams were focused 

with a 50x objective lens and laser spots with resolutions as low as 2  m and a spectrum 

range between 100 and 5000cm
-1

. The samples were analyzed in form of a thin paper (around 

20  m) to reach more accurate results. Twelve measurements were made on different areas 

of each sample to provide statistically significant results. 

Scanning Electron Microscopy (SEM) is a very powerful technique to study the material 

morphology and it can detect defect and failure, crystallographic orientation. In this study the 

morphology of nanocomposite was analyzed with ESEM, Philips XL-30, 30 kV accelerating 

voltage. 

3. Results and Discussion 

3.1.XPS results 

XPS results are presented in Table 1. 
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TABLE 1. XPS RESULTS OF NON-IRRADIATED AND IRRADIATED SAMPLES SHOWING THE 

OXYGEN/CARBON RATIO 

Dose 

XPS - O 1s/C1s 

UDRI 
a 

IPEN 
E-BEAM 

Services 

Non irradiated 

(non heated) 
0.03 0.03 0.03 

200 kGy in air - 0.04 - 

1000 kGy in air 0.08 0.08 0.07 

2000 kGy in air - 0.10 - 

3500 kGy in air 0.09 0.13 - 

1000 kGy in/vaccum - - 0.02 

a 
(Evora et al., 2010) 

The results given by XPS analysis showed that the ratio O1s/C1s increased approximately by 

a factor of 3 when the PR-25-PS was irradiated at 3500 kGy in the UDRI facility and a factor 

of 4.3 for the sample irradiated in the IPEN facility. The relative amount of carbon bonded to 

oxygen-containing groups increased, indicating that oxygen reacted with the carbon nanofiber 

surface and modified the carbon nanofiber structure. The only further detail from XPS results 

was that both carbon oxygen bonds (C-O) and carbonyl (C=O) increased, which may be 

related to carboxylic acid. Further investigation would be necessary to verify specifically 

which oxygen functional groups were predominant and is beyond the scope of this work. 

Generally, the types of oxygen functional groups introduced to the surface are a strong 

function of the oxidation process used. For example, Zhou et al. showed that the amount and 

distribution of surface oxygen complexes on carbon nanofibers varied with different chemical 

and thermal treatments (Zhou et al., 2007). Due to the mechanism of electron beam 

interaction with carbon nanofiber tubostractic layer, the samples irradiated in IPEN had their 

oxygen content increased. Free radicals are created on the nanofiber surface by e-beam 

knock-on damage which leads to vacancies and other point defects. These produce a very 

energetic surface that enhances bonding with polar media. 

3.2.Raman results 

Raman spectroscopy is very sensitive to the breakdown in translational symmetry of carbon 

materials and can supply some detailed quantitative information about the microstructure. 

Generally the Raman spectra of carbon materials are simple, with the two most intense bands 

between 1000 and 2000 cm
-1

. The dispersion of   electrons in graphene is why Raman 

spectroscopy is always resonant for carbon. However, Raman has some drawbacks that may 

lead to misinterpretation of the spectra. Ferrati investigated the impact of multiple layers of 

graphene on the D band of Raman spectrum (Yang et al., 2009; Ferrati et al., 2007). For more 

than five layers, the D band Raman spectrum becomes hardly distinguishable from the bulk 

graphite. Thus Raman spectroscopy can clearly identify less than 5 graphene layers.  Ferrati 
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also pointed out that the same sample can have a G peak with different positions and different 

values for full width half mean (FWHM). 

The Raman spectra results are presented in Figures 2 and 3.  In general, the Raman results 

showed that there were no statistically significant change of ID/IG ratios, and the shapes and 

intensities of D and G bands in the spectrum of non-irradiated nanofibers were not much 

different from those of irradiated ones.   Thus, there was no indication of damage to the 

microstructure. Some change was noticed in the sample irradiated at IPEN facilities. The 

IPEN electron beam facility carried out process with very high radiation dose rate (15.7 

kGy/sec) leading to higher beam heating due to less time for heat transfer away from the 

sample. Higher mobility of the atoms in the graphene layers and an immediate recombination 

process may have allowed for more diffusion of oxygen into the carbon nanofiber structure, 

but this process was not able to damage the bulk PR-25-PS structure.  

