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a b s t r a c t

Carbon fiber reinforcements with an excellent mechanical performance to weight ratio are primarily pre-
ferred for advanced composite applications. The poor interfacial adhesion between carbon fiber surfaces
and polymer molecules caused intrinsically by hydrophobicity and chemical inertness of carbon is a long
existing issue to overcome. The article intends to review the research work carried out over the past cou-
ple of years in the area of carbon fiber surface modifications and carbon fiber/polymer interfacial adhe-
sion. This paper provides a systematic and up-to-date account of various ‘wet’, ‘dry’ and ‘multi-scale’ fiber
surface modification techniques, i.e., sizing, plasma, chemical treatments and carbon nano-tubes/nano-
particles coating, for increasing the wettability and interfacial adhesion with polymeric matrices. The
review highlights strategies for retaining the carbon fiber mechanical strength after surface modification
and stresses its significance.
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1. Introduction

Carbon fiber (CF) reinforcements for polymer matrix composites
started to be used for commercial production in the 1960s. For a
wide range of potential applications, especially in mechanical engi-
neering, aviation, automotive industries, CF is primarily preferred
for composites materials usage due to its excellent properties, such
as high specific strength and stiffness, performance to weight ratio,
high thermal stability, high conductivity, self-lubrication and corro-
sion resistance [1–3]. Most significantly, use of CF allows reduction
in weight of the equipments or vehicles due to its high strength to
weight ratio. CF reinforced polymer composites used for wind
turbines applications in automotive energy systems, aerospace
efficacies, fuel cells, offshore – deep sea drilling platforms, turbo
machinery, compressed gas storage and transportation, antistatic
and electromagnetic shielding materials [3,4]. Liu and Kumar have
reviewed the existing progress of carbon fiber structure, fabrication
and properties including the incorporation of nano-tubes in precur-
sor fiber to improve the mechanical properties [5]. However, the
essential mechanical properties of these composites such as
toughness, longitudinal and transverse strength limited by the
intrinsically poor interfacial adhesion between reinforcing CF
surface and polymer materials. It is a long existing critical issue
needed to resolve for ensuring the continued development of CF
reinforced polymer composites for potential advanced composites
applications.

Motivated by this, many researchers focused on probing and
understanding the physicochemical interaction at the fiber/matrix
interface. For strong interfacial adhesion, the adequate level of van
der Waals and hydrogen bond forces between the CF and matrix
are required during composite processing [6,7]. In addition, the
fiber/matrix interfacial adhesion energy should be higher than
the cohesion energy of the matrix [8]. The modifications to CF
structure made a big difference in improving the mechanical
properties of high performance polymeric composites but the
emphasis to control the fiber/matrix interfacial properties is still
a major task [9].
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Fig. 1. Schematic for the techniques for surface modifications. The high resolution field
(SEM) images showing of carbon fiber surfaces [23].
CF, by structures has crystallized graphitic basal planes with
non-polar surface. The chemical inertness due to the existence of
high temperature carbonization/graphitization step during manu-
facturing [10], surface lipophobicity, and excessive smoothness
and less adsorption characteristics of CF leads to weaker bonding
with the matrix materials [7,11]. As remedy for CF inertness, mod-
ifications at fiber surface needed to execute strong fiber/matrix
interfacial adhesion for effective stress transfer at the interface
[12–14]. Primarily the alteration in CF surface generally categorized
as wet chemical modification, dry modifications and multi-scale
modifications. The ‘wet’ methods include applications of polymer
sizings, chemical modifications with acids and electrochemical
modifications. The ‘dry’ methods includes of plasma treatments,
high-energy irradiation and thermal treatments. A ‘Multi-scale’
coating for CF consists of nano-particles/carbon nano-tubes/graph-
ene modifications using eminent techniques such as electropho-
retic deposition (EPD), chemical vapor deposition (CVD), and
latest methods like dip coating. Most of the aforementioned meth-
ods functionalize the highly crystallized graphitic basal plane sites
on the fiber surface and increase its surface energy [15]. The fiber
surface roughened due to pitting or by adding reactive functional
groups, which further leads to enhanced mechanical interlocking
between fiber and polymer to impart interfacial strength to the
composite materials [16,17]. The efficacy of fiber/matrix adhesion
at the interface depends upon simultaneous action of various
parameters that entails physical adsorption and chemical interac-
tion [18,19]. In the year 1997, Tang has categorized the conven-
tional methods for carbon fiber surface modification in terms of
oxidative and non-oxidative treatment. The results showed that
the incorporation of ceramics whiskers on the carbon fiber has
improved the fiber/matrix interfacial properties to pronounced
level. The work focused on the function of conventional modifica-
tion methods in the achievements of commercial and particular
application [20]. Most conventional carbon fiber treatment meth-
ods endorses the fiber/matrix interfacial strength to enhance
composites utility, but at the cost of significant loss in single fiber
strength; owing to the generation of pits and flaws on the fiber
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Fig. 2. Schematic for the role of CF sizings to protect fiber from critical surface flaws.
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surface, that acts as stress concentration points for crack initiation
and propagation [21–23].

In the present scenario, where the traditional or conventional
fiber treatment methods are well established and extensively used
for industrial applications; it is important to draw attentions
towards the usage of new developed treatment methods. To delib-
erate the need of these modified methods, in terms of improved
materials (fibers/matrix as well as composites) performance for
research and industry adoption, it is high time to symbolize the
current review article.

The review covers the major CF surface modification techniques
under the three main categories; viz ‘wet’ chemical, ‘dry’ and,
‘multi-scale’/‘multi’-functional modification. Fig. 1 shows the illus-
tration which categories the various carbon fiber surface modifica-
tion methods commonly used to endorse fiber–polymer interfacial
adhesion and strength properties.

Furthermore, the paper highlights the influence of surface mod-
ification methods on strength properties of carbon fibers and its
composites with polymeric matrices. The papers also communicate
attention towards the selection and optimization of appropriate CF
modification methods to achieve the excellent interfacial/compos-
ites properties, simultaneously at the adequate level of single fiber
strength.
2. Carbon fiber surface modification vs. interfacial adhesion
properties

2.1. ‘Wet’ chemical methods

2.1.1. Sizing: Application of polymer finish to CF surface
Sizing is a method to protect filaments (both in roving and

fabrics form), which undergoes various contacts during manufac-
turing [24,25]. It is a stimulating phenomenon in consideration
to provide an acceptable surface finish, protection from fluffiness
and yarn damage during manufacturing and usage in composites
form. The critical surface flaws or notches created during textile
processing act as a stress concentrator for crack propagation,
which leads to fiber fracture and finally composite failure. The
sizing materials (generally, 0.5–1.5 wt.%) protect the brittle fibers
from damage, provide suitable strand integrity, improve fiber/siz-
ing/matrix adhesion and composite processibility, which is crucial
in generating the pre requested interface properties. The addition
of coupling agent along with the sizing materials creates the cova-
lently bonded oxy-carbonated functional groups at the CF surface,
that are further responsible for chemical interactions with the
matrix polymer [26]. Fig. 2 shows the schematic for the role of
polymer sizings to CF to provide adequate surface finish and
protection from breakage during handling.
The fiber/sizing compatibility is a decisive factor for final quan-
tification of fiber/matrix interfacial adhesion. However, sometimes
the diffusion of the sizing material into the polymer matrix could
result into less affected or improved interfacial strength, which
depends upon their compatibility. Sporadically, the sizing func-
tional groups preferentially adsorbed onto the fiber surface and
obstruct its dissolution in the polymer matrix during composites
manufacturing and results in a weak fiber/matrix interface. The siz-
ing development for fibers is a complicated entity. For example,
most of the commercially available sizings for CF are compatible
to epoxy rather than polyimide matrices. Sizing application to CF
improves its abrasion resistance and bending strength, however;
it tends to reduce CF compatibilities with the polymer matrix
[27–32]. The research on sizing as coupling agents for CF coating
to promote fiber/matrix adhesion is in paramount progress
[29,33]. The usage of epoxy sizings for CF and their modifications
to enhance the fiber surface activities and wettability with the poly-
mer matrix is in progression [34,35]. In advanced composites mate-
rials applications such as rocket engines, commercially supplied
sizing are refinished or modified to improve fiber thermo oxidative
stability and mechanical performance [36]. The optimization of
sizing molecular weight is also an important criterion for the
enhanced CF surface energies and superlative interfacial shear
strength properties of CF/epoxy composites [37]. Daia et al. demon-
strated that the CF desizing methods likewise improve composites
interfacial strength but sequentially at the cost of decreased single
fiber strength. The CF/epoxy composites fabricated with desized CF
have less activated carbon atoms with high dispersive surface
energy and exhibited higher interfacial strength due to the reduced
acidic parameter at the fiber surface [38].

The effect of sizing on interphase behavior of epoxy composites
containing carbon and glass fibers was demonstrated for dynamic
wetting measurements [39]. The application of silane coupling
agent with polyurethane and/or epoxy film formers on glass fiber
considerably improved the micromechanical interfacial adhesion
and macroscopic fatigue properties. Interestingly the CF sizing in
the presence of silane coupling agents increased 15% single fiber
tensile strength in addition to increased tensile, flexural and com-
pression shear properties of CF/epoxy composites. The constricted
effect on molecular mobility of epoxy matrix showed steadiness
with the incremented interface properties and fatigue resistance
[40]. The sizing to carbon fibers also affects the fracture toughness
of its composites in addition to the interlaminar shear strength
(ILSS). Fernandez et al. studied fracture behavior of CF/tetrafunc-
tional epoxy composites by elucidation of the beneficial effect of
epoxy sizing to improve their mode-II interlaminar fracture tough-
ness [41].

The carbon fiber interaction with sizing materials is an impor-
tant factor to control the interlaminar adhesion properties in



Table 1
Sizings for carbon fibers and their influence on properties of CF/polymeric composites.

Coating method Sizing materials for carbon fibers Sizing’s influence on CF and composites properties Ref.

Not specified Poly(thioarylene phosphine oxide) PTPO
and polyetherimide

Surface energy decreased with sizing *CFunt – 70 mJ/m2, CFUltem – 54 mJ/m2, CFPTPO –
36 mJ/m2. Polar and dispersive components and the percentage of surface functional
groups decreased with CF sizing

[27]

Not specified PU and polyamide Sizing reduces the surface energy and covers acid–base sites. Hydroxyl groups on the
fiber surface decrease with sizing. Contact angle increased with sizing with decrement
in IFSS. (Contact ang., IFSS) – (*CFunt – 55�, 28 MPa); (CFpolyamide – 64�,19 MPa); (CFPU –
68�, 14 MPa)

[28]

Aqueous dip coating Vinyl ester resin emulsion type sizings
synthesized by phase inversion
emulsification

CF sizing strongly reduces the surface energy of the fibers and increase ILSS to 20.7% [33]

Not specified Latent curing agent for epoxy
(ethylenediamine with butylacrylate)

CF sizing enhances surface activity and wettability with matrix. 10% increment in ILSS
of CF/epoxy composites with improved interface toughness

[36]

Not specified Epoxy Epoxy coating improves ILSS and fracture toughness values of woven CF/epoxy
composites

[41]

Not specified Epoxy and polyethersulfone As compared to CF/epoxy composites, epoxy sizing improves ILSS of CF/PES
composites. For CF/Epoxy composites lower *MW epoxy sizings are better than higher
MW epoxy sizings

[42–
45]

Polymer grafting polymethyl methacrylate 25–100% adhesion improvement of CF/polymer [46]
Not specified Polyvinyl alcohol sizing modified with

oxidative inhibitors SiC, Al4C3

Sizing improves resistance to oxidative erosion of CF surface [48]

Solution dip coating and
interfacial
polyamidation

Polyamide 6,6 Dip coating with Nylon 6,6 improves ILSS and tensile strength of CF/epoxy composites
while interfacial polyamidation deteriorates these properties. Both coating techniques
improve fracture toughness of composites

[50]

Electropolymerization Poly(hydroxyalkyl methacrylates) and
Polyaniline

Homogeneous coatings achieved with both materials. Electrochemical studies reveal
the dependency of coating on surface properties of the carbon fibers

[52]

Not specified Beta-tribasic calcium phosphate (b-TCP) b-TCP sizing to CF/Hydroxyapatite(HAP) composites improve the interfacial bond
strength and also eliminate the stresses during cooling

[53]

Electropolymerization m-Phenylenediamine, phenol and acrylic
acid

Contact angle and surface free energy decreased with acrylic acid sizing. (Contact
angle, Surf. Free energy) (*CFunt – 85.6�, 29.3 mJ/m2), (CFac. acid – 52.2�, 33.1 mJ/m2)
Impact str., flexural str. And ILSS of the CF/phenolic composites were improved by
CFm-phenylenediamine – 44%, 68% and 87% CFphenol – 66%, 100%, and 112% CFacrylic acid –
20%, 80% and100%

