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Carbon-based materials have been used quite successfully for decades within industry sectors. Especially,
the application of them in the field of aerospace has been paid lots of attention. The severe environment
such as y-rays in space, which may give rise to the formation of atomic defects, may deteriorate the
performance of carbon-based devices significantly. However, in addition to the well-known cases of
destroying the properties of carbon systems, recent experiments show that y-ray irradiation can also be
employed as an attractive tool for the fabrication, modification and manipulation of carbon materials. In
this article, we briefly review the recent progress in our understanding of y-ray irradiation-induced

phenomena in some carbon systems with experimental results and theoretical analysis. Particular emphasis
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Accepted 14th March 2013 is put on the discussion of the effects of y-rays on nanostructure and morphology of carbon fibers,
graphite, carbon nanotubes, graphene and diamond, as well as the methods for tailoring their mechanical,

DOl 10.1039/c3ra00154g chemical and electronic properties. Finally, we attempt to identify the future directions in which the
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1. Introduction

Carbon is a unique element because a simple variation in its
local bonding configuration (sp® versus sp®) gives rise to a
variety of materials as diverse as diamond, graphite, full-
erenes, disordered, and nanostructured carbons including
nanocrystalline diamond and carbon nanotubes (CNTs). For
over a decade, carbon-based nanomaterials created interest
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irradiation-induced modification field is likely to develop.

both in view of the obvious academic importance and
technological relevance, especially in the field of aerospace.'
Severe environmental tolerability is the prime factor in the
development in novel space materials and it is believed that
across the main radiation environments (such as y-rays),
carbon materials may outperform their conventional counter-
parts, where the improvement is attributed to perfect
structures.>* Except for the deterioration of carbon materials,
in recent years, irradiation-induced grafting is being exten-
sively investigated as a new technique to alter properties of
various materials, such as films, fibers, powders and molded
objects.*™®
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And y-radiation has been applied extensively in initiating
polymeric backbones, modifying polymer blends, and in
preparing interpenetrating polymer networks.” It can induce
chemical reactions at any temperature in the solid, liquid and
gas phase without any catalyst®® and may give rise to quite
unexpected and even counter-intuitive results. In addition,
yray irradiation is a safe method that could protect the
environment against pollution, reduce maintenance cost and
save energy consumption. Large and thick three-dimensional
objects could also be treated by irradiation without considera-
tion of the shape of the samples, which is convenient for
industrialization.'®""!

The aim of this review is to summarize the most recent
experimental results on y-irradiation effects in various carbon
systems, such as carbon fibers, graphite, fullerenes, diamonds,
CNTs, graphene and their composites. We reviewed the
alternations of microstructure and morphology of carbon
systems induced by y-rays. The modifications of mechanical,
electrical and chemical properties caused by irradiation were
also investigated. We restricted our consideration to selected
papers reporting results of irradiation with y-rays without
reviewing the effects of ion and electron beams irradiation
which have been summarized impressively in A. V.
Krasheninnikov’s work."?

2. Carbon fibers

Carbon fibers have superior properties in strength, modulus,
stiffness and lightness and thus are widely used as reinforce-
ment in carbon fiber reinforced plastics, metals, ceramics and
C-C composites.”> Many works have been conducted to
improve the mechanical properties of the single fibers for
stretching their applications in carbon fiber reinforced
polymer (CFRP) composites. In addition, the interface between
carbon fibers and resin matrix also plays a critical role in
controlling the overall properties of the composites, while the
smooth and inertness characteristics of carbon fiber surface
usually result in inferior wettability and weak adhesion
between the fibers and resin.'*'® With regard to these
reasons, extensive research has been devoted to the surface
treatment of carbon fibers in order to improve their bonding
to the resin matrix."””° In the predecessors’ works and our
previous papers, modifications of single fibers and interface of
CFRP induced by vy-ray irradiation were both investigated
exhaustively."”***” The exact alterations are illustrated in
detail in the following parts.

2.1. Fiber surface topography

The change of fiber surface topography after y-ray irradiation
is shown in Fig. 1. Compared with the original carbon fiber,
the treated carbon fiber surface was rougher and the grooves
of fiber surface became wider and deeper (see Fig. 1). It could
be interpreted by y photons etching process on carbon fiber
surface.>” Moreover, Increase in roughness was observed with
increase in treatment dose. Therefore, interfacial adhesion
between grafted fibers and matrix resin may be enhanced by
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Fig. 1 Scanning electron microscope (SEM) images of the surface of (a) pristine
carbon fiber surface and y-ray-treated carbon fibers with the dose of (b)100
kGy, (c) 200 kGy and (d) 300 kGy (Reprinted with permission from ref. 30 and
31, copyright from Elsevier).

increasing the surface area (increasing roughness) which may
provide more points of contact between the fiber and the
matrix. The Compton scattering effect is mostly responsible
for the interaction of y-rays with carbon fibers. The predomi-
nant interaction mechanism is ionization.*® The electron and
scattered photon are produced after the incident photon
interacts with carbon atom of carbon fibers and graphite.
Then the carbon free radical is created by anion or cation
radical mechanisms. The amount of first class flaws is
decreased and the graphitization of carbon fibers is improved.
It is highly likely that gamma irradiation causes the significant
heating in carbon fibers and graphite.>*

2.2. Surface elements

The SEM images of pristine, epoxy co-irradiation treated,
chloroepoxy propane (ECP) co-irradiation treated and acrylic
acid pre-irradiation treated carbon fibers are shown in Fig. 2.
After irradiation and grafting, more pieces of tiny fragments
stuck to the fiber surface, which suggested that the absorb-
ability of treated fibers might be enhanced to some extent. The
alterations of surface elements and functional groups of
carbon fibers were investigated in our previous works and the
results are listed in Tables 1 and 2 respectively.”>** Carbon
and oxygen were the major surface elements and small
amounts of nitrogen amounting to less than 0.6% on the
surface of the untreated carbon fiber samples were observed.
As shown in Table 1, the amount of surface oxygen was
increased and the amount of surface carbon was decreased
after irradiation and grafting. An about two-fold increase in
oxygen content occurred after irradiation grafting. The large
variation of oxygen groups may be attributed to the grafting of
monomers onto carbon fiber surface and the oxidation of
carbon fibers by y-ray irradiation.

C-C (graphitic carbon and amorphous carbon) were the
major carbon functional components on the surface of carbon
fiber samples. From Table 2, it is clear that the carbonyl
carbon in ketones and quinines (C=0) and carboxyl or ester
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Fig. 2 SEM micrographs of carbon fiber surface: (a) as-received; (b) epoxy co-
irradiation treated; (c) ECP co-irradiation treated; (d) acrylic acid pre-irradiation
treated (Copyright from Elsevier).?*

(COOH/COOR) functional groups increased, and the graphitic
carbon (C-C) and carbon bonded phenolic or alcoholic
hydroxyl or ether oxygen (C-OH/C-O-C) functional groups
decreased after treatment. The oxygen group is the main
contribution on the surface of carbon fiber, which was
obtained from vy-ray irradiation process, compared to the
virgin carbon fiber sample. Furthermore, the carboxyl or ester
functional group percentage of carbon fibers treated by acrylic
acid is greater than that of carbon fibers treated by epoxy and
ECP. These results may be attributed to the y-ray irradiation
inducing free radical reaction between carbon fiber surface
and monomers.*?

2.3. Fiber surface energy

In Table 3, the surface free energy, its dispersive component
and its polar component of carbon fibers are summarized. It
can be seen that both the dispersive and polar components of
surface free energy, 7¢ and y¢, increased after treatments. We
have also found that the irradiation treatments of carbon
fibers gave an increase in surface functionality in the context
of XPS studies, which may take chief responsibility for the
improved polar component. The increase in dispersive
component was attributed to the possible presence of deep
grooves in fiber surface, which were generated by pre-
irradiation and co-irradiation etching.

