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ABSTRACT 

 

Radiation can be used to modify and improve the properties of materials. Electron beam irradiation has potential 

application in modifying the structure of carbon fibers in order to produce useful defects in the graphite structure 

and create reactive sites. In this study, vapor grown carbon nanofibers (VGCF) were irradiated with a high 

energy (3 MeV) electron beam in air to dose of 1000 kGy to create active sites and added to methyl methacrylate 

(MMA) dissolved in water/methanol (50% V). The irradiated samples were analyzed by X-Ray Photoelectron 

Spectroscopy (XPS) and Raman spectroscopy to assess the impact on surface and bulk properties. Oxygen was 

readily incorporated enhancing the dispersion of VGCF. Raman spectroscopy analyses indicated that the sample 

irradiated and preirradiated grafted sample with MMA had the intensity ratio increased.  

 

1. INTRODUCTION 

 

Since the discovery of carbon nanotubes in 1991, many efforts have been done to understand 

and improve the capacity of application of this material. It is an ideal material for use in 

nanoscale device as well as in high performance composites because their small diameter, 

wonderful electronic properties, mechanical strength and elasticity. 

 

Mostly researches on this material are adjust it to a wide range of applicability on several 

areas like medicine, engineering and nano eletronic devices. For this reason, there is many 

researches going toward modifying nanotube surface introducing defects or/and functional 

groups for specific use. These modifications as known as grafting process and it can be 

carried out by different processes including radiation process. It still remains a great challenge 

for scientists to find an effective way to modify or transform nanocarbon material at expected 

locations [1]. 

 

Several researches have been done using grafting process to functionalize carbon materials. In 

activated carbon, the chemsitry of surface palys a very important role as adsorbents in aquous 

and air media. The most important heteroatom present on activated carbon surface is oxygen 
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which is usually bonded to peripherical carbon atoms at the edges of the crystalites. Different 

functional groups can arise on the carbon surface due presence of oxygen [2-3]. 

 

As well as activated carbon, in nanocomposite area, place oxygen functional groups by 

grafting pocess on carbon or nanocarbon surface is a very important step to prepare the 

nanocarbon surface desired end application. On composite concern, the enhancement of 

dispersibilty and wettability of the nanocarbon material in the resin will end up in a strong 

adhesion. Oxidation is one of the most commonly used purification and functionalization 

methods. Hydroxyls, carbonyls, esters, quinones and carboxyls are found on nanocarbon 

material surface after oxidizing process. These oxygen containing groups remarkable improve 

the dispersion which is very importante for buiding interfacial bonding; it can be considered 

also that oxigen functional groups attached on the nanocarbon surface opens doors for 

subsequent grafting.  

 

To graft specific functional groups can contribute not only to the uniform dispersion but also 

to enhance interfacial bond. If fiber/matrix adhesion is weak, fiber may act as sites of stress 

concentration. Modification of surface is very important to guarantee the transfer load and 

better composite qaulity. There are several success researches in grafting monomers like 

acrylic acid, metacrylic acid, methyl methacrylate, glycidyl metacrylate, styrene, 4-vinyl 

peridine, polyethylene glycol and others to put organic functional groups on the nanocarbon 

surface [4-28].  

 

Interface plays a major role in the mechanical and physical properties of composite materials. 

The large differences between the elastic properties of the matrix and the fiber are transmitted 

to the fiber through the interface and these interactions, that can be called adhesion, govern 

the load transfer efficiency from the polymer to the nanotubes [28]. 

 

Electron beam is a radiation process with tremendous industrial application and societal 

benefits in the fields of polymer, healthcare, food and environment. It is low timing 

consuming, environment friendly and it can be carried out almost at room temperature. When 

electrons with typical energies in the keV and MeV range are absorbed in matter, secondary 

electrons are produced as a result of energy degradation process. By Coulomb interactions of 

these electrons with the atoms or molecules of the absorber, finally ions, thermalized 

electrons, excited states and radicals are formed. As like other processes that go under 

radiation, grafting is based on the generation of chemically reactive sites. Grafting by 

radiation process has large scale of application because the many properties that can be 

modified such as: biocompatibility, hydrophilic or hydrophobic, adhesion, permeability, 

wettability, chemical resistance, chemical compatibility, mechanical properties and 

functionalization [28, 29].  

