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The  different  rules  for �-ray  modifications  of  carbon  fiber  (CF)  surface  were  found  in  previous  litera-
ture,  and  the contributing  factors  were  not  clear.  To investigate  the  effects  of fiber  instinct  structure
and  radiation  medium  on surface  modification  of  CFs  in  �-ray  irradiation,  argon  atmosphere  (Ar)  and
epoxy  chloropropane  (ECP)  were  chosen  as the  irradiation  media  for T300,  T400,  T700,  T800  and  T1000,
respectively.  Based  on  the Raman  spectroscopy  and  specific  surface  area  results,  changes  of  surface
graphitization  and  roughness  depended  on  the  fiber  instinct  structure  after  irradiation.  The  graphiti-
zation  of  T300,  T400  and  T800  with  low  graphitization  and rough  surface  was increased  after  irradiation,
while  that  of T700  and  T1000  with  high  graphite  degree  and  smooth  surface  was  decreased.  Specific
surface  areas  of  low-graphitization  CFs  (T300,  T400  and T800)  were  changed  clearly,  while those  of  high-
graphitization  CFs  (T700  and T1000)  remained  almost  unchanged  after  irradiation.  X-ray  photoelectron
iber instinct structure spectroscopy  provided  the  evidence  that  the surface  chemistry  change  after  irradiation  was  determined
by  the  type  of the  irradiation  medium.  The  oxygen  ratio  of  CFs  irradiated  in  Ar was  decreased  while  that  of
CFs irradiated  in  ECP was  increased  with  Cl  element  detected.  Surface  free  energy  of  all  CFs  was  improved
obviously  after  irradiation,  and  CFs  irradiated  in  ECP  had  higher  surface  free  energy  compared  with  CFs
irradiated  in  Ar.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Carbon fibers (CFs) have been widely used as reinforcing mate-
ials in composites because of their superior properties in strength,
odulus, stiffness, lightness and resistance to elevated tempera-

ure [1,2]. It is widely accepted that the application of CFs is mainly
ependent on the surface properties [3,4]. In order to improve the
verall surface properties, various surface treatments have been
arried out such as electrochemical processing [5,6], wet chemical
xidation [7,8], gas phase oxidation in ozone [9,10], high-energy
eams (such as excimer laser beam [11], electron-beam [12]),
lasma treatment [4,13], electrostatic spray painting [14], and so
n. But almost all these methods have weakened the mechanical
erformance of CFs.
In recent years, it has been shown that �-ray irradiation is
n effective method for altering surface properties of CFs as well
s other carbon materials [15–34], and can improve mechanical

∗ Corresponding author. Tel.: +86 022 83955231.
E-mail address: xuzhiwei@tjpu.edu.cn (Z. Xu).

ttp://dx.doi.org/10.1016/j.apsusc.2015.02.101
169-4332/© 2015 Elsevier B.V. All rights reserved.
performance of CFs to some extent. In the predecessors’ works
and our previous papers [19,20,24,35–39], modifications of poly-
acrylonitrile (PAN)-based CF surface induced by �-ray irradiation
were investigated exhaustively. It was convinced that both surface
structure and surface chemistry were altered by �-ray irradiation.
It was found that the surface energy and amount of containing-
oxygen functional groups were both increased significantly after
irradiation [20–23,35,36,40,41]. Xu et al. [40] improved the surface
energy of CFs from 42.2 mJ/m2 to 50.5 mJ/m2 after irradiation in
acrylic acid. Li et al. [36] have modified the surface of CFs by �-ray
irradiation in air atmosphere, and found that the oxygen/carbon
ratio of CF surface increased rapidly after irradiation.

However, there were some different opinions on the changes of
surface roughness and degree of graphitization. Li et al. [20] inves-
tigated the structure and surface hydrophilicity of the CFs produced
by Jilin Carbon Factory of China before and after �-ray irradiation
in air. There was  no distinct surface morphologic change after irra-

diation and the graphitization degree determined by Raman was
increased. In contrast to this, some researchers deemed that the
surface roughness of PAN-based CFs was improved after irradia-
tion [21,22,42] and the graphitization degree determined by Raman

dx.doi.org/10.1016/j.apsusc.2015.02.101
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.02.101&domain=pdf
mailto:xuzhiwei@tjpu.edu.cn
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Table 1
Physical properties of as-received PAN-based CFs.