[54]

Sol–gel technique Epoxy/SiO2 hybrid SiO2 particles dispersed in the hybrid sizing film homogeneously and improve ILSS,
impact strength properties of CF/epoxy composites

[55]

Dip coating Thermoplastic poly(phthalazinone ether
ketone) (PPEK)

CF thermal stability increased (Contact angle, Surf. Free energy, ILSS) (CFunt – 97�,
31.3 mJ/m2, 42.3 MPa), (CFsized – 57�, 49.9 mJ/m2, 51.4 MPa)

[56]

* Mw – Molecular weight, CFunt – carbon fiber without sizing, IFSS-interfacial shear stress, ILSS – interlaminar shear stress.
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composites, the interaction depends upon the fiber graphitic struc-
ture and its properties (strength and modulus) [26]. The fiber sur-
face finish compatibility influence on the interphase properties;
for example oxidative treatment improve interfacial strength of
CF/epoxy composites almost to double, which was only 25% incre-
ment for brominated epoxy sizing. Interestingly the brominated
epoxy sizing to CF improves the interlaminar shear strength of CF/
PES (carbon fiber/polyethersulfone) composites more promisingly
as compared to CF/epoxy composites. In comparison to thermoplas-
tic matrix, epoxy sizing does not dissolve radially in epoxy matrix;
consequently, the brominated epoxy coating on the fiber is more
compatible with a thermoplastic PES than the epoxy resin. The siz-
ing compatibility with the matrix eases the stress transfer between
coated fiber and matrix at the interfacial region [42–44]. The sizing
molecular weight (MW) also influences the interfacial properties;
the low MW polymer sizing creates a soft interface region while
the higher MW sizing is less compatible with matrix and causes more
susceptibility to fiber/matrix debonding [37,45]. Polymer Mw influ-
ences the fiber matrix interfacial adhesion, low Mw polymer benefi-
cial for adhesion but the segregation of higher concentration of
polymer chains at interfacial region deteriorates the mechanical
strength properties [46,47]. Clarke and Eitman [48] modified the
polyvinyl alcohol sizing for carbon fiber by adding suspended oxida-
tion inhibitors like diamond, boron carbide and silicon carbide, to
avoid the oxidative erosion especially in high temperature oxidizing
environments. The organic aziridine linking derived from reactive
nitrenes was used to size the carbon fiber. The methods do not cre-
ate any surface defect on to the fiber surface, without affecting the
tensile strength properties at the same time [49].
Commonly the treatment methods introduce oxidative func-
tional groups at the fiber surface, while heat treatment to fiber at
high temperature (1000–1400 �C) creates desorption of oxidative
functional groups [50]. In the former case, the chemical interac-
tions/bonding assumed the basis of interfacial adhesion but in later
case due to the high temperature heat treatment most of the func-
tionality removed from the fiber surface. Contrary in latter case
also, the functional groups can arise on the fiber surface due to
the residual moisture present in the matrix material during
composite processing. Hence, it is always very complicate to define
the type of bonding (mechanical interlocking or chemical bonding)
involved in the interface formation process [51]. In fiber reinforced
polymer composites processing and applications; the inter-
diffusion of fiber sizing and polymer matrix results in the forma-
tion of an interphase region that protects the fiber strands and
hinders the damage initiation and propagation process.

Table 1 [27,28,19,21,41–56] summarizes the various sizing
materials for CF and their influence on polymeric based composites.

2.1.2. Acidic modification
Strong acidic treatment is another wet method for CF modifica-

tion which corrodes its surface and/or introduces perforations, to
improve fiber/matrix interlocking [57,58], simultaneously induced
pits, crevasses, expanded micro-voids and flaws on the fiber sur-
face that reduced its single fiber strength [19,20,23]. Researchers
have analyzed physicochemical modification on CF surface with a
variety of acidic treatments. Surface enhanced Raman scattering
[59], X-ray photoelectron spectroscopy (XPS) [60,61], Fourier
transform infrared spectroscopy (FTIR) [57] and Fourier transform



M. Sharma et al. / Composites Science and Technology 102 (2014) 35–50 39
infrared-attenuated total reflectance (FTIR-ATR) [58] with other
supporting techniques were used to analyze modified CF surface
with nitric acid (HNO3) [57,59–62], maleic anhydride [59] and
sodium hydroxide (NaOH) [57]. Raman characterization suggested
the two main bands for CF; graphitic band (1350 cm�1) and disor-
der band (1590 cm�1) modified by maleic anhydride treatment
with the vibration modes of AC@CA, ACH2A and CAO [59]. The
acidic character at fiber surface measured with refluxion in aque-
ous NaOH after HNO3 oxidation, which preferentially detaches
the partially oxidized, loosely bonded graphitic fragments with
higher weight loss [61]. The introduction of phenol hydroxyl group,
b-carbon, and bridged structure elucidates the compatibility of
modified fiber surface with Bismaleimide (BMI) matrix [59].
Acrylic acid was grafted on CF by free-radical polymerization using
redox-induction. The presence of carboxyl groups and increased
absorbability at the fiber surface due to the treatment increases
its interfacial strength with epoxy matrix [19,63,64]. The electrical
conductivity, dielectric strength and flexural strength of CF/pheno-
lic composites containing nitric acid oxidized CF followed by the
coupling with glutaric dialdehyde improved significantly [65].

Marieta et al. investigated on CF/cyanate ester composites com-
prised with HNO3 treated and plasma oxidized CF surface [66,67].
The interfacial behavior of these composites evident by improved
IFSS/ILSS due to CF treatment, along with the thermoplastic (polye-
thersulfone – PEI) modification of thermoset matrix (cyanate ester)
on shear properties and delamination fracture toughness [67].
Fig. 3 shows the perforated CF surface using AFM images. Modifica-
tions introduce deep perforations and increased roughness on the
acid treated surface. The treatment induced the deeper and nar-
rower ridges on fiber surface at nano-scale, while for unmodified
surfaces these very feeble granulations appeared due to the spin-
ning of the fiber precursor during manufacturing [23].

Single fiber pullout tests were performed to analyze the interfa-
cial properties of nitric acid oxidized CF reinforced with maleic
anhydride grafted polystyrene composites. Improved interfacial
Fig. 3. AFM images of CF: (a) untreated CF. (b) Plasma treated CF with 1% O2. (c) HNO3 tr
shear strength permits full utilization of yield strength of thermo-
plastic matrix [68]. Pull out tests with CF/epoxy composites con-
taining CF modified with maleic anhydride, tetracyanoethylene,
and aqueous ammonia, suggested that the modification enhanced
fiber/matrix adhesion with interfacial shear strength for compos-
ites containing aqueous ammonia treated CF [69,70]. Mechanical
in combination with tribological (reduction in friction and
improved wear resistance) properties improved for CF/PEI [58,71]
and CF/PI [72] composites containing optimized treated carbon
fabrics. Deep ridges and a large amount of perforations (AFM stud-
ies, Fig. 3 [23]) introduced on the fiber surface due to acid treat-
ment causes improved fiber/matrix interlocking and interfacial
strength properties. High shear and tenacious transfer film depos-
ited on counter face; stimulates friction, and wear performance CF/
PU coating with HNO3 and toluene-2, 4-diisocyanate activated CF.
The efficient transfer and maintaining of the PU coating film on the
metallic counterpart improved wear resistance of composites [73].
2, 4-diisocyanatotoluene treatment to CF improved tribological
behavior of CF/polyurethane composites [74]. Polyhedral oligo-
meric silsesquioxane coating employed on CF to study interfacial
properties of CF/vinyl ester composites, interlaminar shear
strength of fiber-coated composites increased up to 38% [75].

Retentivity of fiber mechanical strength is a critical issue for all
surface modification methods. Surface fluorination of fiber surface
is an efficient technique in this regards to promote fiber/matrix
adhesion without compromising the single fiber strength proper-
ties. The increased surface polarity of oxi-fluorinated CF promoted
its interfacial adhesion with epoxy matrix and low velocity impact
properties [76]. XPS elemental analysis confirmed the hydrophilic
character of modified fiber surface with the introduction of func-
tional groups; CAO, C@O, HOAC@O, and CAF which improved
mechanical performance of composites [77,78]. The toughness of
composites estimated with the total energy absorbed during
impact. Oxi-fluorination of CF improved the impact behavior of
CF/epoxy and CF/polyvinylidene fluoride composites before failure
eated CF for 90 min. (d) Nano YBF3 treated CF with 0.3 wt% dose (0.3% YbF3) [23,71].
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due to the interruption by effective hydrogen bonding at the inter-
face [79–81]. In another method, air oxidation at 550 �C, anodiza-
tion at 6 C/m2 [82] and 10 wt.% phosphoric acid [83] treatment
for PAN and pitch based high modulus CF were compared to assess
interfacial shear strength of its composites with epoxy matrix.
Surface oxidation of CF correlated with IFSS values using coulostat-
ic method [17], the variation of oxidation in air oxidized slightly
higher than the anodized CF. Ozone treatment followed by
phenolic coating amends the surface activity of CF to improve
the mechanical performance of its composites with polyarylacety-
lene. Force modulation AFM studies revealed the existence of stiff
transition areas at the interface improvement of interfacial
performance of composites. The mechanical properties, tensile,
compressive and flexural strength of modified CF/PAA composites
improved appreciably [84].
2.1.3. Electrochemical modification
The electrochemical surface modification occurs due to electron

transfer to alter oxidation state. Electrochemical oxidation com-
monly employed to functionalize the surface. Functionalities
improve surface energy, roughness of CF and significantly improve
its adhesion with the matrix polymer. To achieve improved inter-
facial properties the electrolyte type, concentration, treatment
time and conditions are vital parameters. Variety of electrolytes
used to create specific functional groups or create deep grooves
on the CF surface. Sodium hydroxide, ammonium hydrogen
carbonate, ammonium carbonate, sulfuric acid and nitric acid are
the commonly used electrolyte used to set up the oxygen function-
ality on CF surface [85–87]. Electrochemical oxidation coatings
employed extensively on CF surface to improve interfacial proper-
ties of its composites effectively [88–92]. Electro-oxidative treat-
ment removes weak boundary layers from the CF surface and
affects reactivity with the formation of acidic and basic moieties
[93]. The electrolyte adsorption increased surface activity by gen-
erating extended surface areas via the formation of ultra-micro
pores, and/or by introducing polar oxygen-containing groups over
extended porous surfaces [89]. The interfacial properties of CF/PA
and CF/epoxy composites compared with two CF treatment meth-
ods, electrochemical and ozone. The former method inscribed
more impact to enhance fiber/matrix interfacial adhesion on both
the composites [92]. Three dimensional carbon fabrics intermit-
tently electrochemically treated in both bulk and surface regions.
The micro-debond test suggests the uniform fiber/matrix adhesion
at different regions of the CF/phenolic composites. The electro-
chemical treatment has influenced the compressive properties of
CF/phenolic composites with 38% increment [94]. The modification
effectively improves interfacial properties, however; higher treat-
ment time and electrolyte content can reduce single fiber strength.
Hence, precise control and optimization of the electrochemical
process parameters is essential.
2.1.4. Electro-polymer coating
Electrochemical method has constraints of reduction in fiber

strength. In situ chemical grafting reactions, interfacial polycon-
densation, plasma polymerization are the other potential tech-
niques used to deposit polymeric coatings on the CF surfaces.
Electrochemical polymerization has edge over other techniques
with higher controlled conditions the coating thickness and homo-
geneity maintained over long orders [95]. Hung et al. [96] demon-
strated the volumetric scanning electro-polymerization coating
techniques for CF to improve the CF/epoxy interface. The morphol-
ogy and free energy at fiber surface changes due to the introduc-
tion of active functional groups AOH, ANH2, and ACOOH, which
suggested the improved fiber strength and composites interfacial
properties.
Interfacial properties modified by plasma treatment by increas-
ing the concentration of chemical groups. The plasma treatments
are beneficial because introduction of chemical functionalities cre-
ates changes in outermost layers, however the electrochemical
reaction modifies fiber sub layers. This is the reason for reduction
in single fiber strength during electrolyte coating on fiber surface.
Plasma polymerization can be the solution to introduce selectively
coating on carbon fiber surface [50,88].