Table 1 Variation of surface composition of the carbon fibers before and after
treatment®* (Copyright from Elsevier)

Elements C(®%) O(%) Cl(%) O/
As-received 87.39 12.61 0 0.14
Epoxy co-irradiation 72.47 27.53 0 0.38
ECP co-irradiation 69.29 30.12 0.59 0.43
Acrylic acid pre-irradiation 72.75 27.25 0 0.37

This journal is © The Royal Society of Chemistry 2013

Due to the improvement in the fiber surface energy, the
wetting performance of carbon fiber was improved after
irradiation. The weight of wetting was increased and the
complete wetting time of the treated sample was reduced
compared with the untreated sample. The increased func-
tional group concentration and the enhanced polarity of the
fiber surface should be the main reasons for these altera-
tions.*® In addition, the new synthesis method of fluorinated
carbon nanofibers assisted by gamma irradiation was evalu-
ated in Zhang’s work.>" It was found that y-irradiation resulted
in structural disorder and hyperfluorination occuring for those
reaction routes. y-Irradiation is too energetic under F, atmo-
sphere, the fluorination being effective but in majority due to
CF, groups.

2.4. Microstructure of carbon fiber

X-Ray diffraction (XRD) is an efficient method to characterize
the microstructure of carbon materials. The main peak can be
seen to occur at approximately 260 = 25.5°, corresponding to the
(002) reflections of the pseudo-graphite structure.*” There is
also a much weaker band at ~44° 20, which is usually
assigned to the (10) turbostratic band of disordered carbon
materials. The weakest band at ~53° 26 corresponds to the
(004) reflections of the pseudo-graphite structure.

The y-ray irradiation was an effective method for improving
the graphitization degree of polyacrylonitrile based carbon
fibers. It can be seen from Fig. 3 and Table 4 that the average
d002 interlayer spacing, indicative of the degree of graphitiza-
tion, decreases gradually from 0.352 nm for the untreated
fibers to 0.345 nm for the fibers irradiated at the dose of 2.0
MGy. Compared to that of untreated fibers, the value of treated
fibers is closer to the ideal value of the spacing of graphite
layers in a perfect graphite crystal (0.335 nm), therefore
indicating the improvement of average graphitization of the
treated fibers. Large decrease in the d002 interlayer spacing of
carbon fibers has been achieved by y-ray irradiation and an
approximately linear dependence on absorbed dose has been
suggested. The intensity of (002) peak in carbon fibers
decreased and the carbon content of carbon fibers surface
layer was improved by irradiation. Compton scattering effect
and heating caused by y-rays are proposed to be responsible
for the graphitization of carbon fibers and graphite.">*! In
addition, the decrease of flaws and microstructural parameters
such as d002 interlayer spacing can be closely related to the
variations of density, tensile strength and Young’s modulus.”

The influence of absorbed dose of y rays on the fiber density
is evident from Fig. 4."° The curve shows that the density
increased with the absorbed dose. The main reason for this
alteration should be the increased crystallinity, which can be
further proved by the irradiation induced alterations in
graphite and multi-walled carbon nanotubes (MWCNTSs) in
the latter sections. In addition, it may be seen from Fig. 4 that
the main density increase occurred in the first 0-0.5 MGy dose
and there was an approximately linear relationship between
density and absorbed dose (0-0.5 MGy). Then this density
increase was less pronounced above 0.5 MGy, which may due
to the approaching of threshold under 0.5 MGy v-rays.
However, the density of irradiated fibers was much far away
from the density of perfect graphite (2266 kg m ™) though the

RSC Adv., 2013, 3, 10579-10597 | 10581



Table 2 Relative content of functional groups in C1s spectra of carbon fibers from X-ray photoelectron spectroscopy analysis (XPS)

24(

Copyright from Elsevier)

Groups C-C (%) C-OH/C-0-C (%) C=0 (%) COOR/COOH (%)
Binding energy (eV) 284.7-284.9 285.5-285.8 286.5-286.8 288.5-288.9
As-received 49.7 31.9 12.9 5.5

Epoxy mutual treated 38.4 26.0 21.4 14.1

ECP mutual treated 40.2 26.2 20.1 13.5

Acrylic acid pre-irradiation 40.3 25.6 19.1 15.0

packing fraction of fibers was increased from 77.4% for the as-
received fiber to 79.5% for the fiber irradiated at 2 MGy dose.*”
The difference of the density change between carbon fibers
and graphite or MWCNTs (as illustrated in the later sections)
should be caused by highly porous nature of carbon fibers. It is
expected that y irradiation, like hot stretching and tempera-
ture, affects the porosity of fibers.*?

2.5. Fiber mechanical properties

The mechanical properties of single fibers have been
investigated in our previous work.'® Carbon fibers initially
increase in strength, at low dose, but reduction in strength
occurs at high dose (Fig. 5(a)). The shape parameter was
increased after irradiation grafting at each gauge length.
Young’s modulus is substantially increased with the increase
in absorbed dose (see Fig. 5(b)). These results are probably
attributed to the reduction of flaws and decrease of interlayer
spacing by y-ray irradiation. Additionally, Compton scattering
effect caused by y-ray is proposed to be responsible for the
structural and mechanical changes of fibers. These results
indicated that y-ray irradiation was expected to be an effective
method for improving the mechanical properties and graphi-
tization degree of carbon fibers.'®?* However, Tiwari et al.
have got an opposite result in their works.”®*° They tested the
untreated and treated fiber tows in tension, which was

0.5MGy
different from the single-fiber method according to _ 1.0MGy
ASTMD3379M standard in our report'®'' and found that Gao00
irradiated fibers showed lower tensile strength as compared ;; ';img
with the untreated one. Higher the dose, higher was the %

c

roughness and pitting on the surface of fibers, higher was the
reduction. They believed that the reduction may be due to the
increment in pits and grooves on the surface after treatment.
These two opposite results may be due to the difference in
testing method and need be further investigated to make sure
the main mechanisms for these differences.

2.6. Composites reinforced by carbon fibers

The unique combination of physical and chemical properties
of CFRP has led to their widespread application in different

fields of industry, machine and sport. With improved in-plane
mechanical properties, CFRP laminates have been widely used
in many structural engineering fields, such as aerospace
engineering, automotive industry, etc. However, their weak
interlaminar mechanical properties, e.g. low interface strength
and fracture toughness, may easily lead to formation of
internal interfacial delaminations under various transverse
loadings, and limit their applications in more expansive
fields.>*”> Recently, irradiation-induced grafting is being
extensively investigated as a new technique to alter surface
properties of carbon fibers in order to improve the mechanical
and thermal properties of CFRP. It is indicated that y-ray
irradiation grafting treatment is not only convenient and
environment-friendly but high efficient in modification of
carbon fibers. It is expected to be employed in the indus-
trialized treatment.>®

In our previous work,*® the interlaminar shear strength
(ILSS) results of composites reinforced by carbon fibers treated
in different methods are shown in Fig. 6. After irradiation
grafting, the ILSS of treated samples increased significantly. A
maximum ILSS value can be found after epoxy co-irradiation

~ As-received
~0.2MGy

6000 -

30
26 (%)

Fig. 3 X-Ray diffraction intensity distribution for the carbon fibers irradiated at
different doses (Copyright from Elsevier).?

Table 4 X-Ray diffraction structural parameters of carbon fibers*® (Copyright
from Elsevier)

Table 3 Surface free energy of carbon fibers®* (Copyright from Elsevier) 20 [002] (°) doo2 (nm)
»d (M m™2) P (m] m™2) y,f (m] m™2 As-received 25.3 0.3520
e mym ) v mym ) g mim) MGy 25.32 0.3517
As-received 39.8 + 1.6 24 + 03 422 + 2.0 0.5 MGy 25.44 0.3501
Epoxy co-irradiation 446 + 1.9 62+ 05  50.8 + 2.3 1.0 MGy 25.62 0.3477
ECP co-irradiation 468 + 2.4 7.8 + 0.6 546 + 2.6 1.5 MGy 25.74 0.3460
Acrylic acid pre-irradiation 45.1 + 2.5 8.4 + 0.5  53.5 + 2.1 2.0 MGy 25.79 0.3454
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Fig. 4 Effect of y-ray irradiation on the density of carbon fibers (Copyright from
Elsevier).'®

grafting, i.e. 94.1 MPa, about 21.8% improvement compared
with that of untreated one. The ECP co-irradiation and acrylic
acid pre-irradiation grafting carbon fiber/epoxy composites
performed marginally better (18.1% and 17.5%) than those
manufactured using untreated carbon fiber/epoxy composites,
respectively (see Fig. 7). The improvement on ILSS of carbon
fiber/epoxy composites could be attributed to the enhance-
ment of the interfacial adhesion strength of the fiber and
matrix after irradiation grafting.