Tensile
strength (MPa)

Tensile
modulus (GPa)

Linear mass
(g/km)

Density
(g/cm3)

T300 3530 230 198 1.76
T400 4410 250 396 1.8

mainly show two  characteristic bands. One is at around 1580 cm−1,
and denoted the G peak, corresponding to an ideal graphitic lattice
vibration mode with E2g symmetry, which is relative to the motion
of sp2 bonded carbon atoms [47,48]. Another Raman active band
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as decreased [21,24]. For example, Xu et al. [40,43] have modi-
ed the surface of CFs which were manufactured by Institute of
oal Chemistry in epoxy resin and acrylic acid. It was  found that
egree of surface roughness was increased after irradiation with �-
ays. Presence of active medium or oxygen was considered as the
eason for the increased oxygen/carbon ratio and surface rough-
ess of CFs. Xiao et al. [24] studied the structure changes of T700
Fs which were produced by Toray after being irradiated in air. It
ould be observed that the degree of graphitization determined by
aman spectra was decreased and increased surface roughness was
iscovered.

As can be seen from the above results, there were different
ules for changes of CF surface properties due to the difference
n fiber instinct microstructure and radiation treatment process.

eanwhile, some researchers [24,40,43] have done some impor-
ant work on the changes of CFs irradiated with different dose in air.
t was found that surface properties were obviously changed at low
rradiation dose, but the change trend with increasing dose was  not
imilar to each other. It indicated that the instinct microstructure of
Fs may  play an important role in �-irradiated modification of CFs.
oday, a number of PAN-based CFs with different instinct structure
such as T300, T400, T700, T800 and T1000) have been commer-
ially available, and can be used as the representative. Moreover, it
as found that the media in �-ray irradiation had significant influ-

nce on surface chemistry and morphology of graphene and carbon
anotubes [27–29]. Zhang et al. [27] demonstrated that graphene
xide appeared highly reduced and possessed high purity after �-
ay irradiation in alcohol and water in the absence of oxygen. While
s reported in our previous work [59], graphite oxide was grafting
nd exfoliated after irradiated in different monomers by �-rays.
s for multi-wall carbon nanotubes (MWCNTs), Skakalova et al.

60] found that the effect of irradiation in air was much stronger in
omparison to that in vacuum. While in our work, �-ray irradiation
ecreased the inter-wall distance of MWCNTs and improved their
raphitic order in air, while irradiation in ECP increased the inter-
all distance of MWCNTs and disordered the structure [61,62]. CF

urface microstructure was  similar to that of carbon nanotubes sur-
ounded by multi-layer graphene sheets, and would be tailored by
ctive or inert medium in �-ray irradiation.

In this work, to understand the effects of fiber instinct structure
nd radiation medium on the surface properties of CFs in �-ray irra-
iation, we conducted a systematic study of CFs irradiated in argon
tmosphere (Ar) and epoxy chloropropane (ECP). After irradiation
reatment, CFs were analyzed by Raman spectroscopy in order to
nvestigate the effects of irradiation on their structure. Scanning
lectron microscopy (SEM) and specific surface area (SSA) were
sed to estimate the surface roughness of pristine as well as �-ray

rradiated CFs. X-ray photoelectron spectroscopy (XPS) and contact
ngles were used to estimate the surface chemistry and surface free
nergy of CFs.

. Experimental

.1. Pristine fibers

The PAN-based CFs were produced by Toray (Japan). The
etailed information was presented in Table 1.

.2. �-Irradiation experiments
The five kinds of samples were placed in glass containers and
rradiated in Ar and ECP at room temperature, respectively. Irradi-
tion with 60Co point-source irradiator was carried out at Tianjin
nstitute of Technical Physics. The absorbed dose was  accumulated
T700 4900 230 800 1.8
T800 5490 294 445 1.81
T1000 6370 294 485 1.8

to 100 kGy with dose rate of 0.3 kGy/h, which was  based on con-
sulting previous literature [19,20,24,35–39].