2.2. Surface modification in ‘dry’

2.2.1. Plasma surface modification
The use of plasma technologies for high temperature functional

materials applications is a well-established process for metallic
[97] ceramic [98,99], alloys [100], and thin film [101] coatings to
impart adhesion strength and erosion resistance. Surface modifica-
tion by cold plasma is vital and gaining potential for widespread
applications. For fibrous reinforcements, plasma treatment has
revealed predominance behavior to improve the fiber/matrix inter-
facial properties and composites strength [9]. Plasma modification
alter the fibers surface layer physicochemically by introducing
excited groups to tailor the fiber/matrix adhesion bond strength,
without effecting the bulk mechanical properties. The plasma
routes to carbon fiber control the acidic character at its surface
for the optimized fiber/matrix adhesion via functionalization of
basal plane sites, simultaneously enhancing the surface reactivity
[102]. The improvisation on plasma treatment techniques for
enhancing fiber/matrix adhesion is unceasingly in progress. In
comparison to other classical methods, cold remote plasma treat-
ment for carbon fibers is a less destructive method, which allows
greater control over the number of unwanted reaction pathways.
The composites comprising cold remote nitrogen oxygen plasma
treated carbon fabric with three different special thermoplastic
matrices confirm increased interlaminar shear strength and other
strength properties [103]. The plasma treatment improved the
fiber/matrix adhesion due to the inclusion of various functional
groups: hydroxyl, ether, carbonyl on the fibers surface, illustrated
by XPS and ATR–FTIR studies [27,103–106]. The reactive functional
groups [103,107], improve the surface reactivity and adhesion
potential of carbon fibers, [106,108] to boost physical intermolec-
ular bonding and fiber surface wettability with hydrophilic
polymer matrix and further the interfacial adhesion strength
[109–112].

The demonstration for the role of physicochemical modification
to strengthen the fiber/matrix interface by Fitzer and Weiss [111],
suggested that the inclusion of functional groups; hydroxyl, ether,
aromatic groups or/and increased surface roughness boosted the
composite strength, however surface structure has marginally
influenced the interface [113,114]. Scanning tunneling microscopy
of treated carbon fibers insinuates the subtler local disordering and
change in concentration of oxygen functionalities at the surface
[115,116]. Stable oxygen and silicon functionalities grafted onto
carbon fiber surface by plasma silsesquioxane. XPS studies suggest
the plasma grafting to CF surface increased oxygen atomic percent,
moreover nanoparticles grafting increases the fiber surface rough-
ness that contrastingly endorses the increase of fiber/matrix inter-
facial adhesion [9,110,117,118].

Hughes and Dilsiz have reviewed the role of plasma surface
modification of carbon fibers to improve fiber/matrix interfacial
adhesion, specifically with epoxy matrix [119,120]. Physicochemi-
cal properties; surface acidity, and surface tension of high tenacity
oxygen plasma treated carbon fibers were investigated using elec-
tro kinetic and contact angle measurement. The surface tension
measurements augmented with the treatment time. The polar part
of surface tension increases strongly as compared to the dispersive
part, which imitates the vital features of carbon fibers treatment
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[121]. Gao et al. investigated the nanoscopic nature of CF/epoxy
interface and its contribution in improving the composites
mechanical strength. Moreover, the roles of nanometer/atomic
scale finish layer on fiber surface highlighted, together with
energy-geometry link the interface fracture toughness by micro-
mechanical test [114].

The surface modification effectively removes the carbonaceous
impurities of ultra-high modulus carbon fiber. At identical matrix
strain, the effectiveness of stress transfer estimated from the strain
distributions along the fiber length for CF/epoxy composites
[122,123]. The fragmentation test conducted with simultaneous
collection of Raman shift; implies that at the similar matrix strain
value (0.3–0.6%) plasma treated CF/epoxy composites were effec-
tively in transfer the stresses as compared to untreated CF/epoxy
composites, for which the transfer mechanism is purely frictional.
The interfacial shear stress (IFSS) values of CF/epoxy composites
increase from 6 MPa to 42 MPa due to plasma oxidation of CF with
increment in structural order parameter (ID/(ID + IG)) ratio, which
contributes to promote the fiber/matrix adhesion and boost the
strength performance of composites [110]. The evaluation of CF/
polybenzoxazine composites containing CF modified with two
different techniques, plasma oxidation and acid treatment suggests
the acid treatment is more effective in improving interfacial
strength properties [124]. Ma et al. investigated the effect of
plasma oxidization on resin and curing agent non-equilibrium
dynamic adsorption process on CF. As compared to the untreated
CF, the epoxy resin adsorbed preferentially at the deposited oxy-
genated functional groups on treated fibers surface, which affects
the resin curing process at the interface and the fiber/matrix inter-
facial adhesion [125].

Lew et al. elucidated the ammonia/ethylene plasma-treatment
method for CF to improve and to control fiber/matrix adhesion by
dispersing silica nanoparticles to epoxy matrix [126,127]. The load
bearing capacity of CF/epoxy composites developed with acetylene
plasma treated CF has been determined by calculating the torsional
fatigue limit [128], impact strength [129], and shear strength
[112,129]. The results indicated the slower rate of accumulated
fatigue damage for the plasma-treated composites with remarkable
increment in interfacial strength properties [121,128,130–134].
Crack delamination resistance measurements determine the
uneven crack growth with purely adhesive failure. Plasma methods
for fiber surface modifications suppress the crack initiation process
at the interface and promote high bond strength with the cohesive
failure mode, which led to the crack propagation within the matrix
[135]. The plasma treatment has also influenced the characteristics
of CF composites with thermoplastic matrices [130]. Single filament
fragmentation test demonstrated that as compared to CF/PA6
composites; the plasma treatment was effectual to improve the
interfacial shear strength of CF/PC composites. In another study
on thermoplastic matrix composites, the surface energy and ILSS
Fig. 4. FESEM images (�15 K) of CF impregnated with polyether sulphone: (a) before
modified CF [140].
of inductively coupled plasma treated CF increased marginally for
its composites with poly(phthalazione ether sulfone keton) [136].

The interfacial strength evaluated with single fiber pull-out
tests to precede the effects of the plasma oxidation on ultra-high
modulus (pitch-based) and high strength (PAN-based) fiber with
polycarbonate (PC) composites. The incremental interfacial shear
strength of CF/PC composites simultaneously supported by inverse
gas chromatography results to elucidate physicochemical changes
at treated fibers surface [137]. The influence of fiber non-axisym-
metry on interfacial properties of CF/PC composites with plasma
treated pitch-based and PAN-based carbon fibers explored with
fragmentation test. The single filament fragmentation test sug-
gested that the treatment endorses the fiber/matrix adhesion by
decreasing the critical fiber length; the improvement in case of
pitch-based CF composites is more than in PAN-based CF compos-
ites [10]. The improvement in surface functionality at carbon fiber
surface was the imperative reason to modify CF-thermoplastic
interface properties [138,139]. Fig. 4 shows the FESEM images of
carbon fiber impregnated with polyether sulfone before and after
plasma modification. In comparison to untreated CF, the matrix
pickup is almost 3 times in same conditions for plasma treatment
CF.

The mechanical and tribological performance of composites
developed with cold remote nitrogen oxygen plasma modified car-
bon fabric with thermoplastic polymers; polyethersulfone (PES)
[140–143], polyetheretherketone (PEEK) [143–145], and polyethe-
rimide (PEI) [146–148] investigated in details. Perforations and
increased roughness on the treated carbon fiber, observed by the
high-resolution field emission scanning electron microscopy, sign-
posts the improved fiber/matrix adhesion and thus the composites
interlaminar shear strength. Physical – void fraction; thermal-heat
distortion temperature and mechanical, e.g. interlaminar, tensile
and flexural properties of composites boosted due to the plasma
treatment [142]. The improved friction and wear performance;
adhesive [140,142,144,148], abrasive [141,147], fretting [141,146]
and erosive wear [145] of composite with special thermoplastic
matrices, signifies the potential use of plasma treated fiber for
advanced composite materials for aerospace bearing application
particularly in harsh operating environments at high load and ele-
vated temperatures. Fig. 5 confirmed improvement in CF/PEEK
interfacial adhesion for composites with plasma modified CF
surfaces.

2.2.2. High energy irradiation modification
High-energy irradiation grafting to modify the fiber surface

property is an efficient, and environmental friendly pioneered
technique, which intensified fiber/matrix adhesion without exten-
sively deteriorating the strength [149,150]. Without any catalyst
the chemical reaction induced at fiber surface and affected the
crystal lattice, irradiation methods result in changing fiber surface
and (b) after plasma modification shows incremented matrix pickup for plasma



Fig. 5. SEM micrographs for worn out CF/PEEK composites surfaces at the edge of crater after fretting wear (a) CF-PEEK surface with plasma modified CF (b) CF-PEEK surface
with unmodified CF (At 600 N, frequency 50 Hz and 1 mm oscillating width) [146].
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roughness by displacement of atoms and creating active sites for
bonding with matrix functional groups [151]. Physicochemical
properties of high energy (0.6–1.4 keV) irradiated Ar+ ion CF stud-
ied with FTIR technique; the additional carbonyl peak at
1710 cm�1 and broaden AOH peak at �3300 cm�1, indicated the
increased specific polarity and the formation of H-bonding of the
carbon fiber surface. The acidic functional groups on fiber surfaces
are more efficient to promote interfacial reaction with the epoxy
matrix [152]. Pre-radiation (acrylic acid graft-polymerization)
and Co-radiation (epoxy resin and chloroepoxy propane) c-ray
grafting method adopted to alter carbon fibers surface [150,153].
Oxygen content and surface roughness of fibers increased with
slight increment in single fiber strength and CF/epoxy interfacial
strength. The Co60 c-ray irradiation dose at 30 kGy increases sur-
face roughness of fibers, higher irradiation doses are unable to
affect the surface and fiber/matrix interfacial strength [154]. Micro
Raman studies for c-ray modified CF showed the increased struc-
tural disorder parameter and decreased surface crystallites size
with the incremental treatment dose. Enhanced friction and wear
properties of CF/PEI composites correlated with the improved
interfacial strength of composites [155,156].

2.2.3. Nickel surface coating
For improved adhesion, the fiber and matrix should maintain

intermolecular equilibrium distance. When the interfacial bond is
due to van der Waals physical adsorption, it requires large fiber/
matrix interfacial area. In this situation, the surface energy plays
a vital role, when fiber surface energy is higher than the polymer;
it is advantageous to get proper impregnation of fiber in matrix
solution. Due to the introduction of high temperature carboniza-
tion and graphitization steps during fiber manufacturing, its sur-
face is highly hydrophobic with surface tension (�40 mJ m�2)
whilst most polymeric matrices for example phenolic have surface
tensions in the range of 35–45 mJ m�2. Hence, various treatments
for carbon fiber surface needed to vary its hydrophobic nature.
Metallic Ni-electrolytic plating on the fiber surface employed to
improve CF/phenolic interfacial adhesion. The Ni plating is effec-
tual enough to increase surface polarity by introducing oxygenated
functional groups and increasing the fracture toughness of the
composites [157,158].

2.2.4. Thermal modifications
Pyrolyzed materials deposition on fiber surface was removed

with cryogenic treatments. The single fiber strength increased
due to the removal of amorphous carbon. The pyrolyzed material
on the fiber surface act as stress concentrator points and creates
weakening during the tensile loading. However, their removal
affects the fiber/matrix adhesion strength in composites form.
The increase in IFSS values of CF/epoxy composites containing
heat-treated CF attribute to the high reactivity of the active sites
present on the fiber surface [159]. The fiber tensile strength
improved due to this treatment leading to the basic surface oxides
deposition on the fiber surface.
2.2.5. Miscellaneous dry treatments
Other miscellaneous ‘dry’ modifications for CF/matrix interfa-

cial adhesion improvement are also reported. O3 treatment for
CF/PA6 composites is used to introduce carboxylic groups
[160,161], H2O2 treatment in supercritical water for CF/epoxy com-
posites to include C@O, COOH, CO3

2� groups, and aqueous ammonia
treatment for CF/epoxy composites to introduce carbonyl carbon as
quinines or ketones on CF surface [162].

Efforts are continuously going on to improve the fiber/matrix
interface. Various methods to modify CF surface are collected to
improve the mechanical properties; specifically interfacial strength
of their composites with specialty polymers [23,163,164]. Kim
et al. applied three treatment methods to CF; plasma, nitric acid,
and liquid nitrogen to improve fiber/matrix interfacial strength
along with impact and tensile properties of its PA6 and rubber
composites. The interfacial shear strength of the hybrid composites
with rubber and modified CF improved along with 41% and 106%
increment in tensile and impact strength properties; respectively
[165].
2.3. Surface modification in ‘multi-scales’

The utilization of nano particles for the modification of carbon
fiber surface to form thermally stable coatings [118] and/or for
improvement of fiber/matrix interfacial adhesion has been recently
appraised [166–168]. Carbon nano tubes (CNT) are on the
vanguard in this regards, owing to their unprecedented intrinsic
properties; such as physical, mechanical, thermal, electrical, opto-
electronical and field emission [169–173]. The motivation for using
nano additives/nano particles coatings for advanced fiber rein-
forced polymer composites materials is to mitigate the problems
related to the matrix pre dominating properties [166]. The use of
CNT as fillers in the bulk of polymer composites is a well proven
technique and well exploited by researchers in details [174–181].
Qian et al. have reviewed the improvement in interfacial properties
based upon the CNT addition in bulk, and/or on the reinforcement
surface of hierarchical polymer composites [166]. The suffusion of
CNT on the fiber surface effectively improves the surface area; pro-
motes mechanical interlocking and local stiffening of fiber/matrix
interface, which imparts the strength to the interface by enhancing
stress transfer from matrix to the fibers [182]. CNT modification
forms percolating networks on the fiber surface with CNT loading
lower than percolation threshold calculated by the scaling-law
[183]. The main challenge in this situation is the homogenous
distribution of the CNT on fiber to alter its surface and hence to
promote the fiber/matrix adhesion. From processing point of view,
surface modification of reinforcement is advantageous, since



Table 2
Interface strength (ILSS/IFSS) enhancement of CF/polymer composites using different techniques.