The radiation damage was localized to the surface and did not compromise the core of the 

carbon nanofiber. Thus, the advantage of this process is that the overall graphitic structure has 

not been damaged. The electron beam interacts with the external layer, which is less 

organized than the bulk of the wall.  Raman spectroscopy is a bulk characterization technique 

in which the laser penetration (~1 µm) (Darmstadt et al., 1997) exceeds the thickness of the 

turbostratic carbon layer deposited on the nanofiber surface where the oxidation takes place. 

In general, the graphite structure of the nanofiber core did not show any damage.  

In Figure 2 the Raman curves of samples irradiated in two different electron beam facilities 

are presented.  The samples irradiated at 1000 and 2000 kGy in IPEN exhibit a slightly higher 

intensity D and G band than for UDRI. The E-BEAM Services Raman curves for sample 

irradiated in air at 1000 kGy presented in Figure 3 also had slight higher intensity compared 

to the ones irradiated at 1000 kGy in vacuum and non irradiated samples. The small 

increasing of the D and G band indicates that the e-beam process carried out in air not only 

induces some defects on carbon nanofiber walls related to oxygen attachment and a possible 

change in graphitic order, but also further removes some amorphous  carbon. 



 

26 

 

Fig. 2. Raman spectroscopy results for PR-25-PS powder irradiated in UDRI
a
 and IPEN 

facilities. 
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Fig. 3. Raman spectroscopy results for PR-25-PS powder irradiated in air and in vacuum at  

E-BEAM Services facility. 

The SEM images of the nanocomposites made with non-irradiated and 1000 kGy irradiated 

PR-25-PS samples are presented in Figure 4. The pulled-out nanofibers of composites 

manufacture with non irradiated carbon nanofiber are very clean and are very clear noticed 

where they pulled out. It can be seen well-defined holes where they pulled out. This indicates 

poor nanofiber-resin interaction, which is consistent with them being non-oxidized. SEM 

analysis of fracture surfaces indicated that the oxidized nanofibers were well dispersed and 

were coated with epoxy resin, indicating good fiber-matrix. 

 

Fig. 4. SEM images of EPON 862/W with a)Non-irradiated VGCF EPON 862/W b) EPON 

862/W with 1000 kGy irradiated VGC. 
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3.3.Mechanism of radiation damage on carbon nanofiber PR-25-PS surface 

In addition to providing information about the mechanism of radiation damage on carbon 

nanofiber PR-25-PS surface, TEM was used to allow direct observation of carbon structures 

undergoing electron beam irradiation. The aim of this TEM analysis was to understand the 

effect of electron beam radiation on the structure of the carbon nanofiber and understand how 

the nature of oxygen functional groups attached to the carbon nanofiber surface. 

As discussed in an earlier section, dislocations, dangling bonds, and electronic excitations are 

the most important radiation effects on nanocarbon structures. All these effects may be related 

to the capacity of nanocarbon structures to react with heteroatoms, self heal and rearrange 

themselves by going through a recombination process. The recombination of interstitials and 

vacancies is expected to be the primary step in Wigner energy release which is stored in the 

interstitial when the atom is dislocated at this position and is liberated posterior recombination 

process (Telling et al., 2003). 

To study the electron beam radiation process on PR-25-PS, a high resolution TEM FEI Tecnai 

F20 TEM at 200kV. TEM images were collected with real time dynamics using a focused 

electron beam and a charged coupled device (CCD) camera that converted optical brightness 

into electrical amplitude. With these images it was possible to explain what happens in real 

time when the electron beam heats the surface of the samples.  