2.3. Measurements

Raman spectroscopy was  performed on a LABRAM-HR Confocal
Laser Micro-Raman spectrometer using an Ar+ laser with 532 nm
to determine the quality and graphitization of CFs before and after
irradiation. The morphology of fibers irradiated in Ar and ECP was
evaluated using a Hitachi S-4800 field-emission SEM system (oper-
ated at 4 kV). The SSA was calculated from the adsorption data
in the relative pressure range between 0.05 and 0.35 using the
Brunauer–Emmett–Teller (BET) method. XPS investigations were
carried out with a PHI 5700 ESCA System with Al Ka (1486.6 eV)
radiation to characterize changes of the chemical components of
different CFs and the pressure in the XPS analyzing vacuum cham-
ber was  less than 3 × 10−9 mbar. The contact angles of various CFs
irradiated were measured using the measurement instrument of
dynamic contact angle (Dataphysics Co., Ltd.).

3. Results and discussion

3.1. Surface structure

Raman spectroscopy is often used to evaluate the degree of
structural perturbation and stress/strain distribution. Note that
the penetration depth of Raman measurements on the surface
of CFs was estimated to be a few hundred angstroms [44,45] or
0.1–0.2 �m [46], which accounts for less than 5% of the fiber diam-
eter. So Raman results only reflect the surface information of CFs.
In the first order Raman spectra located at 1000–1800 cm−1, CFs
Irradiated
in Ar

As-recei vedIrradiate d
in ECP

Fig. 1. ID/IG of the CFs before and after irradiation in ECP and Ar.
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Fig. 2. SEM micrographs of p

s the disorder-induced band at about 1360 cm−1, called D band,
hich is associated with the concentration of bond defects (the

ond defects could be considered as the carbon bands other than
p2 bonds) in the structure and the intensity ratio of D and G, and
D/IG can represent the relative change of bond defects of carbon

aterials [49,50]. ID/IG ratio of CFs before and after irradiation was
isplayed in Fig. 1. The Raman spectra of pristine and irradiated

Fs were supplied in Supplement. As shown in Fig. 1, the CFs were
ivided into two types clearly, T300, T400 and T800 with higher

D/IG value which means low graphitization degree and T700 and
1000 with high graphitization degree.
 and irradiated fiber surface.

The ID/IG values of CFs irradiated in ECP and Ar were both
increased (T700, T1000) or decreased (T300, T400 and T800) com-
pared with original CFs. It indicated that the difference of irradiation
medium did not influence the CF ID/IG which reflected the changes
in bond defect dynamics. The penetration depth of Raman measure-
ment on CF surface was estimated to be a few hundred angstroms,
which was much deeper than the affecting depth of the medium.

So the medium was the inconclusive reason for the graphitization
change of CFs.

The changes after �-ray irradiation occurred because of Comp-
ton effect on fiber surface [20,24], which was  affected by surface
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Compton effect is mainly responsible for the above phenomenon
Fig. 3. SSA results of pristine and irradiated CFs.

raphitization of CFs. For low-graphitization CFs, the decrease
f ID/IG after �-ray irradiation indicated higher percentage of
p2 hybridization carbon atoms and less disorder and defects in
reated fibers, which was the evidence of the improvement of
raphitization of the irradiated fibers [16]. The �-induced atomic
isplacement was mainly responsible for the improvement of
raphitization. It appeared that the energy transfer by recoiled
lectrons from Compton effect of � photon to original defects
ccelerated their migration in CFs. Therefore, the defects includ-
ng interstitials and vacancies were annealed via recombination of
hem.

While for high-graphitization CFs, there were seldom defects
o be annealed. As shown in Fig. 1, the increased ID/IG values of
igh-graphitization CFs after irradiation indicated that many dis-
rdering carbon bonds were generated. The recoiled electrons from
ompton effect were diverted from ordered graphene layers lead-

ng to abundant defects. Telling et al. [51] claimed theoretically
hat vacancy defects could be stabilized by forming complexes over
he large interlayer distance, making cross-linking between neigh-
oring graphene layers by means of creating pentagon–heptagon
efects. According to the discussion of ref. [24], it was reasonable
o assume that irradiation of CFs by high-energy �-rays generated
ree radicals on the graphene layers and produced covalent cross-
inking (bond defects) between the graphene layers of CFs.