There are several mechanisms for the fiber-matrix bonding,
which involve mechanical interlocking, chemical bonding,
adsorption interaction and diffusion of polymer chain
segments.””° As far as irradiation-treated samples are
concerned, it can be inferred that surface roughening and
polar functionality, both factors generated by irradiation
grafting, mainly contribute to the interfacial adhesion. After
irradiation grafting, the oxygen-containing functional groups
increased and the increasing of amounts of oxygen-containing
functional groups on the fibers played an important role in
improving the ILSS of the resulting composites due to higher
electronegativity and polar characteristics at the interface
between the carbon fiber surface and the composite matrix.>®
However, the relative roles of mechanical interlocking due to
surface roughness and surface chemical bonding in fiber/
matrix adhesion are difficult to separate. The enhancement of
the surface roughness was beneficial for the wettability
between fiber and matrix, resulting in mechanical anchor

Fig. 6 SEM micrographs of fracture surface of composites: (a) untreated fiber
composites; (b) epoxy co-irradiation treated fiber composites; (c) ECP co-
irradiation treated fiber composites; (d) acrylic acid pre-irradiation treated fiber
composites. (Copyright from Elsevier).?*

and chemical bonds. Generally, the improvement of ILSS
should be attributed to the increase of surface roughness,
surface free energy and the active chemical functional group
and the decrease of surface microcrystal of carbon fiber, which
were induced by y-irradiation.>*?

Moreover, it should be noted that the enhancement of the
interfacial bonding is concerned with the grafting reagent.
Interlaminar shear testing has indicated that the epoxy co-
irradiation carbon fiber/epoxy composites perform marginally
better than those manufactured using ECP co-irradiation
carbon fiber/epoxy composites. This result can be attributed
to the fact that the grafting coating of the former is the same
as matrix resin and thus the functional groups on fiber surface
react with the matrix resin easily.*”

Absorbed dose and dose rates were proved to influence the
ILSS of CFRP in varying degrees in our work.>® After surface
treatment, the ILSS values of the CFRP were enhanced by
37.1% (30 kGy) and 31.2% (250 kGy), respectively compared
with the untreated one. The better adhesion strength of the
CFRP is due to the high density of surface carbon oxygen
functional groups induced by y-ray irradiation process. The
increasing degree of the ILSS treated by 250 kGy y-rays was less
than the one treated by 30 kGy y-rays. It may be due to being
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Fig. 5 Effect of y-ray irradiation on the (a) tensile strength and (b) Young's
modulus of carbon fibers (Copyright from Elsevier).'®
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Fig. 7 Effect of y-ray irradiation grafting on ILSS of carbon fiber/epoxy
composites (Copyright from Elsevier).?4
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severely corroded by excessive irradiation. Thus, irradiation at
proper absorbed dose are a benefit for enhancing the ILSS of
CFRP and excessive irradiation would not achieve better
interface between carbon fibers and epoxy by this method.
In addition, it could be found that ILSS of carbon fiber/epoxy
composites slightly changed if the absorbed dose is a fixed
value. It can be concluded that irradiation dose rate was not a
major factor for modifying the surface of carbon fiber. In other
words, if the industrialized modification of the carbon fiber
surface by irradiation method was realized, high absorbed
dose rate could be used in order to save treating time.>?

Except for ILSS, some other properties of CFRP were also
studied after the irradiation treatment of carbon fibers. In
Tiwari’s work, the treated composites showed higher wear
resistance, lower wear rates and lower friction coefficient than
that of the pristine CFRP due to the improved adhesion
between the fibers and matrix.”®*° Thermal properties of
CFRP were also found to be improved by y-irradiation. The
glass transition peak of the specimen, determined from
torsional braid analysis, shifts towards a higher temperature
compared with an unirradiated specimen in the work of Ma
et al.’® The value of the glass transition temperature (T,) is
increased from 416.8 to 424.3 K. The increase of T, may also be
attributed to the improvement of interfacial bonding, which
brings the increasing of heat conductivity between carbon
fibers and the matrix.>® The surface modification of the fiber
by y irradiation also led to better dispersion in the rubber
matrix. This in turn gave rise to further improvements in
mechanical and dynamic mechanical properties of compo-
sites. The thermal conductivity also exhibited improvements
from that of the neat elastomer, although thermal stability of
the composites was not significantly altered by the functiona-
lization of carbon nanofibers.***"

3. Graphite

3.1. Graphite microstructure

Martin Hulman et al. have studied the Raman spectra of
graphite at various doses of y-ray irradiation and the results
are shown in Fig. 8.> For graphite, the intensity as well as the
position of the G line does not change upon irradiation. On
the other hand, the intensity of the D line increases
significantly, confirming the defect-based mechanism for

N kGy
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231.

- UL‘M\ 50:
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Fig. 8 Raman spectra of graphite for various stages of irradiation as indicated in
the figure (Reprinted with permission from ref. 3, copyright from American
Institute of Physics).
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Raman scattering from this particular phonon mode. In
Cataldo’s work, the interpretation of the Raman spectrum
suggests that the radiation causes the formation of domains of
hexagonal diamond, amorphous ‘glassy’ carbon and of onion-
like carbon. He thought that the results are not surprising
because it has already been shown that electron irradiation
causes the formation of onion-like carbon*>** which can be
reversibly transformed into ultradisperse diamond.**** The
new aspect covered by this letter regards the formation of
hexagonal diamond and glassy carbon domains by irradiating
graphite with y-quanta.’® Telling et al’® have theoretically
discussed the stabilization of the products of y-irradiation on a
graphite lattice, suggesting that vacancies produced by y-rays
are stabilized by creating pentagon-heptagon defects and
pushing one carbon atom out of the graphene plane. Galvan
et al. also observed several structures after irradiation, while
the two most important ones were onion layers with fullerene
like structure and graphitic like structure with rotational and
translational displacements.””

However, the results in our works were seen to show great
contradictions compared with that mentioned above. Fig. 9
shows XRD intensity distribution of graphite untreated and
irradiated at dose of 2.0 MGy.>" After irradiation, no new peak
from graphite powder appeared. The peak of the (002) plane
becomes sharper after irradiation. It can be calculated from
the Bragg equation that the d002 interlayer spacing, indicative
of the degree of graphitization, decreases from 0.33756 nm for
untreated graphite powder to 0.33706 nm for the irradiated
graphite powder, therefore indicating the high level of
graphitization of graphite powder irradiated at 2.0 MGy. The
main reason for this contradiction should be due to the
different irradiation conditions. It has been proved that the
self-organization phenomenon could occur at high doses and
an open and highly dissipative environment, which were
successfully explained by Seeger as self-organized phenom-

e1,13.‘48,49

3.2. Defective sites

It was concluded by Cataldo®® that at least for the radiation
dosages used, and for the particles energy involved, similar
type of defective micro-domains are formed in both cases with
electron or y-ray irradiation: hexagonal diamond, fullerene-
like structures (multiwall onion-like carbon and carbon
nanotubes) as well as glassy carbon. Their conclusions are in
line with the conclusions of other researchers,” who have

Intensity (a.u.)

As-recieved
-~~~ Irradiation at 2.0 MGy

|

0020 30 4 50 6 0 8 9%

209

Fig. 9 XRD intensity distribution for graphite powder (Copyright from
Elsevier).??
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Fig. 10 Examples of defective structures caused by radiation-damage in
graphene sheets of sp?-hybridized carbon. (a) Two-dimensional strain, (b) single
vacancy, (c) double vacancy, (d) double vacancy plus one atom, (e) double
vacancy plus three atoms, (f) double vacancy plus four atoms, (g) double
vacancy plus six atoms (Reprinted with permission from ref. 52, copyright from
Taylor & Francis Online).

shown that curled surfaces (fullerene-like structures) are
formed by both electron and ion-irradiation treatment of
graphite. The formation of pentagonal, heptagonal and other
more complex kind of defects in the graphene sheet of
graphite has been proposed and discussed for a long time. The
y-radiation damage was significant, and comparable to that
caused by electron bombardment especially in terms of
introduction of fullerene-like sites, like the onion-like carbon,
but other fullerene-like sites can be expected. The formation of
these sites implies necessarily a C-C bond rupture in the solid,
followed by graphene sheet curling as a consequence of the
introduction of pentagonal, heptagonal or other sites (called
fullerene-like sites). These kinds of defects are illustrated in
Fig. 10. C-C bond rupture is a consequence of ionization and
ionization decay processes rather than the physical impact of
electrons on carbon atoms. Moreover, trapped electrons and
holes in the solid may be expected, as it happens in other
semiconductors treated with radiation. These trapped defects
may be concentrated in the amorphous and glassy domains of
carbon black and at the edges of the graphene sheets.