Treatment method Fiber and matrix Improvement in ILSS/IFSS properties Ref. and year

Plasma CF/PEI, CF/PEEK,
CF/PES

55% [103], 2011

Plasma CF/epoxy 6–42 MPa [110], 2001
Plasma CF/epoxy T50-PAN 20–45 MPa [123], 2002

P100-Pitch 17–39 MPa
P120-Pitch 6–38 MPa

Plasma, HNO3 CF/
polybenzoxazine

CFplasma 170% [124], 2000
CFHNO3 300%

Plasma CF/epoxy 37–50 MPa [125], 2011
Ammonia/ethylene plasma CF/epoxy 111–146 MPa [126], 2007
Aq. ammonia CF/epoxy 24–39 MPa [127], 2011
Plasma CF/epoxy 30–45 MPa 50% [128], 2000

[132], 1998
[133], 1987

Plasma CF/epoxy 23–61 MPa [131], 1996
Plasma CF/PC 22–44 MPa CF/PC [135], 2005

CF/PA6 17–23 MPa CF/PA6
Plasama air CF/PPESK 70–80 MPa [136], 2007
Plasma PAN HMCF/PC

Pitch HSCF/PC
24–28 MPa HSCF/PC [137], 2001
12–46 MPa HMCF/PC

Plasma CF/PAA 34–45 MPa [138], 2007
Plasma CF/PC 12–54 MPa, CFPJ120/PC [10], 2000

20–21 MPa, Cfribb /PC
24–28 MPa, CFC320/PC

Aqueous ammonia CF/epoxy 23–31 MPa [69], 2002
Polyhedral oligomeric silsesquioxane CF/vinyl ester 18–22 MPa [75], 2011
Oxy fluorination CF/epoxy 55–65 MPa [79], 2003
Anodization CF/epoxy 24–76 MPa [82], 1999
Air oxization 24–60 MPa
Anodization CF/epoxy 32–87 MPa [17], 2000
Anodization 10% phosphoric acid CF/epoxy 55–65 MPa [83], 2000
Ozone with phenolic coating CF/PAA 35–60 MPa [84], 2008
Plasma polymerization CF/Epoxy 10–30 Mpa [50], 1997
Acrylic acid CF/epoxy 16% [63], 2008
Acrylic acid c-ray irradiation CF/epoxy 15% [19], 2008
HNO3 CF/PEI 36–60 MPa [58], 2011

[71], 2012
Praseodymium nitrate-c-ray irradiation,

praseodymium nitrate-aqueous immersion
CF/epoxy 13% 8.5% [15], 2007

[186], 2007
c-ray irradiation CF/epoxy 75–95 MPa [150], 2007
c-ray irradiation CF/epoxy 37% [151], 2005
Ar + ion Irradiation CF/epoxy 5–12 MPa [152], 2003
c –ray irradiation Cf/epoxy 62–82 MPa [153], 2010
c –ray irradiation CF/PEI 35–55 MPa [155], 2011

[156], 2011
Nano YbF3 CF/PEI 32–58 MPa [167], 2011

[168], 2012
Electrochemical Ozonize CF/PA CFElec.chem./PA-16–42 MPaCFElec.chem/epoxy – 37–87 MPa

CFozonize/PA – 16–38 MPa CFozonize/epoxy – 37–42 MPa
[92], 1997

Intermittent Electrochemical CF/Phenol Surface 109–142 MPa, bulk 75–134 MPa [94], 2005
Electropolymerization CF/epoxy 135% [96], 2008
O3 Treatment CF/PA6 60% [161], 2008
H2O2 Treatment in supercritical water CF/epoxy 63–100 MPa [162], 2009
Cryotreatment, Plasma, acid CF/PA6 CFunt – 8.8 MPa CFcryo – 9.5 MPa CFplasma – 9.3 MPa CFacid – 10.2 MPa [165], 2011
MWNT, CVD CF/PMMA 26% [195], 2010
MWNT, CVD, ICVD CF/epoxy 175% 71% [197], 2011

[198], 2009
MWNT electrophoretic CF/epoxy 30% [205], 2007
MWNT, chemical grafting CF/epoxy 150% [208], 2009
MWNT, ultrasonic assisted electrophoretic deposition CF/epoxy 68.8% [209], 2012

[210], 2012
MWNT/Cu nano particles, EPD CF/epoxy 13% [211], 2011
Graphene oxide, dip coating CF/Epoxy 36% [219], 2012
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lab-scale success using established coating/sizing application
technologies can be easily scaled up to large production.

The ‘multi-scale’ nanoparticles attachment on the fiber surface
is an approved technique for improving fiber/matrix interface
properties. In one way the fiber surface modification done with
simple dip coating method by dipping the fiber in suspension
containing nanoparticles/CNT/graphene in water, other way is
the direct grafting of these nano additives on fiber surface by
deposition techniques, such as CVD/ICVD. Both the techniques
have their advantages and limitations, for example latter is influ-
ential in improving the fiber/matrix interfacial adhesion strength
but reduced the single fiber strength properties.

2.3.1. Nano particles modification
Rare earth particle attachment for carbon fibers surface modifi-

cation were conducted by dip coating method. These particles
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adsorbed on fiber surface, which enhance its chemical reactivity
via incorporation of oxygenated functional groups: sulfonic, car-
bonyl, hydroxyl, carboxyl [184,185]. The selection of type and size
of rare earth particles is an important criterion in improving the
fiber/matrix adhesion properties. Nano rare earth coatings to fibers
are effective as compared to micro coating due to their ability to
provide higher surface area to volume ratio, which further acts as
a driving force to enhance the interface strength. Nano YBF3 coat-
ings, due to highly electronegative F� atom demonstrate enhanced
surface reactivity of CF and improved interfacial strength and wear
resistance properties of CF/PEI composites [167,168]. Surface phys-
icochemical properties of CF altered with praseodymium nitrate
rare earth and c-ray treatment to carbon fibers. Oxygen content
and praseodymium both influentially enhance fiber surface rough-
ness. In comparison to rare earth immersion method, c-ray treat-
ment method for fibers surface modification was effective in
increasing the interfacial strength properties of CF/Epoxy compos-
ites [15,186]. Micro sized Lanthanum chloride coating to CF,
improved bending (�18%) and tensile (�14%) strength of CF/PTFE
composites; marginal increase in flexural strength (�11%) of CF/
PI composites along with wear resistance in dry and lubrication
conditions [187,188].

2.3.2. Carbon nano-tube coatings for carbon fibers
The research on CNT grafting on CF surface is in its swing and

well adopted for the interface modification of polymer based com-
posite materials [166]. A key challenge in this regards is the homo-
geneous distribution of CNTs on the CF surface. The CNT coating for
CF applied to electrodes for super capacitors, fuel cell electrodes
and/or conductive layers in composite fabrication to boost fracture
toughness and interfacial strength [177,189–191]. Different tech-
niques for deposition of multi-walled CNT (MWNT) on CF such
as; chemical vapor deposition (CVD), injection chemical vapor
deposition (ICVD) [181,190–201] hot filament chemical vapor
Fig. 6. Interaction between MWNTs and different surfactants during sonication. Chemica
(scheme not to scale) [221].
deposition (HFCVD) [202] and chemical vapor infiltration (CVI)
[203] as well as electrophoretic deposition (EPD) [204–211], coat-
ing by chemical/electrochemical grafting [212–217], and dendri-
mers [218] have been adopted by the researchers.

CVD is frequently used to modify carbon fiber surface [192–
194], the nano-tubes layer grafting on CF increased fiber surface
area and interfacial shear strength of CF/PMMA along with tensile
and compressive strength of CF/epoxy composites [181,195–201].
However, the single fiber strength of fibers reduced marginally
due to the adsorption of iron particles on the fiber surface
[190–192]. The increased specific surface roughness and capillary
action due to the MWNT grafting on carbon fiber surface, improved
the interfacial properties of CF/epoxy composites. The fragmenta-
tion test suggests an enormous increase in IFSS due to the exact
control on orientation and length of aligned CNT [197]. The tensile
strength and modulus of CF/PP composites increased with vapor
grown CNT on CF surface [198]. Using thermally evaporated CNT
functionalized on woven carbon fibers, fracture toughness and fati-
gue durability of CF/epoxy composites improved almost 50% with-
out compromising the structural stiffness [199].

EPD techniques for deposition of CNTs on conductive surfaces
reviewed in details [204,205,207]. The techniques governed by
motion of dispersing charged particles, which move towards the
substrate under the applied electric field. The out-of-plane electri-
cal conductivity and the ILSS enhanced for multi and single walled
CNT deposited CF epoxy composites using electropheric technique
[205]. Recently Guo et al. applied ultrasonically assisted electro-
phoretic CNT deposition on CF; the results showed increased single
fiber tensile strength, Weibull modulus and IFSS of CF/epoxy com-
posites. Ultrasonic aid to EPD process creates homogenous coating
and reduces the adverse effect of water electrolysis on deposition
quality [209,210]. Table 2 summarizes the different techniques
for CF surface modification and their influence to enhance interface
strength of CF/polymer composites.
l structures of the surfactants used are shown below the corresponding abbreviation



Fig. 7. SEM micrographs (�30 k) of carbon fibers: (a) without sizing, (b) sized with nano rare earth particle modification, and (c) sized with MWNTs.
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The potential damage of CF during the CNT grafting/graphene
(for example using CVD techniques) was potentially avoided by
the use of other promising techniques (dip coating methods
[212–217,219]). However, the exact control on the CNT orienta-
tion and alignment is an important criterion. With dip coating
method the CNT/finish dispersions with defined surface charge
were used to modify the fibers surface and also its composites
with the polymer matrix [220]. The dispersibility of the CNT
can be improved by covalent physical adsorption of surfactants.
Sonication methods are commonly used to break and improve
dispersions of entangled CNT by providing suitable mechanical
energy. The multi-‘scale’ coating has been grafted on carbon
fibers using hexamethylene diamine functionalized CNTs [212].
Grafting process increased the fiber weight, which indicates the
CNTs intakes onto the fiber surface. Fig. 6 represents the possible
interaction mechanism between the different surfactants upon
sonication [221]. Chemical grafting by nucleophilic substitution
of functionalized CNT on to the CF surface improved the interlam-
inar properties of their polymeric composites. To enhance the
Fig. 8. AFM Tapping Mode images of carbon fiber surfaces (a) with sizing and MWNTs; (
phase images.
efficiency and processability of CNT coating, the process of
chemical functionalization and non-covalent modification are
employed, to improve their dispersion, either in organic solvents
or in aqueous media.

The interaction of CNTs with fibers was promoted by chemical
functionalization method but at the cost of affecting their intrinsic
structural properties [208,214–216,222–225]. In contrast non-
covalent methods including surfactant assisted solubilization
[220,226], linear synthetic polymers [227] or bio-macromolecules
(such as proteins [228] and celluloses [229–231]) wrapping, and
aromatics p-stacking [232] well known to persevere nearly all
the intrinsic features of CNTs. The quest of new modification meth-
ods for carbon fibers without compromising its strength is always a
topic of interest for the researchers. Figs. 7 and 8 show the SEM and
AFM images for sized with nano particles in comparison with
unsized carbon fiber surfaces. The CNT/nano particle coating is a
promising resolution for multifunctional polymer composite
applications, but the selection of accurate technique and its opti-
mization is still a matter of expertise.
b) without sizing; top: 3-dimensional height images (Y axis scale: 600 nm), bottom:



3.0

3.5

4.0

CFPLASMACFACID CFγ−raysCFYBF3

St
ru

ct
ur

al
 D

is
or

de
r R

at
io

(I D
/I G

)

CF Treatment 

ID/IG

CFUNT

12

14

16

Su
rf

ac
e 

C
ry

st
al

lin
e 

Si
ze

 (L
a 

in
 

)
ÅÅLa

210

240

 L
oa

d 
ta

ke
n 

by
 th

e 
C

F 
to

w
  b

ef
or

e 
fa

il 
(N

)
   

   
  

 Tensile Load

Fig. 9. Raman studies for untreated CF and various treatments (HNO3, Plasma,
Gamma ray, nano rare earth), shows variation of structural disorder parameter (ID/
IG) and surface crystalline size (La) with optimized CF treatments [23].
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3. Surface modification vs. fiber strength

The theoretical strength of graphite single crystals is far higher
than the experimentally achieved carbon fiber strength (up to
20%) [233]. The estimated theoretical strength of carbon fiber
would be around 100 GPa, whereas the commercially achieved is
7 GPa for high strength carbon fibers. The compressive strength of
carbon fibers reaches only 50% of its tensile strength [234,235].
There are numbers of aspects, which affect the fiber and ultimate
composites strength. The resin and fiber strength, fiber to stress
alignment, fiber volume fraction, residual stresses, and stress con-
centrating effects are the main causes [119]. To overcome the
deprived single fiber tensile strength, selective chemical modifica-
tion and coating techniques needed to explore in depth [221]. The
development of convenient methods for fiber surface modifications
with optimized irradiation doses and conditions without sacrificing
the longitudinal fiber strength is an essential confront for the
advancement of high performance composites materials [16,236].