.2. Surface morphology

The surface topography of CFs irradiated in ECP and Ar
as observed by SEM, and the results were shown in Fig. 2.
emarkable differences in morphology could be observed between

ow-graphitization CFs and high-graphitization CFs. It was  clearly
ound that the surface of as-received high-graphitization CFs (T700
nd T1000) was smooth, while the surface of as-received low-
raphitization CFs (T300, T400 and T800) was rough. The PAN
recursor and preparation process should be quite different among
he above PAN-based CFs, which may  be the main reason for the
ifferent surface topography of low-graphitization CFs and high-
raphitization CFs. Compared with the similarly visible difference
n surface morphology between irradiated low-graphitization CFs
nd high-graphitization CFs, there was no distinct surface morpho-
ogic change between the pristine and irradiated samples shown in

ig. 2. That may  because the change of surface morphology could
ot be seen clearly. So the SSA results were taken to obtain the
orphology after irradiation more accurately.
nce 337 (2015) 241–248

The SSA results were shown in Fig. 3. SSA results were calcu-
lated in the linear relative pressure range from 0.05 to 0.35 using
the BET equation from acquired N2 adsorption isotherms. There
were two kinds of changes of SSA results shown in Fig. 3. For low-
graphitization CFs, the SSA results changed after irradiation while
the high-graphitization CFs did not show distinct difference after
irradiation. The rough surface and low degree of graphitization of
low-graphitization CFs were responsible for the obvious changes
of SSA results. However, the SSA of T300 and T400 were increased,
which indicated rougher surface after irradiation. It was opposite
to T800 which had a decreased SSA after irradiation. The different
instinct structure of T300, T400 and T800 may  be responsible for the
phenomenon [52,53]. T300 and T400 were produced by dry spin-
ning, while T800 was  produced by wet  spinning. The difference
in manufacturing technique was the main reason for the instinct
structure difference among T300, T400 and T800. Because of dry
spinning, T300 and T400 have some disordered grooves, while the
grooves of T800 were more ordered than those of T300 and T400.
The different contributing factor and morphology of surface groove
may be the reasons for the different SSA changes of T300, T400 and
T800 after irradiation. Similarly, no significant difference in sur-
face morphology could be observed between CFs irradiated in ECP
and Ar. It indicated that the medium was  not the crucial reason for
etching on the fiber surface.

3.3. Surface chemistry

XPS is a powerful method to characterize the surface chemical
composition of both pristine and irradiated CFs. Wide scan spectra
in the binding energy range 0–1350 eV were obtained to identify
the surface elements present and carry out a quantitative analysis.
The XPS spectra showed distinct carbon and oxygen peaks, repre-
senting the major constituents of the CFs investigated. The surface
composition of pristine and irradiated CFs was  determined by XPS
and the results were given in Table 2. Carbon and oxygen were the
major surface elements and small amounts of nitrogen amount-
ing to less than 0.6% on the surface of pristine CF samples were
detected. Cl element was  found in CFs irradiated in ECP. It may  be
attributed to the grafting of monomers and the removal of weak
surface layer on fiber surface.