In composites, radiation defects to fillers such as carbon
black and graphite induced by vy-radiation or neutrons
dramatically increases their ability to adsorb resin irreversibly.
The increased adsorption power of radiation-damaged fillers
has been attributed to the formation of higher concentration
surface defects in the form of trapped free radicals, fullerene-
like structures and other kinds of defects. The mechanical
properties of rubber compounds filled with radiation treated
carbon blacks show a significant increase in their reinforcing
effects, in line with the increased ability to form ‘“bound
rubber”.>> Furthermore, y-irradiation can also be used to
immobilize the polymer on the graphite surface by cross-
linking the water-soluble polymer into an insoluble network.>?

4. Diamond

Diamond is renowned among scientists and technologists for
its impressive combination of exceptional physical (mechan-
ical, thermal, electrical, electrochemical, and biological)
properties offering multifunctionality that qualifies it to
become the 21st century engineering material for multiple

This journal is © The Royal Society of Chemistry 2013

applications.>**® Diamond has a reputation for being radia-
tion-hard material, therefore it is being suggested as a suitable
semiconductor for detectors in high irradiation environ-
ments.”* 8

4.1. Damage

Gamma irradiation causes damage by the indirect process of
generating electrons (by Compton scattering and pair produc-
tion) which then displace atoms (or ionise the material). The
knock-on may cause further damage by displacing further
atoms. The intrinsic defects (vacancies and interstitials) which
are created by radiation damage are immobile at room
temperature in diamond. Therefore, once the mechanisms of
damage are understood for one type and energy of the particle,
the dose and energy dependence of irradiation by other
particles at a range of energies can be extrapolated. y-Rays
form predominantly isolated vacancies and interstitial pairs
(Frenkel pairs). The range of 1 MeV electrons in diamond is
about 1.3 mm with a nearly constant damage profile up to this
cut-off. The range of gamma photons is much greater, with
about 85% of 1 MeV photons passing through a 5 mm
diamond without causing any damage. The total damage rates
were calculated to vary between 0.01 and 5.15 vacancies per
incident electron and between 0.02 and 6.10 vacancies per
photon over the energy ranges investigated. In Campbell’s
work, the radiation damage of diamond caused by y-irradia-
tion can be predicted by taking into account the mechanisms
of interactions of y-radiation with matter.>® Table 5 shows the
vacancy production per millimeter as a function of the
irradiation energy, and the total vacancies were found to be
increased with the increase of the energy.

Diamond showed a dramatic change in structural properties
after a cumulative dose of 260 kGy. It was indicated that
diamond tends to reach a state of insensitive radiation phase
after a cumulative dose of 26 kGy, suggesting the possibility of
fabricating radiation buffer materials protecting the device/
material underneath.®*®'

However, as the irradiation proceeds, some of the carbon
atoms displaced from their lattice sites may relax back into the
vacant site, and the damage event will not be observed in the
later measurement.®®> The annealing of damage is an addi-
tional factor reducing the vacancy populations that are
detected experimentally and this is strongly dependent on
temperature and radiation flux. All these processes can be
modeled and extrapolated to other energies and particles. The
atoms displaced by the radiation usually have quite small
energies. Therefore they cannot move very far from the vacancy
before they come to rest. Many of the knock-on atoms are

Table 5 Vacancies produced by gamma irradiation (Reprinted with permission
from ref. 61, Copyright from Wiley)

Gamma energy (MeV) (Vacancies/gamma)/cm

0.03
0.09
0.19
0.48
0.84

(S RN RS BN SR
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displaced less than 0.5 nm. At the displacement site, much of
the energy is deposited as phonons, which cause a local
heating of diamond. This may allow the interstitials to
migrate, even if the nominal irradiation temperature is too
low for their nominal migration.®®> In addition, it was found
that annealing of the y-irradiated type diamonds differed
substantially from that for the electron irradiated samples;
60% of the monovacancies were removed between 350 and 525
K. Monovacancies were introduced either by 2.3 MeV electron
irradiation or by ®°Co irradiation, where the latter type of
irradiation causes damage due to Compton scattered electrons
with a maximum energy of only 1.1 MeV.%?

4.2. Electrical properties

In Gupta’s work, microcrystalline diamond was submitted to
gamma radiation with radiation doses of 10, 50, and 200
kGy.®" It showed a dramatic improvement in the emission
properties only after a cumulative dose of 260 kGy. The
enhancement in emission characteristics shows the critical
role of defects with their associated electronic defect states,
and of sp*bonded carbon channels in the electron field
emission mechanism of diamonds. Though it is still lacking
an investigation concerning the alteration of electrical proper-
ties of diamond, Bruzzi et al. have found that the surface
electrical conductivity was increased by ion bombardment by
many orders of magnitude, which was induced by the
production of carbon vacancies that can be also generated
with y-irradiation.”®

In addition, different types of diamonds may have different
response on the y-irradiation. It was shown that the effect of
gamma irradiation on boron-doped diamond thin films was
distinctive compared to those of undoped diamond films with
changes in electronic behavior from metallic to semiconduct-
ing, especially in the case of heavily boron-doped diamond
films demonstrated by micro-Raman spectroscopy and elec-
trical property characteristics.>® In addition, the results also
indicate that almost all of the boron-doped diamond thin
films studied hereby tend to reach a state of damage
saturation when submitted to gamma irradiation of 10° kGy.>*

5. Fullerenes

The presence of fullerene species in the extraterrestrial
samples found on Earth implies that these compounds are
able to survive very long passages through diverse space
environments. The most energetic known events in the
Universe are supernovae and gamma ray bursts.®>®® In the
present work we wish to review earlier experimental data of
fullerene stability toward high energy vy-irradiation. It was
found by Basiuk et al.®”°® and Cataldo®® that the degree of Cg,
decomposition withstanding prolonged y-irradiation, both in
the presence and absence of liquid water, was less than 15%,
demonstrating its extreme stability. Through Raman spectro-
scopy it was possible to observe that y irradiation induces Cgo
dimerization and trimerization. The similar fullerene stability
can be expected in different space environments, where the
large carbon clusters are formed, incorporated into interstellar
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Fig. 11 (a) Structures of Cgq fullerene oligomers: the dimer (top) and the trimer
(bottom), and (b) a representation of collapsed (amorphized) fullerene cages
after irradiation. Dark dots represent sp? hybridized carbon atoms and light dots
represent sp* hybridized carbon atoms (Reprinted with permission from ref. 72,
copyright from Oxford University Press).

dust particles and subsequently into comets, and travel
through the Universe. Cataldo et al.”®
dose of 2.6 MGy causes partial oligomerization of both Cs, and
C,, fullerenes (see Fig. 11). Oligomers are made by fullerene
cages chemically connected each other which can yield back
free fullerenes by a thermal treatment.

Irradiation dose was also suggested to have significant
effect on the graft of functional groups on fullerenes. Angelini
et al. have found that bare silica surface is able to graft Ce,
both in vacuum and in presence of air. As determined by TGA,
the amount of Cg, grafted on silica surface was dependent
from the radiation dose administered and independent from
the Cg, concentration and the nature of the organic solvent. In
absence of air, a dose of 48 kGy was sufficient to ensure a
grafting level of 30% by weight of Cg, in the hybrid material.
The fullerene/silica hybrid material shows a remarkable
thermal stability.”*

Ceo fullerene is considered a free radical sponge. In fact, it
reacts with a number of different types of radicals and
normally it undergoes multiple addition reactions, leading to
adducts with different stability.””””> When they were irradiated
in molecularly dispersed forms, the behavior of fullerenes was
investigated by Cataldo et al’® In presence of air the
interference of oxygen is evident and the radiolysis should
be conducted in high vacuum to avoid the interference of
oxygen. A detailed analysis of the kinetics of the multiple
additions of benzyl radicals to the fullerene cage was made
spectrophotometrically with the determination of the addition
rate constants at the each addition step and the average
number of benzyl groups added to the fullerene cage as
function of the radiation dose. Under the irradiation in
toluene, multiple additions of benzyl radicals on fullerene
cage occurred, which was depended from the conditions
adopted, ie., fullerene concentration and radiation dose.
Radiolysis causes also the precipitation of a fraction of
fullerene products which are insoluble in toluene. Moreover,
it has been shown that fullerene can be grafted onto
polyisoprene chains by y-radiation either in n-hexane where

Ceo has low solubility or in toluene where Cg, is much more
77,78

have also shown that a

soluble.
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6. CNTs

CNTs, which can be divided into two main categories: single-
walled carbon nanotubes (SWCNTs) and MWCNTs depending
upon the number of rolled up layers, have been the subject of
extensive research experimentally and theoretically for a wide
range of applications including sensors, nano-electronic
composites, displays, biomaterials and energy storage
devices.””®* Recently, y-ray irradiation, as a controlled method
for modifying the physical and chemical properties of CNTs,
has attracted much attention.