Advanced AFM mapping techniques have suggested new
opportunities to determine property profiles across the interface
[114,237,238]. The alteration in surface roughness and morphology
of ‘wet’ treated carbon fibers surface quantified by increased etch-
ing on its surface (AFM studies, Fig. 3). Enhanced fiber surface
energy led to increase its reactivity towards matrix, and endorses
higher fiber matrix mechanical interlocking through a stronger
interface [136]. The Raman spectroscopic studies (Fig. 9) for CF sur-
face reveal the increased structural disorder parameter (ID/IG) and
decreased surface crystalline size (La) due to various treatment
methods which specifies the distortion in its graphitic structure as
submitted by high resolution transmission electron microscopy
for cold plasma treated carbon fibers [23,163]. The treatment
method indubitably increases the fiber/matrix interfacial strength
but at the worth of decreased single fiber strength properties.
Majority of treatment methods distort fiber surface and increase
its roughness by jurisdictionally introduction of specific functional
groups in compatibility with the polymer matrix, for example; as
compared to other epoxy systems generally do not strongly bond
with carbonyl groups, hence for CF/epoxy composites, it is beneficial
to minimize the carbonyl groups during fiber surface modification.

4. Conclusions

We reviewed the techniques based on ‘wet’, ‘dry’ and ‘multi-
scale’ carbon fiber surface modifications, along with the summary
of precise increment in interfacial strength properties of its
composites with different polymeric matrices. The ‘multi-scale’
modification methods by attaching CNT/nanoparticles at the CF
surface are current and promising as compared to the formerly
employed ‘wet’ and ‘dry’ methods. The progression of ‘multi-scale’
methods to analyze and to promote the fiber/matrix interfacial
characteristics is continuing. It is in its establishment for the
improvement of CF/matrix interfacial adhesions using multi scaled
nanoparticles/CNT coatings. For carbon fiber reinforced polymer
composites, interfaces behave with vast assortment in construc-
tion and properties. The information on the role of carbon fiber
modification on strengthening the interface properties is inade-
quate. The studies on physical and mechanical properties of
nano-scale interphase and underlying mechanism by using
advanced characterization techniques, such as; atomic force
microscopy based mechanical/electrical/thermal mapping; will
perceptibly be a valuable addition. The investigations on molecular
rearrangement in interfaces during CF-CNT/nano-particles net-
work formation and its potential applications in composite form
is an area of interest. It is required to explore and put emphasis
on CF-CNT network and its characterization with advanced tools
in materials science. One open question is related to the explora-
tion of new modification methods for carbon fibers without com-
promising its strength.
References

[1] Soutis C. Fibre reinforced composites in aircraft construction. Prog Aerospace
Sci 2005;41:143–51.

[2] Paiva JMF, Santos AN, Rezende MC. Mechanical and morphological
characterizations of carbon fiber fabric reinforced epoxy composites used in
aeronautical field. Mater Res 2009;12(3):367–74.

[3] Mallick PK. Fiber reinforced composites: material, manufacturing and design.
3rd ed. New York: CRC Press; 2008.

[4] Edie DD, McHugh JJ. High performance carbon fibers. In: Burchell TD, editor.
Carbon materials for advanced technologies, Pergamon; 1999. p. 119–38.

[5] Liu Y, Kumar S. Recent progress in fabrication, structure, and properties of
carbon fibers. Polym Rev 2012;52(3–4):234–58.

[6] Fitzer E, Geigl KH, Hüttner W, Weiss R. Chemical interactions between the
carbon fiber surface and epoxy resins. Carbon 1979;18:389–93.

[7] Dvir H, Jopp J, Gottlieb M. Estimation of polymer–surface interfacial
interaction strength by a contact AFM technique. J Colloid Interf Sci
2006;304:58–64.

[8] Paredes JI, Alonso AM, Tascon JMD. Oxygen plasma modification of submicron
vapor grown carbon fibers as studied by scanning tunneling microscopy.
Carbon 2002;40:1101–8.

[9] Zielke U, Hüttinger KJ, Hoffman WP. Surface-oxidized carbon fibers: I. Surface
structure and chemistry. Carbon 1996;34:983–98.

[10] Paiva MC, Bernardo CA, Nardin M. Mechanical, surface and interfacial
characterisation of pitch and PAN-based carbon fibres. Carbon
2000;38(9):1323–37.

[11] Park SJ, Kim BJ. Roles of acidic functional groups of carbon fiber surfaces in
enhancing interfacial adhesion behavior. Mater Sci Eng A
2005;408:269–74.

[12] Kim JK, Mai YW. High strength, high fracture toughness fibre composites with
interface control – a review. Compos Sci Technol 1991;41:333–78.

[13] Pukánszky B. Interfaces and interphases in multicomponent materials: past,
present, future. Eur Polym J 2005;41:645–62.

[14] Jones C. The chemistry of carbon fibre surfaces and its effect in interfacial
phenomena in fibre/epoxy composites. Compos Sci Technol 1991;42(1–
3):275–98.

[15] Xu Z, Huang Y, Zhang C, Chen G. Influence of rare earth treatment on
interfacial properties of carbon fiber/epoxy composites. Mater Sci Eng A
2007;444:170–7.

[16] Jang J, Yang H. The effect of surface treatment on the performance
improvement of carbon fiber/polybenzoxazine composites. J Mater Sci
2000;35:2297–303.

[17] Fukunaga A, Ueda S. Anodic surface oxidation for pitch-based carbon fibers
and the interfacial bond strengths in epoxy matrices. Compos Sci Technol
2000;60(2):249–54.

[18] Zhang H, Zhang Z, Breidt C. Comparison of short carbon fibre surface
treatments on epoxy composites: I. Enhancement of the mechanical
properties. Compos Sci Tech 2004;64:2021–8.

[19] Xu Z, Chen Li, Huang Y, Li J, Wu X, Li X, et al. Wettability of carbon fibers
modified by acrylic acid and interface properties of carbon fiber/epoxy. Eur
Polym J 2008;444:494–503.

[20] Tang L-G, Kardos JL. A review of methods for improving the interfacial
adhesion between carbon fiber and polymer matrix. Polym Compos
1997;18:100–13.

http://refhub.elsevier.com/S0266-3538(14)00235-8/h0005
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0005
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0010
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0010
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0010
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0015
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0015
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1200
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1200
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0030
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0030
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0035
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0035
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0035
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0040
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0040
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0040
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0045
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0045
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0050
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0050
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0050
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0055
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0055
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0055
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0060
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0060
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0065
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0065
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0070
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0070
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0070
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0075
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0075
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0075
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0080
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0080
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0080
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0085
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0085
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0085
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0090
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0090
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0090
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0095
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0095
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0095
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0100
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0100
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0100


M. Sharma et al. / Composites Science and Technology 102 (2014) 35–50 47
[21] Mäder E, Freitag KH. Interface properties and their influence on short fibre
composites. Composites 1990;21:397–402.

[22] Jin BS, Lee KH, Choe CR. Properties of carbon fibers modified by oxygen
plasma. Polym Int 1994;34:181–5.

[23] Bijwe J, Sharma M. Carbon fabric-reinforced polymer composites and
parameters controlling tribological performance. In: Davim JP, editor. Wear
of advanced materials. ISTE Wiley; 2011. p. 1–59.

[24] Thomason JL, Adzima LJ. Sizing up the interphase: an insider’s guide to the
science of sizing. Compos Part A 2001;32:313–21.

[25] Weitzsacker CL, Bellamy M, Sherwood PMA. Studies of the effect of size on
carbon fiber surfaces. J Vac Sci Technol A 1994;12:2392–7.

[26] Dai Z, Zhang B, Shi F, Li M, Zhang Z, Gu Y. Chemical interaction between
carbon fibers and surface sizing. J App Polym Sci 2012;124:2127–32.

[27] Dilsiz N, Wightman JP. Surface analysis of unsized and sized carbon fibers.
Carbon 1999;37:1105–14.

[28] Dilsiz N, Wightman JP. Effect of acid-base properties of unsized and sized
carbon fibers on fiber/epoxy matrix adhesion. Colloids Surf A
2000;164:325–36.

[29] Chen J, Liu J, Wang D. Effect of emulsion type sizing agents on the properties
of carbon fiber and carbon fiber reinforced polymer matrix composite. Adv
Mater Res 2011;236–238:2095–8.

[30] Yang Y, Lu C, Su X, Wang X. Effects of emulsion sizing with nano-SiO2 on
interfacial properties of carbon fibers/epoxy composites. J Mater Sci
2007;42:6347–52.

[31] Mäder E, Gao SL, Plonka R. Static and dynamic properties of single and multi-
fiber/epoxy composites modified by sizings. Compos Sci Technol
2007;67:1105–15.

[32] Zhang XZ, Huang YD, Wang TY, Liu L. Influence of fiber surface oxidation–
reduction followed by silsesquioxane coating treatment on interfacial
mechanical properties of carbon fiber/polyarylacetylene composites.
Composites Part A 2007;38:936–44.

[33] Liu J, Ge H, Chen J, Wang D, Liu H. The preparation of emulsion type sizing
agent for carbon fiber and the properties of carbon fiber/vinyl ester resin
composites. J App Polym Sci 2012;124:864–72.

[34] Fernandez B, Arbelaiz A, Valea A. A comparative study on the influence of
epoxy sizings on the mechanical performance of woven carbon fiber-epoxy
composites. Polym Compos 2004;25:319–30.

[35] Zhang X, Kang S, Liu Z. Latent curing agent modified epoxy sizing agent for
high modulus carbon fiber. Open Mater Sci J 2011;5:104–8.

[36] Allred RE, Wesson SP, Shin EE, Inghram L, McCorkle L, Papadopoulos D, et al.
The influence of sizings on the durability of high-temperature polymer
composites. High Perform Polym 2003;15:395–419.

[37] Zhang RL, Huang YD, Su D, Liu L, Tang YR. Influence of sizing molecular
weight on the properties of carbon fibers and its composites. Mater Des
2012;34:649–54.

[38] Daia Z, Shi F, Zhang B, Li M, Zhang Z. Effect of sizing on carbon fiber surface
properties and fibers/epoxy interfacial adhesion. App Surf Sci
2011;257:6980–5.

[39] Mäder E. Study of fibre surface treatments for control of interphase properties
in composites. Compos Sci Technol 1997;57:1077–88.

[40] Mäder E, Gao SL, Plonka R. Static and dynamic properties of single and multi-
fiber/epoxy composites modified by sizings. Compos Sci Technol
2007;67:1105–15.

[41] Fernandez B, Arbelaiz A, Valea A, Mujika F, Mondragon I. A comparative study
on the influence of epoxy sizings on the mechanical performance of woven
carbon fiber epoxy composites. Polym Compos 2004;25:319–30.

[42] Jones FR, The chemical aspects of fibre surfaces and composite interfaces and
interphases and their influence on the mechanical behavior of interfaces,
extended abstracts. In: 28th Risø int symp on mater sci. Roskilde, Denmark:
Risø National Laboratory; 2007. p. 21–44.

[43] Jones FR. A review of interphase formation and design in fibre-reinforced
composites. J Adhes Sci Technol 2010;24(1):171–202.

[44] Yumitori S, Wang D, Jones FR. The role of sizing resins in carbon fibre
reinforced polyether sulphone. Composites 1994;25A:698–705.

[45] Cheng TH, Zhang J, Yumitori S, Jones FR, Anderson CW. Sizing resin structure
and interphase formation in carbon fibre composites. Composites
1994;25:661–70.

[46] Drzal LT, Raghavendran VK. Adhesion of thermoplastic matrices to carbon
fibers: effect of polymer molecular weight and fiber surface chemistry. J
Thermoplast Compos Mater 2003;16(1):21–30.