As shown in Fig. 4, by analyzing the line shape of the C1s spec-
tral envelopes of low-graphitization CFs and high-graphitization
CFs before and after irradiation, it was possible to derive a rough
sense of the functional groups present on the samples. For exam-
ple, as shown in Fig. 4(a and e), T300 and T1000 after irradiation
in ECP showed a spectral feature centered around 289 eV, indica-
tive of photoelectrons from carbon atoms at the surface in highly
oxidized environments (e.g. carboxyl or ester groups). There was
also a distinct spectral feature centered around 286.8, which indi-
cated the formation of carbonyl group [54]. Similar changes of other
low-graphitization CFs and high-graphitization CFs were shown in
Fig. 4(b–d). Overall, as displayed in Fig. 4 and Table 2, for both
low-graphitization CFs and high-graphitization CFs after irradia-
tion in ECP, more polar oxygen-containing functional groups were
introduced onto fiber surface. However, the elements changes of
low-graphitization CFs and high-graphitization CFs had different
trend after irradiation in Ar. As shown in Fig. 4 and Table 2, lower
oxygen ratio in CFs was found after being irradiated in Ar. The
increase of carbon content of CFs after irradiation in Ar ranged
from 2% to 3%. The amount of functional groups on fiber surface
was responsible for tiny difference in carbon content increase of
irradiated CFs.
[20]. � Irradiation in solids causes ionization and chemical reactions
due to radiolysis. When �-quanta (photons) bombards the surface
of CFs, Compton scattering may  happen by means of originating the
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Table  2
The element composition of pristine and irradiated CFs determined by XPS.

As-received Irradiated in ECP Irradiated in Ar

C (%) O (%) C (%) O (%) Cl (%) C (%) O (%)

T300 86.99 13.01 85.88 13.47 0.65 88.95 11.05
T400  87.24 12.76 85.91 14.52 0.57 90.38 9.62

r
m
w
g
c
t
a
r

s
A
o

T700  89.27 10.73 83.67 

T800  87.07 12.93 85.42 

T1000 89.98 10.02 85.37 

ecoiled electrons with high kinetic energy. Carbon atom displace-
ent would occur by these knock-on collisions. As the experiment
as carried out in active medium, oxygen-containing functional

roups were easily generated at chemically active dangling radi-
als via radiolysis. It should be noted that the penetrating depth of
he laser beam in XPS tests is estimated to be about 6 nm,  which
ccounts for less than 0.1% of the fiber diameter [55]. So the XPS
esults were sensitive to the changes of the surface.
Whereas the carbonization displayed in XPS results was  respon-
ible for the element changes of CFs when CFs were irradiated in
r. Carbon atom on surface displaced when Compton scattering
ccurred on CFs. Since there was no other free radical species in

Fig. 4. (a–e) C 1s peak spectra of pristine and irradiated T3
15.65 0.68 91.95 8.05
13.76 0.82 89.11 10.89
13.96 0.67 91.81 8.19

Ar, no functional groups were introduced onto the surface of the
CFs. The functional groups on CF surface which were participants
in Compton scattering were deoxygenized after irradiation. As a
result, the fiber instinct structure leaded to very small changes in
the element of irradiated CFs and the medium was the crucial factor
for the changes of chemical composition on fiber surface.

3.4. Surface energy
To obtain the information about the surface activity of
CFs before and after irradiation, an analysis of surface free
energy was evaluated by dynamic contact angle analysis. The

00, T400, T700, T800 and T1000 determined by XPS.
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Table 3
Contact angles and surface free energy of pristine and irradiated CFs.

Contact angle
with H2O

Contact angle
with CH2I2

Polar component
(mJ/m2)

Dispersive
component (mJ/m2)

Surface energy
(mJ/m2)

T300
As-received 105.28 100.97 3.46 8.32 11.78
Irradiated in Ar 83.71 100.11 13.93 8.63 22.56
Irradiated in ECP 85.73 71.52 5.73 22.03 27.76

T400
As-received 66.96 87.05 6.38 14.04 20.42
Irradiated in Ar 57.1 70.98 7.43 19.22 26.65
Irradiated in ECP 85.54 54.59 3.22 31.68 34.90

T700
As-received 106.77 92.63 1.94 11.56 13.50
Irradiated in Ar 81.37 98.1 14.89 9.37 24.26
Irradiated in ECP 80.42 95.27 15.45 10.47 25.92

T800
As-received 86.24 102.41 12.96 12.06 21.28
Irradiated in Ar 75.39 110.95 23.95 5.24 29.19
Irradiated in ECP 75.67 143.85 35.1 0.47 35.57

T1000
As-received 55.09 79.67 7.34 17.66 24.00
Irradiated in Ar 73.47 77.45 13.71 18.82 32.53
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Irradiated in ECP 69.78 76.44 

ouble-liquid method was employed to determine the contact
ngle of CFs [51]. Here two various immersion liquids were
sed: deionized water and diiodomethane. The surface energy of
eionized water is 72.8 mJ/m2, where the polar and dispersive com-
onents are 50.7 and 22.1 mJ/m2, respectively. The surface energy
f diiodomethane is 50.8 mJ/m2, where the polar and dispersive
omponents are 0 and 50.8 mJ/m2, respectively.