6.1. Defects

The treatments of CNTs by y-ray irradiation seems to increase
the number of defects such as carbon dangling bonds and
v-irradiation can cause perforation of the sidewalls of
MWCNTs. Focused irradiation knock out carbon atoms from
the nanotube walls, leading to defect formation on the surface
of the nanotubes. In the Raman spectroscopy of CNTs, the D
line is due to the formation of the defects and its intensity
benefits strongly from the presence of the defects. Bellucci
et al. have already shown that the sample irradiated by y-rays
reveals a significant increase in the D band intensity. This
phenomenon can be related to the fact that exposure to y-rays
quickly destroys germs, although also altering the exposed
material by producing defects in CNTs.®* In addition, defects
created by irradiation destroy the coherent motion of atoms on
the nanotube circumference. As a result, the intensity of the
radial breathing mode decreases.” Besides, Jovanovic et al.®®
and Guo et al’s® data (see Fig. 12) obtained by Raman
spectroscopy are consistent with the ability of y-irradiation to
form defects on the sidewalls of CNTs.®°

In V. Skakalova’s work, it was suggested that the defect
concentration of irradiated-CNTs was saturated at a dose of
approximately 170 kGy. As an important consequence, a
maximum at 170 kGy was observed in the dose dependencies
of both Young modulus and electrical conductivity as well. A
large redistribution in electronic structure led also to a
remarkable enhancement of electrical conductivity.’® In
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Fig. 12 Raman spectra of unirradiated MWCNTs (a) and vy-irradiated MWCNTSs
(b) (Reprinted with permission from ref. 89, copyright from I0P Science).
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Fig. 13 (a) Young modulus and (b) electrical conductivity of SWCNTSs vs. dose of
v-irradiation (@) and then functionalized (O) SWCNT-paper (Reprinted with
permission from ref. 90, copyright from Elsevier).

addition, due to the formation of defects on CNT walls, the
diameter of CNTs decreased according to the absorbed dose of
irradiation. Larger specific area and pore volume as compared
with the pristine CNTs were formed due to the increase of
microporosity in CNTs.

6.2. Different alternations in SWCNTs and MWCNTSs

It was found that MWCNTs seem to be more robust than
SWCNTs, which showed an apparent collapse on prolonged
exposure.’”®! Skakalova et al. have pointed out that both
Young modulus and electrical conductivity for SWCNT-paper
are sensitive to the dose of y irradiation. The Young modulus
and electrical conductivity reach the maximum at a dose of
170 kGy (see Fig. 13), suggesting the saturation of the defect
concentration at the dose of approximately 170 kGy.***° In
contrast to their work on SWNTs, Guo et al.’s results supported
the view that the concentration of functionalization groups
attached to MWCNTs increases continuously as y-irradiation
dose increases. No saturation of the defect concentration was
found within the dose domain up to 250 kGy (see Fig. 14).*
They thought that the difference in dependence of defect
concentration on irradiation dose might be related to the CNT
species. The SWCNTs used by Skakalova et al.®®°° have only
one shell. Excessive defects on the shell would lead to the
collapse of SWCNTs. Thus there is a critical defect concentra-
tion at a dose of 170 kGy. However, MWCNTs that have many
shells are much more resistant to y-radiation. Radiation
damage of a part of the external layers on the MWCNTs
results in the production of new external layers and new
defects, including defects between two layers. Therefore defect
concentration on the MWCNTSs increases continuously with
y-irradiation dose within the dose range under the study.®>®’

Solubility(mg/m)

Fig. 14 (a) The mass loss of MWCNTSs versus dose of y irradiation and (b) the
solubility of MWCNTSs in tetrahydrofuran (THF) and acetone versus y-irradiation
dose (Reprinted with permission from ref. 89, copyright from IOP Science).
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Fig. 15 Transmission electron microscope (TEM) microphotograph of (a) raw
MW(CNTs, (b) irradiated MWCNTSs at an absorbed dose of 78 kGy, (c) a sample
acid treated with 0.5 mol L™" H,SO, for a week at room temperature, (d)
irradiated MWCNTs at dose of 78 kGy in the presence of 0.5 mol L™ H,50,4
(Reprinted with permission from ref. 103, copyright 2004 from Elsevier).

6.3. Cutting of the CNTs

Typical CNTs are long and entangled, which makes it difficult
to manipulate these CNTs for such applications, especially for
nano-electronics and drug delivery.”°> Thus, controlling the
length of CNTs has recently become an intriguing subject. In
order to cut CNTs to shorter and operable length, various
approaches including chemical etching,”®°* ultrasonic treat-
ment,” and mechanical treatment®®°” have been developed.
Cutting of CNTs by high energy rays such as y-rays and
electron-beams has also been reported.’®°

Jung et al."% found that MWCNTs were effectively cut with a
facile and mild cutting method by using y-irradiation in the
presence of hydrogen peroxide. The results confirmed that the
structural integrity of the cut MWCNTs was preserved with a
negligible surface damage. Water soluble and short MWCNTs
could also be prepared by using simple gamma irradiation
with dilute sulfuric acid as a sensitizer (see Fig. 15).""' In
Jovanovic’s work, the atomic force microscope (AFM) study has
shown that y-irradiation reduces the length and diameter of
the SWCNT bundles obtained after subsequent functionaliza-
tion with DNA.*® The D/G ratios of the irradiated MWCNTs
slightly increased after the irradiation. This increase in the D/
G ratios should be attributed to the increase in defects
induced by y-irradiation. These defects on the MWCNTs could
be formed through the interaction between MWCNTSs and
highly-energetic photons during y-irradiation.?”*° The radicals
also will be generated through the radiolysis of agent by
v-irradiation. These radicals can attack the defects on the
MWCNTs because of their high oxidizing potential and thus
cut MWCNTSs into shorter ones.'%*

6.4. Different media

Functionalization of CNTs under y-rays was thought to shorten
and damage the structure of CNTs in a fixed manner. However,
it was found that CNTs showed an opposite behavior in
structural change when irradiated in the different media.'**'*
In our work, y-ray irradiation decreased the inter-wall distance
of MWCNTs and improved their graphitic order in air, while
irradiation in ECP increased the inter-wall distance of
MWCNTs and disordered the structure (see Fig. 16 and
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Intensity (a.u.)

Fig. 16 X-Ray diffraction patterns of MWCNTs, (a) pristine, (b) irradiated in air
and (c) irradiated in ECP (Copyright from Elsevier).'%®

17.)."9%1% Also these results are not surprising because it
had already been shown that y-rays caused the improvement
in graphitic order of graphite and carbon fibers® in air and
damaged and shortened the nanotube structure®”"*°® in polar
liquid. Due to great penetrating power of y-rays, MWCNTs
irradiated in air show a significant rearrangement and the
defect concentration can be decreased. As a result, the inter-
wall spacing decreases because the defective graphenes
typically have large interlayer spacing.'®”” Another possible
mechanism is that the irradiation can push one carbon atom
out of the graphene plane and then a cross-link between
neighboring graphene layers is formed.*®'°® However, besides
the above changes, y-ray irradiation in ECP can shorten
tubes,'” and ECP might be strongly bonded to dangling
bonds of tubes to form grafting chains. The distance of
graphene in MWCNTs increases, as the defective structure
increases."*?