The carbon nanofiber has a very organized core and is cover with a thin layer of turbostratic 

carbon. This turbostratic layer is a less organized external layer of carbon, is less resistant to 

radiation, and is the layer that will receive the primary knock on.  

As shown in Figure 5, when the electrons hit the turbostratic layer, a fog of free radicals is 

created that it is very sensitive to the environment. The TEM was carried out in vacuum but in 

the regular experiment, the samples were irradiated in air. The oxygen of the air dissociates in 

ozone molecules when interacts with electron beam. These ozone molecules are very reactive 

and were present in the atmposphere around the samples undergoing irradiated.  

Depending on the amount of energy involved in the process (considering primary and 

secondary electrons from the cascade effect), defects (dangling bonds, vacancies, interstitial, 

pentagon-heptagon pair defects) are created in the graphene structure, and a high strain at the 

sites of defects should be considered. With defects expanding, the increased tensile force 

leads to a less stable structure compared with perfect hexagonal carbon network. The 

continuous electron beam heating may easily break C-C bonds from defects, causing carbon 

atom sublimation (see Figure 5) and further evaporation of a graphene fragment (Zou et al., 

2002).. The sublimed carbon may also recombine to form a new arrangement leading to some 

reactions with oxygen available in the vault. The damage process is present, however it is not 

sufficiently intense to damage the core of the PR-25- PS and this may explain Raman curves 

presented in section 4.2. Adding to oxidation, welding of two carbon nanofibers can be 

possible because the deposition of turbostratic carbon (Wang et al., 1996). 
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Fig. 5. Evidence of fog of free radical formed after radiation with electron beam from TEM. 

Figure 6 is a high magnification image of the recombination after carbon evaporation under 

the beam. Curled graphitic flakes exhibiting a wave-like structure with random twist are 

formed. They appear as a carbon onion structure in a combination of Stone Wales (SW) 

defects known as pentagon and heptagon carbon rings. There will be nucleation sites for 

growing curved graphitic flakes (Wang et al., 1996). 

        

Fig. 6. Recombined carbon in the form of curling graphitic flakes (in the circles) and a typical 

point of defect where the carbon nanofiber may be cut. 

3.4.Ray diffraction 

To further understand the structural changes of irradiated PR-25-PS in air, a WAXD analysis 

was performed on non irradiated and irradiated samples. The results indicate that the material 

posses two phases. There is a difference in intensity between the XRD patterns of the carbon 

nanofiber non irradiated and irradiated at 1000 kGy in vacuum (see Figure 7) and it is an 

indication that the radiation promote modification on the carbon nanofiber surface. In 

addition, there is a considerable expansion of the lattice in the irradiated samples leading to an 

increase of interplanar spacing (d spacing). It is important to point out the increase of d 

spacing of the sample irradiated in vacuum to 1000 kGy compared to the non irradiated 
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sample and sample irradiated in air to1000 kGy (see Table 2). This result confirms that the 

carbon nanofiber structure is modified from radiation even under vacuum. The XRD results 

are in good agreement with HTEM results presented in Section 3.3. The oxygen attached on 

the surface due to reaction with free radical generated by electron beam process may also 

contribute to increase of d spacing. Zhang et al. also observed that nitric acid oxidation of 

SWNT films led to an increase in the d spacing (Zang et al., 1996). 

 

Fig. 7. WAXD Patterns for samples non irradiated and irradiated at 1000 kGy dose in 

vacuum. 

 

TABLE 3. D SPACING RESULTS OF NON IRRADIATED AND IRRADIATED PR-25-PS. 

Sample 
d phase  

1 (nm) 

d phase 

2 (nm) 

Non 

irradiated 
0.37396 0.34140 

1000 kGy/air 0.37624 0.34153 

1000 kGy / 

vacuum 
0.38278 0.34409 

XRD is important analysis to investigate changes material structure. Endo et al investigated 

the structural changes in stacked cup carbon nanofibers by heat treatment from 1800 to 

3000oC. The increased value of the interlayer spacing for samples at 1800oC was attributed to 

structural disruption at graphene edge planes during the formation of single loops and 

transformation into multiple loops (Endo et al., 2003).  
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4. Conclusions 

The results presented in this study represent a step towards the understanding of radiation 

effects on nanofibers surface and an alternative way to oxidize nanofibers to increase their 

dispersion into a polymer matrix. Oxygen can be grafted on the surface of a carbon nanofiber 

via electron beam irradiation in air and the results are reproducible in different type of 

electron beam facility. 