The surface energy of CFs can be determined by solving follow-
ng equation.

(1 + cos �) = 2
√

�p
s �p + 2

√
�d

s �d (1)

s = �p
s + �p

s (2)

here � , �d and �p represent the surface tension, dispersive com-
onent and polar component of immersion liquid, respectively. �

s the corresponding contact angle. �s, �d
s and �p

s represent the sur-
ace tension, dispersive component and polar component of CFs,
espectively. Table 3 summarized the specific information of the
Fs surface energy. It was clear that the surface energy of low-
raphitization CFs and high-graphitization CFs were increased after
rradiation. In addition, the CFs irradiated in ECP had higher surface
nergy than those irradiated in Ar basically.

The total fiber surface energy is the summation of the polar and
ispersive energies, which means the polarity and roughness of
Fs surface. The change of dispersive component shown in Table 3
as determined by the roughness of surface according to Eq. (1)

56]. In the case of low-graphitization CFs, the dispersive compo-
ent changed distinctly after irradiation in Ar and ECP. While for
igh-graphitization CFs, there was no significant difference after

rradiation. The results were in accordance with the results of BET.
Based on the above analysis, it could be concluded that exposure

o � irradiation caused significant surface energy changes on CFs
espite of fiber instinct structure and irradiation medium. More-
ver, there was a more remarkable increase in the surface energy
f CFs irradiated in ECP, compared with that in Ar. The surface
ree energy indicated the wettability of CFs, which played a key
ole in the interfacial bonding between CFs and matrix [57,58]. The
ncreasing surface free energy of all samples indicated that there

ay  be a better composites interface for CFs after �-ray irradiation.
. Conclusions

To investigate the effects of fiber instinct structure and irradi-
tion medium on surface modification of CFs in �-ray irradiation,
15.82 19.35 35.17

T300, T400, T700, T800 and T1000 were irradiated by �-rays in Ar
and ECP. Major findings from this study were as follows:

(1) Raman, SEM and BET analysis showed that T300, T400 and T800
showed similar surface graphitization and surface topography,
and T700 and T1000 were considered to be members of a fam-
ily. The graphitization of T300, T400 and T800 with low graphite
degree and rough surface was increased after irradiation, while
that of T700 and T1000 with high graphite degree and smooth
surface was  decreased. The SSAs of low-graphitization CFs
(T300, T400 and T800) were changed clearly, while those of
high-graphitization CFs (T700 and T1000) remained almost
unchanged. It was  indicated that changes of surface graphiti-
zation and roughness depended on the fiber instinct structure
mainly, regardless of the type of media.

(2) XPS demonstrated that the oxygen ratio of CFs irradiated in Ar
was  decreased while that of CFs irradiated in ECP was increased
with Cl element detected. The surface chemistry changes of CFs
after �-ray irradiation were determined by the type of radiation
media and were not affected by fiber instinct microstructure.
CFs were deoxygenized in Ar while oxygenized in ECP after
irradiation.

(3) Based on the surface energy analysis, the surface activity of CFs
was  improved obviously after irradiation. The effect of fiber
instinct structure on surface energy of irradiated CFs was  neg-
ligible and ECP surpassed generally Ar in the surface activity
increase of irradiated CFs.

Overall, it can be concluded that fiber instinct structure and
irradiation medium which were both neglected in previous work
had important and essential influence on the structure changes
and property alternation of PAN-based CFs under �-ray irradiation.
There were different rules for the property change of different fibers
after �-ray irradiation, which could provide insights for under-
standing the different conclusion in previous work, and offered a
new possibility to the radical alteration of CF properties in further
low-cost use of � rays.
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