Skakalova et al. also found that the effect of irradiation was
much stronger for samples irradiated in air in comparison to
those in vacuum.’® For samples irradiated in air, changes in
Young modulus and electrical conductivity of SWCNT-paper
were observed with maximum value for a dose of 170 kGy.
Under vacuum there was only a small effect of irradiation. Oh
found that the CNTs were easily cut when using cyclodextrin as
a grinding reagent or when using a H,SO,/HNO; mixture.'%®
Jovanovic suggested that CNTs irradiated in ammonia interact
more efficiently with ssDNA compared to other samples which
were irradiated in water and air.*

6.5. Chemical modification

Since the discovery of the CNTs by Ijima,"*” their insolubility
in most solvents and matrices has limited their applications
and the functionalization of CNTs has been extensively

Fig. 17 lllustrations of structural changes in MWCNTs in media of (a) air and (b)
ECP (Copyright from American Institute of Physics).'®’
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studied. Combining vy-irradiation with chemical doping
showed sensitivity of the doping affinity to the number of
defects created by irradiation. Among them, a covalent
reaction of CNTs with polymers is widely used because the
long polymer chains help to disperse the nanotubes into a
wide range of solvents even at a low degree of functionaliza-
tion.®® 17113 The major advantages of radiation grafting are
(a) the reaction is carried out at room temperature and more
controllable than in chemical operation, (b) the grafting can
be carried out in gaseous and liquid phase of the monomer,
and (c) the modified material is free from residuals of initiator
or catalyst.'*®

In Guo’s work, MWCNTs irradiated with vy-rays were
subjected to chemical modification with thionyl chloride and
decylamine. Elemental analysis (EA) and thermogravimetric
analysis (TGA) for the modified MWCNTs indicated that
y-radiation increased the concentration of functional groups
bound to MWCNTs, which arose due to the increasing number
of defect sites created on the MWCNTs by y-photons.
Compared with untreated MWCNTS, y-irradiation significantly
enhanced the solubility of MWCNTSs in acetone and THF. In
addition, the concentration of functional groups attached to
the MWCNTs was found to increase monotonically with
increasing radiation dose due to the increase of defects
created on the MWCNTSs by y-photons. We therefore conclude
that y-irradiation provides a novel approach to prepare various
functionalized modifications of CNTs.*” Chen et al. developed
a facile strategy to prepare water-soluble MWCNTSs by two
steps of y-radiation and the whole procedures are illustrated in
Fig. 18. Results showed that poly(acrylic acid) (PAA) chains
were successfully grafted onto the surface of MWCNTSs. A core-
shell structure was proved to be formed, and the external
diameter of resultant MWCNTSs was increased remarkably. The
PAA-grafted MWCNTs showed very good solubility in water
and some polar solvents." % Polystyrene-grafted MWCNTS were
successfully synthesized by a simultaneous radiation-induced
graft polymerization process. The results showed that poly-
styrene was successfully grafted onto the surface of MWCNTs.
The synthesized polystyrene-grafted MWCNTs exhibited a
good solubility in organic solvents.*'"***

The degree of grafting was found to be strongly dependent
on the grafting conditions such as the absorbed dose and the
initial monomer concentration in the grafting solution. It was
found that the degree of grafting at a fixed dose of 20 kGy
showed the tendency to increase with increasing concentration
of styrene up to 50 vol% beyond which it decreased."'™ '™
When the styrene concentration increases further, homo-
polymerization is more pronounced and the diffusion of
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Fig. 18 The preparation of PAA-grafted MWCNTs (Reprinted with permission
from ref. 108, copyright from American Chemical Society).
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styrene is hindered. As a result, the final degree of grafting
decreases."">"'® In addition, the intensity of the D-band
further increased with the functionalization of y-irradiated
nanotubes, indicating that the polymer backbone is wrapped
around nanotubes rather than inserted into defects in the
nanotube wall.*®

Besides improving the solubility of CNTs, functionalization
of CNTs can be used in many other fields of technology. The
poly(4-vinylphenyl-boronic acid)-grafted MWCNTs were used
as sensing sites in enzyme-free glucose sensors for the
detection of glucose without enzymes.'”” An improved hydro-
gen adsorption capacity was obtained for commercial MWCNT
sample by y-ray irradiation due to the increasing number of
defects created by y-photons. The capacity would reach the
maximum when defect concentration achieves saturation.
Hydrogen adsorption on y-ray irradiated MWCNTs was by
both physisorption and chemisorption. However, only treat-
ment with y-ray irradiation was not an effective method to
sufficiently improve the hydrogen adsorption capacity of
CNTs.'"® Jovanovic used y-irradiation as a pre-treatment in
the process of functionalization of SWCNTs with DNA in order
to attach different polar functional groups to the sidewalls of
SWCNTs. After y-irradiation, dried SWCNTs were functiona-
lized with DNA. The greatest advantage of this novel process
for the production of SWCNT/DNA dispersion was the use of
DNA in a significantly smaller quantity.®®

6.6. Dispersion of gold nanoparticles on CNTs

CNTs find applications as a support for metal catalysts."'***!

The catalytic activities of CNTs could be augmented by
incorporating suitable metallic nanoparticles into the walls/
side of CNTs. However, the metallic alloy nanoparticles were
aggregated onto the surface of the carbon supports because of
the hydrophobic nature of the supports. In order to change
from hydrophobic to hydrophilic properties on the surface of
MWCNTs, the interactions between metal particles and
specific functional groups can be utilized for anchoring metal
nanoparticles onto CNTs with the method of y-rays.'**>'*?

In Showkat’s work, gold nanoparticles were dispersed into
thiol-functionalized multi-wall carbon nanotubes (MWCNTS).
The thiol groups were utilized as linker to hold the gold
nanoparticles without agglomeration. y-Radiation was used as
source to reduce gold metal ions without having any
additional reducing agents. The method provides formation
of gold nanoparticles without being contaminated by the by-
products from the normal reducing agents."?>

Surface modification of SWCNTs with y-irradiation was
proved to bring carboxyl and hydroxyl groups and provide
support for the dispersion of nanoparticles on the surface of
SWCNTs in Oh et al.’s work. Of interest, the attachment of the
nanoparticles onto SWCNTs was strong enough to be present
even after chemical cleaning and ultra-sonication."* Wu tried
to decorate MWCNTs with Ag nanoparticles relying on
covalently bonded polymers, via one-step covalent grafting of
the polymer to the surface of MWCNTs, and simultaneous
reducing of Ag" ions to Ag which were then efficiently
anchored onto the MWCNTs. The procedures are shown in
Fig. 19.'*°
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Fig. 19 Illustration of the formation mechanism of Ag-polymer-grafted-
MWCNTs under y-ray irradiation. (a) Dispersing MWCNTs into water and the
association of Ag* ions with polymer. (b) Irradiation-induced grafting of
polymer to the surface of MWCNTs. (c) Formation of Ag nanoclusters stabilized
by entangled polymer chains. (d) The confined growth of Ag nanoclusters in the
cross-linked polymer networks results in the higher stability of Ag nanoparticles
in a gel matrix (Reproduced with permission from ref. 127, copyright from 10P
Science).

Different irradiation conditions would have various effects
on deposition of metal nanoparticles on CNTs. Cveticanin
et al. showed that one-step synthesis, dispersion and decora-
tion of CNTs with Ag nanoparticles using y-irradiation method
is more efficient when the y-irradiation Ag/poly(vinyl alcohol)/
CNTs synthesis is performed with poly(vinyl alcohol) radicals
only as a reduction species, both for SWCNTs and
MWCNTs."*® Zhang et al. suggested that the surfactant
additive makes the deposition more homogeneous and the
optimum irradiation dose is 40 kGy."*”

6.7. Composites reinforced by nano-fillers

Many nano-fillers (CNTs, nanoclays, etc.) have been considered
to be applied as the modifiers of the traditional polymers in
order to enhance the mechanical, thermal, electric, and gas/
liquid barrier properties or to add multi-functionality.'*%7'%*
Two crucial factors to develop advanced CNTs-polymer
composites are: (1) uniform dispersion of CNTs in polymer
matrix and (2) strong interfacial interactions for efficient load
transfer from the polymer matrix to the CNTs.'*® Using a
v-irradiation is beneficial to promote crosslinking in the
matrix and potentially enhance the interaction between
nanotubes and matrix."**