Using electron beam process to oxidize carbon nanofiber is environment friendly can be faster 

and have the cost reduced due to the ability to combine with other different production line. 

Overall results were repeatable across all electron beam facilities, illustrating the robustness 

of the process.  

Several techniques were used to investigate the impact of the radiation exposure on the 

nanofiber surface. Surface analysis techniques included XPS, Raman and SEM.Other 

techniques were used to characterize the bulk properties of the nanofibers, such as X-ray 

diffraction (crystal structure) and TEM (morphology). 

The nanofiber samples investigated in this research showed damage on the surface such as 

pitches, cutting, welding, and bending, however, this damage was highly localized to the 

surface at discrete locations. There was no indication of widespread accumulation of defects 

in the graphite structure even at higher doses.  

The oxidation process was realized in air leading to an increase of the O 1s/C 1s ratio and 

temperature also played an important role in radiation process, allowing more atom mobility 

and the modifications to take place with no accumulation of defects.  

Functionalization of nanotubes was considered to be an effective way to overcome these 

technical issues, such as poor dispersion and weak interfacial bonding, in order to realize the 

full potential of nanotubes as reinforcement materials. In this study the oxidized nanofibers 

were more uniformly dispersed in a water/methanol (50% v/v). PR-25-PS exhibited higher 

oxidation levels via e-beam irradiation than nanofibers investigated in earlier studies, which 

was attributed to the large number of graphitic edge sites available along the length and 

thinner CVD layer in PR-25-PS which agreed with the theory that electron beam is more 

effective on defects sites. The composites made with 3500 kGy irradiated samples showed 

more uniform dispersion of nanofibers in the matrix and more homogeneity and low 

roughness. 

The mechanism that carried out during interaction of electron beam irradiation with carbon 

nanofiber surface leads to a set of effects such as: removal of matter (vanishing of interstitial 

and agglomeration of vacancies) producing SW defects, dangling bond, electronic excitation 

and recombination process. Overall, every electron irradiation induced damage can generate 

physical and chemical effects and these two major effects will depend on the energy transfer 

from the electron to the target and can occur simultaneously. 

High resolution TEM was used to allow direct observation of carbon structures undergoing 

electron beam irradiation and how the nature of oxygen functional groups attached to the 

carbon nanofiber surface. 

When the electrons hit the turbostratic layer, a fog of free radicals is created that it is very 

sensitive to the environment. With defects expanding, the increased tensile force leads to a 

less stable structure compared with perfect hexagonal carbon network. The continuous 
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electron beam heating may easily break C-C bonds from defects, causing carbon atom 

sublimation. The sublimed carbon may also recombine on a new arrangement leading to some 

reactions with oxygen available in the vault. Adding to oxidation, welding of two carbon 

nanofiber is possible because the deposition of amorphous carbon. 

The X ray diffraction analysis showed an expansion of the lattice and an increasing of the 

interplanar spacing for irradiated samples that is related to recombination of the atom and 

oxidation pos radiation process. 

Electron beam irradiation promotes selective modification on CNF surface that demonstrated 

improved dispersion and wettability in epoxy system. 

5. Future Work 

 Development of grafting process using electron beam to functionalize carbon nanofiber. 

 Development of grafting process using gamma radiation to functionalize carbon 

nanofiber. 

 Optimization of this process through controlled parameter such as dose, dose rate, 

temperature and environment. 

 Determination of grafting rate of irradiated samples. 

 Elaboration of protocol for functionalization carbon nanofiber through radiation 

process. 
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