[47] Drzal LT. Fiber–matrix interphase structure and its effect on adhesion and
composite mechanical properties. In: Ishida H, editor. Controlled interphases
in composite materials. Amsterdam: Elsevier; 1990. p. 309–20.

[48] Clarke WA, Eitman DA. Methods of applying oxidation resistance coating on
carbon fibers. US patent 5562966; 1996.

[49] Servinis L, Henderson LC, Gengenbach TR, Kafi AA, Huson MG, Fox BL. Surface
functionalization of unsized carbon fiber using nitrenes derived from organic
azides. Carbon 2013;5(4):378–88.

[50] Kettle AP, Beck AJ, OToole L, Jones FR, Short RD. Plasma polymerisation for
molecular engineering of carbon fibre surfaces for optimised composites.
Compos Sci Technol 1997;57:1023–32.

[51] Varelidis PC, McCullough RL, Papaspyrides CD. The effect on the mechanical
properties of carbon/epoxy composites of polyamide coatings on the fibers.
Compos Sci Technol 1999;59:1813–23.

[52] Zinger B, Shkolnik S, Hoecker H. Electrocoating of carbon fibres with
polyaniline and poly(hydroxyalkyl methacrylates. Polymer 1989;30:628–35.
[53] Suping H, Baiyun H, Kechao Z, Zhiyou L. Effects of coatings on the mechanical
properties of carbon fiber reinforced HAP composites. Mater Lett
2004;58:3582–5.

[54] Li J, Fan Q, Chen Z, Huang K, Cheng Y. Effect of electropolymer sizing of carbon
fiber on mechanical properties of phenolic resin composites. Trans Nonferr
Met Soc China 2006;16:s457–61.

[55] Zhang CH, Zhang ZQ, Cao HL. Effects of epoxy/SiO2 hybrid sizing on the
mechanical properties of carbon fiber composites. Solid St Phenom
2007;121–123:1253–6.

[56] Liu WB, Zhang S, Hao LF, Jiao WC, Yang F, Li XF, et al. Properties of carbon fiber
sized with poly(phthalazinoneether ketone) resin. J Appl Polym Sci
2013;128:3702–9.

[57] Shim JW, Park SJ, Ryu SK. Effect of modification with HNO3 and NaOH on metal
adsorption by pitch-based activated carbon fibers. Carbon 2001;39:1635–42.

[58] Tiwari S, Bijwe J, Panier S. Tribological studies on polyetherimide composites
based on carbon fabric with optimized oxidation treatment. Wear
2011;271:2252–60.

[59] Xu B, Wang X, Lu Y. Surface modification of polyacrylonitrile-based carbon
fiber and its interaction with imide. Appl Surf Sci 2006;253:2695–701.

[60] Pamulaa E, Rouxhet PG. Bulk and surface chemical functionalities of type III
PAN-based carbon fibres. Carbon 2003;41:1905–15.

[61] Wv Z, Pittman CU. Nitric acid oxidation of carbon fibers and the effects of
subsequent treatment in refluxing aqueous NaOH. Carbon 1995;33(5):597–605.

[62] Pittman CU, He GR, Wu B, Gardner SD. Chemical modification of carbon fiber
surfaces by nitric acid oxidation followed by reaction with
tetraethylenpentamine. Carbon 1997;35(3):317–31.

[63] Xu Z, Wu X, Sun Y, Jiao Y, Li J, Chen L, et al. Surface modification of carbon
fiber by redox-induced graft polymerization of acrylic acid. J Appl Polym Sci
2008;108:1887–92.

[64] Manocha LM. Role of fibre surface–matrix combination in carbon fibre
reinforced epoxy composites. J Mater Sci 1982;17:3039–44.

[65] Choi MH, Jeon BH, Chung IJ. The effect of coupling agent on electrical and
mechanical properties of carbon fiber/phenolic resin composites. Polymer
2000;41:3243–52.

[66] Marieta C, Schulz E, Mondragon I. Characterization of interfacial behaviour in
carbon-fibre/cyanate composites. Compos Sci Technol 2002;62:299–309.

[67] Marieta C, Schulz E, Irusta L, Gabilondo N, Tercjak A, Mondragon I. Evaluation
of fiber surface treatment and toughening of thermoset matrix on the
interfacial behaviour of carbon fiber-reinforced cyanate matrix composites.
Compos Sci Technol 2005;65:2189–97.

[68] Li J, Sun FF. The effect of nitric acid oxidization treatment on the interface of
carbon fiber-reinforced thermoplastic polystyrene composite. Polym Plast
Technol Eng 2009;48(7):711–5.

[69] Severini F, Formaro L, Pegoraro M, Posca L. Chemical modification of carbon
fiber surfaces. Carbon 2002;40:735–41.

[70] Dilandro L, Dibenedetto AT, Groeger J. The effect of fiber matrix stress transfer
on the strength of fiber reinforced composite materials. Polym Compos
1988;9:209–21.

[71] Tiwari S, Bijwe J, Panier S. Optimization of surface treatment to enhance
fiber–matrix interface and performance of composites. Wear 2012;274–
275:326–34.

[72] Zhang X, Pei X, Jia Q, Wang Q. Effects of carbon fiber surface treatment on the
tribological properties of 2D woven carbon fabric/polyimide composites. Appl
Phys A 2009;95:793–9.

[73] Zhang ZZ, Songa HJ, Men XH, Luo ZZ. Effect of carbon fibers surface treatment
on tribological performance of polyurethane (PU) composite coating. Wear
2008;264:599–605.

[74] Zhao G, Wang T, Wang Q. Surface modification of carbon fiber and its effects
on the mechanical and tribological properties of the polyurethane
composites. Polym Compos 2011;32:1726–33.

[75] Mahfuz H, Powell F, Granata R, Hosur M, Khan M. Coating of carbon fiber with
polyhedral oligomeric silsesquioxane (POSS) to enhance mechanical properties
and durability of carbon/vinyl ester composites. Materials 2011;4:1619–31.

[76] Seo MK, Ramanathan SJ. Surface characteristics of carbon fibers modified by
direct oxyfluorination. J Colloid Interf Sci 2009;330(1):237–42.

[77] Park SJ, Seo MK, Lee YS. Surface characteristics of fluorine-modified PAN-
based carbon fibers. Carbon 2003;41:723–30.

[78] Lee YS, Lee BK, Rho JS. The physicochemical characteristics of modified carbon
fibers by fluorination. Korean J Chem Eng 2003;20(1):151–6.

[79] Park SJ, Seo MK, Rhee KY. Studies on mechanical interfacial properties of oxy-
fluorinated carbon fibers-reinforced composites. Mater Sci Eng A
2003;356:219–26.

[80] Seo MK, Park SJ. Influence of oxyfluorination on physicochemical
characteristics of carbon fibers and their reinforced epoxy composites.
Macromol Res 2009;17(6):430–5.

[81] Shamsuddin SR, Ho KKC, Ng P, Lee AF, Bismarck A. Synergy of matrix and fibre
modification on adhesion between carbon fibres and poly(vinylidene
fluoride). Compos Sci Technol 2011;72:56–64.

[82] Fukunaga A, Ueda S, Nagumo M. Air-oxidation and anodization of pitch-based
carbon fibers. Carbon 1999;37:1081–5.

[83] Park SJ, Kim MH. Effect of acidic anode treatment on carbon fibers for
increasing fiber–matrix adhesion and its relationship to interlaminar shear
strength of composites. J Mater Sci 2000;35:1901–5.

[84] Liu L, Song YJ, Fu HJ, Jiang ZX, Zhang XZ, Wu LN, et al. The effect of interphase
modification on carbon fiber/polyarylacetylene resin composites. Appl Surf
Sci 2008;254:5342–7.

http://refhub.elsevier.com/S0266-3538(14)00235-8/h0105
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0105
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0110
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0110
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1195
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1195
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1195
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0120
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0120
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0125
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0125
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0130
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0130
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0135
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0135
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0140
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0140
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0140
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0145
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0145
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0145
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0150
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0150
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0150
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0150
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0155
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0155
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0155
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0160
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0160
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0160
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0160
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0165
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0165
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0165
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0170
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0170
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0170
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0175
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0175
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0180
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0180
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0180
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0185
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0185
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0185
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0190
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0190
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0190
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0195
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0195
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0200
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0200
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0200
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0205
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0205
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0205
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0215
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0215
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0220
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0220
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0225
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0225
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0225
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0230
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0230
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0230
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0235
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0235
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0235
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0245
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0245
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0245
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0250
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0250
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0250
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0255
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0255
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0255
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0260
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0260
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0265
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0265
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0265
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0270
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0270
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0270
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0275
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0275
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0275
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0275
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0280
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0280
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0280
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0285
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0285
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0285
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0290
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0290
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0290
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0295
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0295
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0300
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0300
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0305
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0305
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0310
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0310
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0310
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0315
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0315
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0315
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0320
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0320
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0325
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0325
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0325
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0330
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0330
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0335
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0335
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0335
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0335
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0340
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0340
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0340
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0345
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0345
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0350
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0350
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0350
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0355
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0355
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0355
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0360
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0360
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0360
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0365
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0365
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0365
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0370
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0370
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0370
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0375
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0375
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0375
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0380
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0380
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0385
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0385
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0390
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0390
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0395
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0395
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0395
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0400
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0400
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0400
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0405
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0405
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0405
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0410
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0410
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0415
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0415
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0415
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0420
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0420
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0420


48 M. Sharma et al. / Composites Science and Technology 102 (2014) 35–50
[85] Gulyás J, Földes E, Lázár A, Pukánszky B. Electrochemical oxidation of carbon
fibres: surface chemistry and adhesion. Compos Part A 2001;32:353–60.

[86] Ma YJ, Wang JL, Cai XP. The effect of electrolyte on surface composite and
microstructure of carbon fiber by electrochemical treatment. Int J
Electrochem Sci 2013;8:2806–15.

[87] Liu J, Tian Y, Chen Y, Liang J. Interfacial and mechanical properties of carbon
fibers modified by electrochemical oxidation in (NH4HCO3)/(NH4)2C2O4�H2O
aqueous compound solution. Appl Surf Sci 2010;256:6199–204.

[88] Jones C. Effects of electrochemical and plasma treatments on carbon fibre
surfaces. Surf Interf Anal 1993;20:357–67.

[89] Pittman CU, Jiang W, Yue ZR, Gardner S, Wang L, Toghiani H, et al. Surface
properties of electrochemically oxidized carbon fibers. Carbon
1999;37:1797–807.

[90] Yue ZR, Jiang W, Wang L, Gardner SD, Pittman CU. Surface characterization of
electrochemically oxidized carbon fibers. Carbon 1999;37:1785–96.

[91] Waseem SF, Gardner SD, Hea G, Jiang W, Pittman CU. Adhesion and surface
analysis of carbon fibers electrochemically oxidized in aqueous potassium
nitrate. J Mater Sci 1998;33:3151–62.

[92] Rashkovan IA, Korabelnikov YG. The effect of fiber surface treatment on its
strength and adhesion to the matrix. Compos Sci Technol 1997;57:1017–22.

[93] Ishitani A. Application of X-ray photoelectron spectroscopy to surface
analysis of carbon fiber. Carbon 1981;19(4):269–75.

[94] Cao H, Huang Y, Zhang Z, Sun J. Uniform modification of carbon fibers surface
in 3-D fabrics using intermittent electrochemical treatment. Compos Sci
Technol 2005;65:1655–62.

[95] Dai YQ, Zhou DM, Shiu KK. Permeability and permselectivity of
polyohenylenediamine films synthesized at a palladium disk electrode.
Electrochim Acta 2006;52:297–303.

[96] Hung KB, Li J, Fan Q, Chen ZH. The enhancement of carbon fiber modified with
electropolymer coating to the mechanical properties of epoxy resin
composites. Composites Part A 2008;39:1133–40.

[97] Dennis MG, Krishnamurthy A, Warren AN, Hans A, Alain D, Olav R. Erosion
resistant coatings and methods thereof. US patent 7141110; 2006.

[98] Gell M, Jordan EH, Sohn YH, Goberman D, Shaw L, Xiao TD. Development and
implementation of plasma sprayed nanostructured ceramic coatings. Surf
Coat Technol 2001;146–147:48–54.

[99] Bjorneklett A, Haukeland L, Wigren J, Kristiansen H. Effective medium theory
and the thermal conductivity of plasma sprayed ceramic coatings. J Mater Sci
1994;29:4043–50.

[100] Valente T. Measurement of interfacial properties for aluminum and titanium
matrix alloy composites manufactured by vacuum plasma spray. J Compos
Technol Res 1994;16:256–61.

[101] Meyyappan M. A review of plasma enhanced chemical vapour deposition of
carbon nanotubes. J Phys D: Appl Phys 2009;42(213001):1–15.