In Yu's work,"*® purified-MWCNTSs (p-MWCNTSs) and grafted
P-MWCNTs (g-MWCNTs) were incorporated into nylon-6
system. After irradiation, some functional groups were
covalently bonded to CNTs and the bonding was proved by
improvement of I/l from 1.34 to 1.36. Comparing with un-
grafted MWCNTs, the number of CNTs in per unit area is
larger for nylon-6/g-MWCNT composite, thus g-MWCNTSs
should have better interfacial adhesion than un-grafted
MWCNTs. After the incorporation of 0.2 wt% MWCNTSs, the
tensile strength of nylon-6 has an increase of 10% for
Pp-MNCNTs and 14% for grafted g-MWCNTSs. In the meantime,
the notched impact strength decreases accordingly. However,
the notched impact strength of g-MWCNTSs/nylon-6 compo-
sites was higher than that of p-MWCNTs/nylon-6 composites.
In addition, the flexural strength, flexural modulus and heat
distortion temperature (HDT) of g-MWCNTSs/nylon-6 compo-
sites were higher than those of p-MWCNTSs/nylon-6 composites
and neat nylon-6. Since both epoxy group and carboxyl group
on p-MWCNTs can react with -CONH- groups along the
polymer chains in nylon-6,">* the grafted polymer on
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pP-MWCNTs can act as compatibilizer and strengthen the
interfacial interactions which lead to better mechanical
properties as well as higher HDT of nylon-6/g-MWCNTs
composite.'*” In Lee’s work, a one pot synthesis of a composite
comprising of SWNT, polyaniline and Au nanoparticles was
successfully established by y-irradiation. These composites are
expected to find applications as catalysts, sensors and in
microelectronic devices.” In Cataldo’s work, the y-irradiation
of polyisoprene and Cg, solutions in decalin was employed to
prepare polyisoprene/Cgs, composites. The thermal stability
was found to be enhanced by the presence of Cg, fullerene and
crosslinks induced by the irradiation.”®

Compared with mechanical properties, electric properties of
composites were found to be more labile to radiation
effects.”®® Srivastava showed that a significant increase in
the conductivity of composite was observed in consequence of
irradiation. The breaking and homogenous distribution of the
nanofillers and the production of free radicals in polymer due
to crosslinking after irradiation have been found to be
responsible for the increase in the conductivity of the
composite. The improvement of the conductivity is also
correlated with the morphological changes. In addition, a
decrease in the positive temperature coefficient of resistance
effect and elimination of the negative temperature coefficient
of resistance effect of the composite has been observed after
irradiation. These results are explained on the basis of
morphological changes in the composites after y-ray irradia-
tion. This effect of irradiation on negative temperature
coefficient of resistance effect has been attributed to the
prevention of re-agglomeration of the smaller conducting
graphite particles to form the conducting pathways because of
the reduction in the filler particle size, the increase in surface
area of the expanded polymer particles and high viscosity of
the molten polymer at higher temperature. No significant
change in the hardness has been observed after vy-ray
irradiation at room temperature.’*® In Lee’s work, activation
energy of the samples reduced as the irradiation dose
increased. This is believed to have been caused by more
polymer peroxides being created by an irradiation and
oxidation. In the second chemoluminescence experiment,
the chemoluminescence intensity rapidly declined as the
temperature, irradiation dose and the CNT content increased.
Finally, examination of the fracture surfaces indicated that the
lamella structure of the polymer changed as the irradiation
dose increased."*”

7. Graphene

Graphene, a single atomic layer of sp>-hybridized carbon, has
attracted tremendous attention owing to its strictly two-
dimensional structure and a wide range of unusual properties.
It has rapidly changed its status from being an unexpected and
sometimes unwelcome newcomer to a rising star and to a
reigning champion.'***! Graphene oxide (GO) is single- or
few-layer graphite oxide which exhibits excellent performance.
The tunable oxygenous functional groups of GO facilitate the
modification on the surface and make it a promising material
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for composites with other materials."** It also works as the
mediator to produce graphene. A literature survey shows that
some irradiation techniques have been applied to modify the
properties of graphene, such as electron irradiation,"**™"*° jon
irradiation'>>"" and et al. In our previous work, alterations of
the structure and functional groups of graphene and GO
induced by electron beam irradiation were investigated.'>*">?
v-Rays have been proved to be more effective than electron and
ion beams and irradiation with y-rays should have great
potential for produce unimaginable functionalizations on
graphene and GO. In addition, for devices used in the
aerospace or nuclear industry, where the radiation character-
istics may be a major concern, it is essential to ascertain the
radiation effect on the properties of graphene and GO. Effects
of y-ray irradiation on micromechanical exfoliated mono-, bi-
and tri-layer graphene samples have been successfully studied
in Liws work.”® Defects are produced and induce crystal
lattice deformation, which is confirmed by the blue shift of the
G band, and the increase in the D and D’ bands after
irradiation. However, bi-layer graphene exhibits greater stabi-
lity under irradiation, which has more potential applications
in the radiation environments. Moreover, the carrier density of
mono-layer graphene was found to be increased by the
investigation of the electrical property.

7.1. Reduction of graphene oxide

v-Ray irradiation has also been known as a widely used
method to prepare nanoparticles in aqueous solution by the
reduction of their precursor by the as-formed aqueous
electrons and hydrogen radicals."**>"'*® Reduction of graphene
oxide (GO) could be implemented by y-ray irradiation in
alcohol/water in the absence of oxygen."*”'*® According to the
radiation chemistry of water,'” y-ray irradiation can decom-
pose the water molecules to both oxidative (hydroxyl radical,
OH) and reductive (hydrogen radical and hydrated electron, H"
and e aq) species. Whilst alcohols can eliminate the oxidative
OH as radical scavengers and transform into reductive
radicals,"® which can be used to create a reducing medium
for chemical reaction under the y-ray irradiation in the
absence of oxygen. After irradiation, the color of GO dispersion
turns from yellow to black as shown in the insert of Fig. 20 (a).
UV-Vis spectra show that the shoulder peak of GO around 290
nm disappears and the sharp absorption peak around 230 nm
is red-shifted to 270 nm after y-ray irradiation in Fig. 20 (a),
which is consistent with the characters of reduced GO. From
the FT-IR spectra in Fig. 20 (b), we can see the decarboxylation
effect of y-ray irradiation on GO sheets, as the peak at 1731
cm™ ' assigned to carboxyl groups disappeared in the spectrum
for reduced GO. Oxygen absence and alcoholic addition are
proved to be the essential factors for reduction process, which
correlated the production of reductive radicals with GO’s
reduction. The investigation of resultant reduced GO papers’
electrical conductivity indicates that this method is favorable
to build up graphene-based composites for the application in
the field of electricity. In addition, a facile and environmen-
tally friendly approach to prepare well-dispersed graphene
sheets by y-ray induced reduction of a GO suspension in
N,N-dimethyl formamide (DMF) at room temperature was
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Fig. 20 (a) UV-Vis spectra of GO dispersion before and after irradiation. The
insert shows the photographs of GO dispersion in an ethanol/water (50 v/v%)
before (0 kGy) and after (35.3 kGy) the irradiation; (b) Fourier transform infrared
spectroscopy (FT-IR) spectra of starting GO and reduced GO measured on
transmission mode (Reprinted with permission from ref. 160, copyright from
Royal Society of Chemistry).

demonstrated in Zhang’s work."®* GO is reduced by the
electrons generated from the radiolysis of DMF under vy-ray
irradiation.”®" As shown in Fig. 21, the high resolution TEM
(HR-TEM) image of reduced GO shows an ordered graphite
lattice. The reduced GO can be re-dispersed in many organic
solvents, and the resulting suspensions are stable for two
weeks due to the stabilization of N(CH3)*>" groups on the
sheets.

7.2 Preparation of functionalized graphene

Considering the graphene-based composites, in fact, the
excellent performance of them rests not only with the inherent
properties of graphene, but more importantly with the
compatibility between graphene and its matrix or other
functional components. As to solution processing, the stability
of graphene dispersions in aqueous or organic systems is
obviously critical for the preparation of composites. Thereby,
one of the tasks of preparing graphene-based nanomaterials is
to enhance the stability of graphene or GO dispersions in
solution.