 

This paper will present results of preirradiation grafting process of methylmetacrylate (MMA) 

onto carbon nanofiber surface. This is the result of first part of a sequence of experiments that 

will include simultaneous grafting process as well.  
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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.   

 

2.2. E-beam Irradiation Process 

 

Materials were irradiated with a pulsed linear accelerator operated by the University of 

Dayton Research Institute (Dayton, Ohio).  Samples were placed on a steel platform below a 

linear scan horn as shown in Figure 1. This equipment was operated with the following 

parameters: beam energy 3 MeV, pulse rate 150 pulses/sec, pulse width 5 µsec, pulse current 

120 mA/pulse (equates to 0.09 mA time-averaged beam current), and air gap of 35 cm, 

resulting in a dose rate of approximately 16.7 kGy/min.  The beam was spread over an area 

that was approximately constant in the X and Y directions for the irradiated samples. The 

details of the electron beam accelerator system are described in detail by Klosterman [30]. 

      

 
 

Figure 1: Photograph of sample platform located inside shielded vault of e-beam facility. 

 

As-received PR-25-PS-XT was irradiated in the form of a loose powder with bulk density of 

approximately 0.032 g/cm
3
.  PR-25-PS-XT loose powder was irradiated in air up to 1000 

kGy.  The samples were placed in an aluminum pan (21.5 cm x 11.5 cm x 6 cm) to a depth of 

4 cm and heated on a hot plate up to 350
o
C. The hot plate was then turned off and the 

radiation process was carried out. 

 

Heating the samples was intended to provide higher mobility between atoms in the graphitic 

nanofiber walls.  The goal was to increase the likelihood of displacing carbon atoms to enable 

the surface oxidation process.  At ambient temperature, nanofibers can collapse easily due 

high accumulation of defects.  Increasing the temperature (via electron beam heating or 

external heating) increases the mobility of atoms and to avoid this accumulation.  
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Part of these irradiated samples was soaked into MMA solution with water/methanol (50% V) 

to pursue preirradiation grafting process. The preirradiated grafted samples were then 

repeatedly washed with deionized water until neutral pH was reached to remove MMA 

residual and by products. 

 

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

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

with a base pressure in the analysis chamber of 6 x 10
-10

 Torr, and an X-ray source with a 600 

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

overnight at 100°C or higher, 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, 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. 

 

Finally, the samples irradiated and non irradiated were analyzed with Raman spectroscopy to 

verify modification in their graphitic structure.  A Renishaw 1000 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 µ m and a spectrum 

range between 100 and 5000 cm
-1

.    

          

 

3. Results and Discussion 
 

The XPS results are given in Table 1.  The irradiated samples that were soaked in MMA 

solution had no significant increasing oxidation content compared to the 1000 kGy 

irradiated nanofibers. An increase in oxygen content from 3.2 % to 7.9 % occurred in the 

sample irradiated in air at 1000 kGy dose compared with non irradiated one. The presence 

of ozone, which is generated by dissociation of atmospheric oxygen under ebeam 

irradiation, may be a factor.  Another possibility is the presence of humidity in the air.  The 

carbon nanofibers irradiated in air experienced the creation of free radicals on the nanofiber 

surface by e-beam knock-on damage which leads to vacancies and other point defects.  

These produced a very energetic surface that enhanced bonding with polar media. When the 

e-beam interacted with the carbon structure in an oxidative environment (O2, H2O), the 

carbon surface oxidized to CO and CO2. We expected that remaining active site generated 

by radiation process on samples irradiated up to 1000 kGy and soaked into a monomer 

solution could add more oxygen to carbon nanofiber surface.  The decrease of carbon 

amount presented on Table 1 showed that the carbon nanofiber surface was oxidized. The 

results showed that single bonded oxygen (O-C) increased more than double bonded oxygen 

(carbonyl). High density of carbonyl groups on the surface of carbon fiber can thus improve 

the adhesion properties of carbon fiber composites probably due to higher electronegativety 

and polar characteristics at the interface between the carbon fiber surface and the composite 

matrix. 
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Tabela 1: XPS results for non-irradiated, irradiated samples of PR-25-PS and irradiated PR-

25-PS soaked into MMA solution. 