[102] Dilsiz N, Erinc NK, Bayramli E, Akovali G. Surface energy and mechanical
properties of plasma-modified carbon fibers. Carbon 1995;33:853–8.

[103] Tiwari S, Sharma M, Panier S, Mutel B, Mitschang P, Bijwe J. Influence of cold
remote nitrogen oxygen plasma treatment on carbon fabric and its
composites with specialty polymers. J Mater Sci 2011;46(4):964–74.

[104] Pittman CU, Jiang W, He GR, Gardner SD. Oxgen plasma and Isobutylene
plasma treatment of carbon fibers: determination of surface functionality
and effects on composite properties. Carbon 1998;36:25–37.

[105] Sherwood MA. Surface analysis of carbon and carbon fibers for composites. J
Electron Spectrosc Relat Phenom 1996;81:319–42.

[106] Lopez-Ramon MV, Stoeckli F, Moreno C, Carrasco F. On the characterization of
acidic and basic surface sites on carbons by various techniques. Carbon
1999;37:1215–21.

[107] Boehm HP. Some aspects of the surface chemistry of carbon blacks and other
carbons. Carbon 1994;32:759–66.

[108] Bismarck A, Kumru ME, Springer J. Influence of oxygen plasma treatment of
PAN-based carbon fibers on their electrokinetic and wetting properties. J
Colloid Interf Sci 1999;210:60–72.

[109] Bismarck A, Righter D, Wuertz C, Kumru ME, Song B, Springer J. Adhesion:
comparison between physico-chemical expected and measured adhesion of
oxygen-plasma-treated carbon fibers and polycarbonate. J Adhes
2000;73(1):19–42.

[110] Montes-Moran MA, Martınez-Alonso A, Tascon JMD, Young RJ. Effects of
plasma oxidation on the surface and interfacial properties of ultra-high
modulus carbon fibres. Composites Part A 2001;32:361–71.

[111] Fitzer E, Weiss R. Effect of surface treatment and sizing of c-fibres on the
mechanical properties of CFR thermosetting and thermoplastic polymers.
Carbon 1987;25(4):455–67.

[112] Farrow GJ, Jones C. The effect of low power nitrogen plasma treatment of
carbon fibres on the interfacial shear strength of carbon fibre/epoxy
composites. J Adhes 1994;45:29–42.

[113] Bogoeva G, Mäder E, Haiissler L, Dekanski A. Characterization of the surface
and interphase of plasma-treated HM carbon fibres. Composites Part A
1997;28:445–52.

[114] Gao SL, Mäder E, Zhandarov S. Carbon fibres and composites with epoxy
resins: topography, fractography and interphases. Carbon 2004;25:515–29.

[115] Bubert H, Ai X, Haiber S, Heintze M, Brüser V, Pasch E, et al. Basic analytical
investigation of plasma-chemically modified carbon fibers. Spectrochimica
Acta B 2002;57:1601–10.

[116] Stark AK, Berglund LA, Tagawa M, Ohmae N. Effect of atomic oxygen on the
mechanical properties of highly graphitized carbon fibers. Carbon
1994;32:641–4.
[117] Morra M, Ochiello E, Garbassi F, Nicolais L. Surface studies on untreated and
plasma-treated carbon fibers. Compos Sci Technol 1991;42:361–72.

[118] Wang R, Wan Y, He F, Qi Y, You W, Luo H. The synthesis of a new kind of
magnetic coating on carbon fibers by electrodeposition. Appl Surf Sci
2012;258:3007–11.

[119] Hughes JDH. The carbon fibre/epoxy interface – a review. Compos Sci Technol
1999;41:13–45.

[120] Dilsiz N. Plasma surface modification of carbon fibers: a review. J Adhes Sci
Technol 2000;14(7):975–87.

[121] Bismarck A, Emin KM, Springer J. Influence of oxygen plasma treatment of
PAN-based carbon fibers on their electrokinetic and wetting properties. J
Colloid Interf Sci 1999;210:60–72.

[122] Montes-Moran MA, Young RJ. Raman spectroscopy study of HM carbon
fibres: effect of plasma treatment on the interfacial properties of single fibre/
epoxy composites Part I: Fibre characterization. Carbon 2002;40:845–55.

[123] Montes-Moran MA, Young RJ. Raman spectroscopy study of high-modulus
carbon fibres: effect of plasma-treatment on the interfacial properties of
single-fibre-epoxy composites Part II: Characterisation of the fibre–matrix
interface. Carbon 2002;40:857–75.

[124] Jang J, Yang H. The effect of surface treatment on the performance
improvement of carbon fiber/polybenzoxazine composites. J Mater Sci
2000;35:2297–303.

[125] Ma K, Wang B, Chen P, Zhou X. Plasma treatment of carbon fibers: non-
equilibrium dynamic adsorption and its effect on the mechanical properties
of RTM fabricated composites. Appl Surf Sci 2011;257:3824–30.

[126] Lew C, Chowdhury F, Hosur MV, Netravali AN. The effect of silica (SiO2)
nanoparticles and ammonia/ethylene plasma treatment on the interfacial
and mechanical properties of carbon-fiber-reinforced epoxy composites. J
Adhes Sci Technol 2007;21(14):1407–24.

[127] Song W, Gu A, Liang G, Yuan L. Effect of the surface roughness on interfacial
properties of carbon fibers reinforced epoxy resin composites. Appl Surf Sci
2011;257:4069–74.

[128] Koster KF, Schwartz P. Influence of acetylene plasma treatment on the
torsional fatigue of carbon fiber-reinforced composite strands. Compos Sci
Technol 2000;60:2005–10.

[129] Park SJ, Oh JS, Lee JR, Rhee KY. Influence of oxygen plasma treatment on
impact behaviors of carbon fibers-reinforced composites. Solid St Phenom
2007;119:159–62.

[130] Mujin S, Baorong H, Yisheng W, Ying T, Weiqiu H, Youxian D. Surface of
carbon fibres continuously treated by cold plasma. Compos Sci Technol
1989;34:353–64.

[131] Tsutsumi K, Ban K, Shibata K. Wettability and adhesion characteristics of
plasma treated carbon fibers. J Adhes 1996;57:45–53.

[132] Feih S, Schwartz P. Modifcation of the carbon fiber/matrix interface using gas
plasma treatment with acetylene and oxygen. J Adhes Sci Technol
1998;12:523–39.

[133] Miller B, Muri P, Rebenfeld L. A microbond method for determination of the
shear strength of a fiber/resin interface. Compos Sci Technol 1987;28:17–32.

[134] Zaldivar RJ, Kim HI, Steckel GL, Nokes JP, Morgan BA. Effect of processing
parameter changes on the adhesion of plasma-treated carbon fiber reinforced
epoxy composites. J Compos Mater 2010;44(12):1435–53.

[135] Montes-Moran MA, Hattum FWJ, Nunes JP, Martınez A, Tascon JMD, Bernardo
CA. A study of the effect of plasma treatment on the interfacial properties of
carbon fibre thermoplastic composites. Carbon 2005;43:1778–814.

[136] Lu C, Chen P, Yu Q, Ding Z, Lin Z, Li W. Interfacial adhesion of plasma-treated
carbon fiber/poly(phthalazinone ether sulfone ketone) composite. J Appl
Polym Sci 2007;106:1733–41.

[137] Montes-Moran MA, Martınez A, Tascon JMD, Paiva MC, Bernardo CA. Effects
of plasma oxidation on the surface and interfacial properties of carbon fibres/
polycarbonate composites. Carbon 2001;39:1057–68.

[138] Zhang X, Huang Y, Wang T. Plasma activation of carbon fibres for
polyarylacetylene composites. Surf Coat Technol 2007;201:4965–8.

[139] Wascom WD, Chen WJ. Effect of plasma treatment on the adhesion of carbon
fiber thermoplastic polymer. J Adhes 1991;34:99–119.

[140] Sharma M, Bijwe J. Influence of fiber–matrix adhesion and operating
parameters on sliding wear performance of carbon fabric
polyethersulphone composites. Wear 2011;271(11–12):2919–27.

[141] Sharma M, Bijwe J, Singh K. Studies for wear property correlation for carbon
fabric-reinforced PES composites. Tribol Lett 2011;43(3):267–73.

[142] Sharma M, Bijwe J. Influence of molecular weight on performance properties
of polyethersulphone and its composites with carbon fabric. Wear 2012;274–
275:388–94.

[143] Sharma M, Bijwe J, Mitschang P. Abrasive wear studies on composites of PEEK
and PES with modified surface of carbon fabric. Tribol Int 2011;44(2):81–91.

[144] Sharma M, Bijwe J, Mitschang P. Wear performance of PEEK-carbon fabric
composites with strengthened fiber–matrix interface. Wear 2011;271(9–
10):2261–8.

[145] Sharma M, Bijwe J, Singh K, Mitschang P. Exploring potential of micro-Raman
spectroscopy for correlating graphitic distortion in carbon fibers with stresses in
erosive wear studies of PEEK composites. Wear 2011;270(11–12):791–9.

[146] Sharma M, Tiwari S, Bijwe J. Optimization of material parameters for
development of polyetherimide composites. Mater Sci Eng B 2010;168(1–3):
55–9.

[147] Tiwari S, Bijwe J, Panier S. Influence of plasma treatment on carbon fabric for
enhancing abrasive wear properties of polyetherimide composites. Tribol
Lett 2011;41(1):153–62.

http://refhub.elsevier.com/S0266-3538(14)00235-8/h0425
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0425
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0430
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0430
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0430
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0435
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0435
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0435
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0435
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0435
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0435
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0435
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0435
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0435
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0435
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0440
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0440
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0445
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0445
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0445
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0450
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0450
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0455
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0455
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0455
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0460
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0460
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0465
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0465
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0470
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0470
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0470
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0475
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0475
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0475
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0480
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0480
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0480
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0490
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0490
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0490
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0495
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0495
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0495
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0500
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0500
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0500
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0505
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0505
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0510
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0510
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0515
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0515
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0515
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0520
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0520
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0520
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0525
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0525
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0530
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0530
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0530
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0535
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0535
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0540
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0540
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0540
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0545
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0545
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0545
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0545
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0550
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0550
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0550
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0550
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0555
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0555
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0555
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0560
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0560
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0560
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0565
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0565
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0565
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0570
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0570
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0575
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0575
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0575
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0580
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0580
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0580
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0585
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0585
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0590
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0590
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0590
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0595
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0595
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0600
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0600
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0605
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0605
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0605
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0610
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0610
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0610
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0615
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0615
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0615
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0615
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0620
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0620
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0620
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0625
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0625
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0625
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0630
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0630
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0630
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0630
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0630
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0635
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0635
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0635
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0640
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0640
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0640
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0645
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0645
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0645
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0650
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0650
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0650
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0655
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0655
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0660
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0660
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0660
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0665
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0665
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0670
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0670
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0670
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0675
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0675
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0675
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0675
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0680
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0680
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0680
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0685
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0685
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0685
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0685
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0690
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0690
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0695
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0695
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0700
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0700
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0700
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0705
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0705
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0710
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0710
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0710
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0715
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0715
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0720
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0720
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0720
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0725
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0725
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0725
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0730
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0730
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0730
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0735
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0735
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0735


M. Sharma et al. / Composites Science and Technology 102 (2014) 35–50 49
[148] Tiwari S, Bijwe J, Panier S. Adhesive wear performance of polyetherimide
composites with plasma treated carbon fabric. Tribol Int 2011;44(7–
8):782–8.

[149] Clough RL. High-energy radiation and polymers: a review of commercial
processes and emerging applications. Nucl Instrum Methods Phys Res B
2001;185:8–23.

[150] Xu Z, Huang Y, Zhang C, Liu L, Zhang Y, Wang L. Effect of c-ray irradiation
grafting on the carbon fibers and interfacial adhesion of epoxy composites.
Compos Sci Technol 2007;67:3261–70.

[151] Wan YZ, Wang YL, Huang Y, Luo HL, Chen GC, Yuan CD. Effect of surface
treatment of carbon fibers with c-ray radiation on mechanical performance
of their composites. J Mater Sci 2005;40:3355–9.

[152] Park SJ, Seo MK, Rhee KY. Effect of Ar+ ion beam irradiation on the
physicochemical characteristics of carbon fibers. Carbon
2003;41:579–625.

[153] Li JQ, Huang YD, Fu SY, Yang LH, Qu H, Wu G. Study on the surface
performance of carbon fibres irradiated by c-ray under different irradiation
dose. App Surf Sci 2010;256:2000–4.

[154] Li J, Huang Y, Xu Z, Wang Z. High-energy radiation technique treat on the
surface of carbon fiber. Mater Chem Phys 2005;94:315–21.

[155] Tiwari S, Bijwe J, Panier S. Gamma radiation treatment of carbon fabric to
improve the fiber–matrix adhesion and tribo-performance of composites.
Wear 2011;271:2184–92.