A facile method of successive intercalation, grafting and
exfoliation of graphite oxide in monomers by y-ray irradiation
to obtain functionalized graphene nanosheets was reported in
our previous work.'®® The schematic comparison of our
strategy and the traditional method to prepare functionalized
graphene nanosheets is given in Fig. 22. Obviously, due to the

Fig. 21 (a) TEM and (b) high-resolution TEM (HR-TEM) images of reduced
graphene oxide. The insert in (b) is a fast Fourier transform pattern of the HR-
TEM image (Reprinted with permission from ref. 163, copyright from Royal
Society of Chemistry).
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Fig. 22 Schematic drawing of a comparison of the functionalization of
graphene nanosheets by our strategy and the traditional method (Copyright
from Royal Society of Chemistry).'®

extensive exfoliation, the functionalized graphene nanosheets
with a high percentage of single-layer graphene are evidenced
to be prepared by y-ray irradiation. In addition, our strategy is
a way for the preparation of functionalized graphene
nanosheets with much less agglomeration than the traditional
method. It should be attributed to the fact that interlayer
functionalization of GO in our experiment is designed to be
achieved via high energy y-rays before exfoliation. The
aggregation and the restacking through van der Waals
interactions are reduced significantly owing to the bonding
of long polystyrene chains on the planes.'®® Moreover, the
elimination of the drying procedure also plays a significant
role in preventing agglomeration. These mechanisms can be
supported well by the AFM and TEM results in Fig. 23 and 24.
It is noteworthy that the height value may be higher than that
of the pristine GO monolayers but lower than bilayers due to
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Fig. 23 Tapping mode AFM topographic images of (a) graphene nanosheets
from the GO sonicated for 2 h, (b) graphene nanosheets from the dispersed
irradiated GO in THF, (c) cross-section of graphene nanosheets from the
sonicated GO and (d) cross-section of graphene nanosheets from the dispersed
irradiated GO in THF (Copyright from Royal Society of Chemistry).'®
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Fig. 24 TEM images for (a) GO and (b) functionalized GO'®” and HR-TEM
images for (c) GO and (d) irradiated GO'®* (Reprinted with permission from ref.
167, copyright from Royal Society of Chemistry).

the PS chains grafted on the nanosheet surfaces or trapped
underneath the drop-dried graphene flake ‘coffee rings’.'®*
Moreover, in Zhang’s work,'®® the excellent dispersibility and
stability of GO-g-poly(vinyl acetate) in common organic
solvents are also readily rationalized in terms of the full
coverage of poly(vinyl acetate) chains and solvated layer
formation on graphene oxide sheets surface, which weakens

the interlaminar attraction of GO sheets.

7.3. Formation of nanopores on graphene

In contrast to pristine graphene (Fig. 25), the irregular
nanopore appeared in plane, and the trim edge was cut so
that graphene with notched edges was prepared owing to the
radiolysis promoting C-C bond breaking in the nanosheets
under y-rays.>'®® Therefore, y-ray irradiation is capable of

Fig. 25 The strengthened image of the AFM topographic images of graphene
from the irradiated GO (Copyright from Elsevier).'®®
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creating radiation defects at certain points. Spontaneously
interlocking between the etching graphene and polymer
matrix will be arisen with the formation of these nanostruc-
tures. The development of an interlocking microstructure of
graphene-based composites makes graphene potentially more
favorable for altering the matrix properties, such as the
mechanical, rheological and permeability properties, and
degradation stability.'®”

Though some attentions have been devoted to the radiation
effect of graphene caused by v-rays, the investigations
concerning the exact mechanisms are very limited. In our
future study, we will focus on this field and it is hoped that the
properties of graphene and other carbon systems can be
modified in a tailored fashion by employing the y-ray
irradiation and the modification mechanisms of y-irradiation
induced alterations can be understood further in the future.

8. Other carbon materials

Ercin'®® presented the results of the treatment of activated
carbons with y-irradiation. They found that specific surface
areas of irradiated samples are measured to be greater than
those of non-irradiated samples. This might be considered as
an indication to some loss of material from the surface by
v-irradiation. The effect of irradiation was more severe in the
loss of the functional groups present in the structure. The
main difference between irradiated and non-irradiated car-
bons is the loss of the most of the functional groups of the
irradiated carbons. In Zhang’s work,"® viscose-based activated
carbon fiber (VACF) was modified with acrylonitrile by
v-irradiation-induced grafting polymerization. The grafting
yield is higher than 12% according to TGA results. However,
after grafting modification, VACF shows a small decrease in
the specific surface area. In addition, Romanenko found that
the conductivity of onion-like carbon was directly affected by
the low energy y-irradiation, which caused the reduction of the
defects in the graphite-like conducting layers."”® Novel
nanocarbon hybrids of SWCNTs and ultradispersed diamond
(UDD) were irradiated by various dose of y-irradiation in
Gupta’s work.”> It was shown that y-irradiation generates
microscopic defects albeit marginal as compared with E-beam
considering the energy scale difference as well as the
mechanism. This result is due to the fact that for gamma
irradiation, a larger fraction of the deposited energy goes into
bond breaking rather than atomic displacement. A concentra-
tion of 0.25 wt% UDD increased the radiation resilience of
SWCNTs by enhancing the amorphization threshold energy
and maintained their vibrational properties while only slightly
changing for individual component elucidated through inten-
sity and position variation of prominent Raman spectroscopy
signatures. The dangling bonds at the interface can trap
electrons and suppress conductivity through the interface.
Therefore for electronic applications, models of hybrid
structures with all bonds saturated should be considered. It
can be either surface reconstruction or hydrogen passivation.
Pre-existing atomic scale defects are affected due to excitation

This journal is © The Royal Society of Chemistry 2013

induced by y-photons allowing recombination and helping to
improve the structure or limit the damage. In their later
71 the MWCNTs when combined with nanodiamond
showed a slight decrease in their conductance further affected
by irradiation pointing at relatively good interfacial contact.
They recommended that tailoring defects artificially allows
more thermal channels for thermal packaging in microelec-
tronics and electrical conduction pathways and available sites
for electrochemical and electron field emission applications.

work,

9. Conclusions and outlook

A review of the structural transformations of carbon materials
by y-rays is presented in this paper based on a wealth of
experimental and theoretical data. It can be concluded that
y-irradiation of carbon materials may result in many fascinat-
ing and unexpected phenomena that can be readily used for
engineering carbon materials and tailoring their properties
instead of destroying them completely. The Compton scatter-
ing effect is mostly responsible for the interaction of y-ray with
carbon materials.

The grafting of reactive functional groups by y-ray irradia-
tion was expected to be an effective method for modifying the
physicochemical properties of carbon fibers and improving
the interfacial adhesion of composites. The roughness,
amount of containing-oxygen functional groups and surface
energy were all found to increase significantly after irradiation
grafting. Compared with graphite, diamond is more resistant
to the y-ray irradiation so that it is being suggested as a
suitable material in high irradiation environments. With
regard to CNTs and graphene, y-ray also works as a controlled
method for modifying their physical and chemical properties.
The tailoring and functionalization of CNTs and graphene
induced by y-ray irradiation modified the interlayer nanos-
tructures and enhanced their solubility. CNTs can be success-
fully cut by using y-ray irradiation with a sensitizer to improve
their homogeneity in the solvent as well. Moreover, y-irradia-
tion technique can be regarded as a facile method for the
preparation of organic and inorganic composites, such as
CNTs or graphene/polymer and CNTs/gold nanoparticle
composites. Structures and properties of the other carbon
materials such as fullerenes, activated carbons and nanocar-
bon hybrids can also be decorated by y-rays.

This review has clearly shown that the understanding of
y-radiation effects in carbon systems is pretty good, thanks to
extensive and systematic experimental and theoretical works
preformed by the predecessors. A few key aspects such as the
structure changes and property alternation start to be already
well understood. However, the understanding of the response
mechanisms is still not very complete, due to the relatively
little experimental and practically no theoretical work on the
system of graphene, which works as a basic building block for
graphitic carbon materials. On the other hand, the effects of
the multi-factors like temperature and electricity fields in the
irradiation environment on the structures and properties of
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carbon systems is worthy of further investigation for fulfilling
the irradiation mechanisms. Overall, this review has shown
that there are numerous exciting scientific issues to study,
such as organic and inorganic functionalization of carbon
material surface; modification of properties by introducing
defects and optimization of the degree of carbon system
graphitization under certain y-ray irradiation environments.
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