  O-C 

 

O=C 

 

N 

 

C O 1s/C1s 

Non irradiated 2.0 
 

1.2 
 

1.5 
 

95.3 0.03 

1000 kGy 5.6 
 

2.3 
 

1.6 
 

90.5 0.07 
1000 

kGy/MMA 6.7 
 

2.3 
 

1.5 
 

89.5 0.08 

 

Using nanofibers as reinforcement in polymer nanocomposites requires the ability to tailor the 

nature of their walls in order to control the interfacial interaction between nanofibers and the 

polymer chains.  An effective dispersion process is a prerequisite in achieving good adhesion 

at the interface. The character of the interface plays a major role in material properties in 

general and especially in nanomaterials due to the large amount of interfacial area. Therefore, 

surface characteristics will heavily influence the mechanical and physical properties of 

composite materials. Irradiated PR-25-PS nanofibers and irradiated one soaked in monomer 

solution showed better dispersion and stability in a 50/50 vol% water/methanol solution than 

non-irradiated nanofibers (see Figure 2). 

 

 

 

 

 

 
 

 

Figure 2: Dispersion of VGCF PR-25-PS irradiated up to doses 1000 and mixed with MMA. 

 

 

The Raman spectra of a single crystal graphite sample only contains a peak (the G band or 

“graphite”) at approximately 1575 cm-1 in the region between 700 and 2000 cm-1. In the 

spectra of imperfect, polycrystalline graphite and other carbonaceous materials, a peak (the 
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D band or “disorder”) is found at approximately 1355 cm-1. The appearance of the D band 

is due to the breakdown of symmetry for atoms close to the edges of the graphite basal 

planes. The ratio of the areas of the D and G bands (ID/IG) is often taken as a measure for 

the crystalline order of a graphite system. Generally, when carbon nanofiber is 

functionalized with oxygen or organic groups, the ID/IG ratio in the Raman spectra increases. 

The Raman results from the non irradiated nanofibers, the samples irradiated in air to doses 

of 1000 kGy and the sample irradiated soaked into monomer solution are given in Figure 1 

and Table 2. The ID/IG ratio is higher for the irradiated samples and it may be conclude that 

there was free radical remaining to react with MMA however there is no accumulation of 

defects which could damage the graphite structure. 

 

 
 

Figure 3: Raman spectroscopy results for PR-25-PS non irradiated,  PR-25-PS irradiated and 

PR-25-PS irradiated soaked into monomer solution. 

 

Tabela 2: Raman results for non-irradiated, irradiated samples of PR-25-PS and irradiated 

PR-25-PS soaked into MMA solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Powder  ID/IG 

Non irradiated 3.64±0.08 

1000 kGy 3.70±0.09 

1000 kGy/ MMA  

 

3.75±0.05 
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4. CONCLUSION 

 

This paper will presented results of preirradiation grafting process of methylmetacrylate 

(MMA) onto carbon nanofiber surface. The results presented in this paper are the first part of 

a sequence of experiments that will include simultaneous grafting process as well.   

 

The results showed that single bonded oxygen (O-C) increased more than double bonded 

oxygen (carbonyl) in all irradiated samples probably phenolic and aldehyde groups was added 

to the carbon nanofiber surface. There was not a significant increasing in oxygen content on 

samples that went through grafting process however all the sam,ples irradiated had an 

effective dispersion process which is a prerequisite in achieving good adhesion at the 

interface in composites.  

 

Generally, when carbon nanofiber is functionalized with oxygen or organic groups, the ID/IG 

ratio in the Raman spectra increases. The Raman results from the non irradiated nanofibers, 

the samples irradiated in air to doses of 1000 kGy and the sample preirradiated grafted with 

MMA had their ID/IG ratio increased and it may be conclude that there was free radical 

remaining to react with MMA however there is no accumulation of defects which could 

damage the graphite structure. 

 

Further studies will be needed to adjust the radiation process controls and investigate the 

better grafting technique reach a  high grafting rate and  chemical functional groups to be  

incorporated during radiation grafting process. 
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