[156] Tiwari S, Bijwe J, Panier S. Polyetherimide composites with gamma irradiated
carbon fabric: studies on abrasive wear. Wear 2011;270:688–94.

[157] Park SJ, Lee JR. Bending fracture and acoustic emission studies on carbon–
carbon composites: effect of sizing treatment on carbon fibres. J Mater Sci
1998;33:647–54.

[158] Park SJ, Jang YS. Interfacial characteristics and fracture toughness of
electrolytically Ni-plated carbon fiber-reinforced phenolic resin matrix
composites. J Colloid Interf Sci 2001;237:91–7.

[159] Ramanathan T, Bismarck A, Schulz E, Subramanian K. Investigation on the
influence of acidic and basic surface groups on carbon fibres on the interfacial
shear strength in an epoxy matrix by mean of single fibre pull-out test.
Compos Sci Technol 2001;61:599–605.

[160] Osbeck S, Bradley RH, Liu C, Idriss H, Ward S. Effect of an ultraviolet/ozone
treatment on the surface texture and functional groups on polyacrylonitrile
carbon fibres. Carbon 2011;49:4322–30.

[161] Li J. Interfacial studies on the O3 modified carbon fiber-reinforced polyamide
6 composites. Appl Surf Sci 2008;255:2822–4.

[162] Guo H, Huang YD, Meng LH, Liu L, Fan DP, Liu DX. Interface property of carbon
fibers/epoxy resin composite improved by hydrogen peroxide in supercritical
water. Mater Lett 2009;63:1531–4.

[163] Sharma M, bijwe J. Surface designing of carbon fabric polymer composites
with nano and micron sized PTFE particles. J Mater Sci 2012;47:4928–35.

[164] Zhang X, Huang Y, Wang T. Surface analysis of plasma grafted carbon fiber.
Appl Surf Sci 2006;253:2885–92.

[165] Kim SY, Baek SJ, Youn JR. New hybrid method for simultaneous improvement
of tensile and impact properties of carbon fiber reinforced composites.
Carbon 2011;49:5329–38.

[166] Qian H, Greenhalgh ES, Shaffer MSP, Bismarck A. Carbon nanotube-based
hierarchical composites: a review. J Mater Chem 2010;20:4729–56.

[167] Tiwari S, Bijwe J, Panier S. Role of Nano-YbF3 treated carbon fabric on
improving abrasive wear performance of polyetherimide composites. Tribol
Lett 2011;42:293–300.

[168] Tiwari S, Bijwe J, Panier S. Enhancing the adhesive wear performance of
polyetherimide composites through nano-particle treatment of the carbon
fabric. J Mater Sci 2012;47:2891–8.

[169] Dai H. Carbon nanotubes: opportunities and challenges. Surf Sci
2002;500:218–41.

[170] Terrones M. Science and technology of the twenty first century: synthesis,
properties, and applications of carbon nanotubes. Ann Rev Mater Res
2003;33:419–501.

[171] Vavro J, Llaguno MC, Satishkumar BC, Luzzi DE, Fischer JE. Electrical and
thermal properties of C60 filled single-wall carbon nanotubes. Appl Phys Lett
2002;80:1450–2.

[172] Sharma H, Kaushik V, Girdhar P, Singh VN, Shukla AK, Vankar VD. Enhanced
electron emission from titanium coated multiwalled carbon nanotubes. Thin
Solid Films 2010;518:6915–20.

[173] Sharma H, Agarwal DC, Sharma M, Shukla AK, Avasthi DK, Vankar VD.
Tailoring of structural and electron emission properties of CNT walls and
graphene layers using high-energy irradiation. J Phys D: Appl Phys
2013;46:315301–9.

[174] Thostenson ET, Ren ZF, Chou TW. Advances in science and technology of
carbon nanotubes and their composites: a review. Compos Sci Technol
2001;61:1899–912.

[175] Chen J, Ramasubramaniam R, Xue C, Liu H. A versatile, molecular engineering
approach to simultaneously enhanced, multifunctional carbon nanotube
polymer composites. Adv Funct Mater 2006;16:114–9.

[176] Barber AH, Cohen SR, Wagner HD. Measurement of carbon nanotube–
polymer interfacial strength. Appl Phys Lett 2003;82:4140–3.

[177] Wagner HD. Nanotube-polymer adhesion: a mechanics approach. Chem Phys
Lett 2002;361:57–61.

[178] Gao LM, Thostenson ET, Zhang Z, Chou TW. Sensing of damage mechanisms
in fiber-reinforced composites under cyclic loading using carbon nanotubes.
Adv Funct Mater 2009;19:123–30.
[179] Li C, Thostenson ET, Chou TW. Sensors and actuators based on carbon
nanotubes and their composites: a review. Compos Sci Technol
2008;68:1227–49.

[180] Bekyarova E, Thostenson ET, Yu A, Kim H, Gao J, Tang J, et al. Multiscale
carbon nanotube–carbon fiber reinforcement for advanced epoxy
composites. Langmuir 2007;23:3970–4.

[181] Thostenson ET, Li WZ, Wang DZ, Ren ZF, Chou TW. Carbon nanotube/carbon
fiber hybrid multiscale composites. J Appl Phys 2002;91:6034–7.

[182] Matthews FL, Rawlings RD. Reinforcements and the reinforcement matrix
interface. In: Matthews FL, Rawlings RD, editors. Composite materials:
engineering and science. Boca Raton: CRC Press; 1999. p. 29–77.

[183] Gao SL, Zhuang RC, Zhang J, Liu JW, Mäder E. Glass fibre with carbon
nanotube networks as multifunctional sensor. Adv Funct Mater
2010;20:1885–93.

[184] Li J, Cheng XH. Effect of rare earth solution on mechanical and tribological
properties of carbon fiber reinforced thermoplastic polyimide composite.
Tribol Lett 2007;25(3):207–14.

[185] Qianqian S, Xianhua C. Effect of rare earths surface treatment on tribological
properties of carbon fibers reinforced PTFE composite under oil-lubricated
condition. J Rare Earths 2008;26:584–9.

[186] Xu Z, Huang Y, Song Y, Zhang C, Liu L. Surface characteristics of rare earth
treated carbon fibers and interfacial properties of composites. J Rare Earths
2007;25:462–8.

[187] Bao D, Cheng X. Evaluation of tribological performance of PTFE composite
filled with rare earths treated carbon fibers under water-lubricated
condition. J Rare Earths 2006;24:564–8.

[188] Zhang XR, Zhao P, Pei XQ, Wang QH, Jia Q. Flexural strength and tribological
properties of rare earth treated short carbon fiber/polyimide composites.
Expr Polym Lett 2007;1(10):667–72.

[189] Hughes JDH, Morley H, Jackson EE. Aligned carbon fibre composite which
approaches theoretical strength. J Phys D: Appl Phys 1980;13:921–36.

[190] Zhang Q, Liu J, Sager R, Dai L, Baur J. Hierarchical composites of carbon
nanotubes on carbon fiber: influence of growth condition on fiber tensile
properties. Compos Sci Technol 2009;69:594–601.

[191] Sager RJ, Klein PJ, Lagoudas DC, Zhang Q, Liu J, Dai L, et al. Effect of carbon
nanotubes on the interfacial shear strength of T650 carbon fiber in an epoxy
matrix. Compos Sci Technol 2009;69:898–904.

[192] Zhao ZG, Ci LJ, Cheng HM, Bai JB. The growth of multi-walled carbon
nanotubes with different morphologies on carbon fibers. Carbon
2005;43:663–5.

[193] Zhao J, Liu L, Guo Q, Shi J, Zhai G, Song J, et al. Growth of carbon nanotubes on
the surface of carbon fibers. Carbon 2008;46:380–3.

[194] Resende VG, Antunes EF, Lobo AO, Oliveira DL, Airoldi VJ, Corat EJ. Growth of
carbon nanotube forests on carbon fibers with an amorphous silicon
interface. Carbon 2010;48:3635–58.

[195] Qian H, Bismarck A, Greenhalgh ES, Shaffer SP. Carbon nanotube grafted
carbon fibres: a study of wetting and fibre fragmentation. Composites Part A
2010;41:1107–14.

[196] Qian H, Bismarck A, Greenhalgh ES, Kalinka G, Shaffer MSP. Hierarchical
composites reinforced with carbon nanotube grafted fibers: the potential
assessed at the single fiber level. Chem Mater 2008;20(5):1862–9.

[197] Lv P, Feng Y, Zhang P, Chen H, Zhao N, Feng W. Increasing the interfacial
strength in carbon fiber/epoxy composites by controlling the orientation and
length of carbon, nanotubes grown on the fibers. Carbon 2011;49:4665–73.

[198] Suraya AR, Sharifah SMZ, Yunus SR, Azowa IR. Growth of carbon nanotubes
on carbon fibres and the tensile properties of resulting carbon fibre
reinforced polypropylene composites. J Eng Sci Technol 2009;4:400–8.

[199] Kepple KL, Sanborn GP, Lacasse PA, Gruenberg KM, Ready WJ. Improved
fracture toughness of carbon fiber composite functionalized with multi
walled carbon nanotubes. Carbon 2008;46:2026–33.

[200] Sharma SP, Lakkad SC. Compressive strength of carbon nanotubes grown on
carbon fiber reinforced epoxy matrix multi-scale hybrid composites. Surf
Coat Technol 2010;205:350–5.

[201] Sharma SP, Lakkad SC. Effect of CNTs growth on carbon fibers on the tensile
strength of CNTs grown carbon fiber-reinforced polymer matrix composites.
Composites Part A 2011;42:8–15.

[202] Riccardis MF, Carbone D, Makris TD, Giorgi R, Lisi N, Salernitano E. Anchorage
of carbon nanotubes grown on carbon fibres. Carbon 2006;44:671–4.

[203] Song Q, Li K, Li H, Li H, Ren C. Grafting straight carbon nanotubes radially onto
carbon fibers and their effect on the mechanical properties of carbon/carbon
composites. Carbon 2012;50:3943–60.

[204] Boccaccini AR, Cho J, Roether AJ, Thomas JC, Jane ME, Shaffer MSP.
Electrophoretic deposition of carbon nanotubes. Carbon 2006;44:3149–60.

[205] Bekyarova E, Thostenson ET, Yu A, Kim H, Gao J, Tang J, et al. Multiscale
carbon nanotube carbon fiber reinforcement for advanced epoxy composites.
Langmuir 2007;23:3970–4.

[206] Ku HK, Byun JH, Song J. Optimization of deposition conditions for CNTs/
carbon fiber hybrid multiscale composites via Taguchi method. Adv Mater
Res 2010;1179:123–5.

[207] Wang YQ, Byun JH, Kim BS, Song JI. Optimization of process parameters for
electrophoretic deposition in CNTs/carbon fiber hybrid composites. In: Wilde
WP, Brebbia CA, Mander U, editors. High performance structures and
materials V. Witpress; 2010.

[208] Zhang FH, Wang RG, He XD, Wang C, Ren LN. Interfacial shearing strength and
reinforcing mechanisms of an epoxy composite reinforced using a carbon
nanotube/carbon fiber hybrid. J Mater Sci 2009;44:3574–7.

http://refhub.elsevier.com/S0266-3538(14)00235-8/h0740
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0740
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0740
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0745
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0745
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0745
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0750
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0750
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0750
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0755
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0755
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0755
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0760
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0760
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0760
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0765
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0765
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0765
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0770
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0770
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0775
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0775
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0775
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0780
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0780
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0785
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0785
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0785
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0790
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0790
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0790
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0795
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0795
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0795
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0795
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0800
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0800
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0800
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0805
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0805
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0805
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0810
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0810
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0810
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0815
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0815
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0820
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0820
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0825
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0825
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0825
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0830
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0830
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0835
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0835
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0835
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0835
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0840
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0840
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0840
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0845
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0845
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0850
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0850
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0850
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0855
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0855
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0855
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0855
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0860
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0860
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0860
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0865
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0865
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0865
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0865
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0870
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0870
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0870
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0875
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0875
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0875
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0880
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0880
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0885
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0885
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0890
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0890
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0890
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0895
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0895
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0895
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0900
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0900
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0900
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0905
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0905
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0910
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0910
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0910
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0915
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0915
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0915
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0920
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0920
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0920
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0925
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0925
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0925
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0930
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0930
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0930
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0935
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0935
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0935
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0940
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0940
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0940
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0945
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0945
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0950
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0950
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0950
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0955
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0955
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0955
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0960
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0960
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0960
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0965
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0965
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0970
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0970
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0970
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0975
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0975
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0975
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0980
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0980
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0980
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0985
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0985
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0985
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0990
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0990
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0990
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0995
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0995
http://refhub.elsevier.com/S0266-3538(14)00235-8/h0995
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1000
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1000
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1000
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1005
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1005
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1005
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1010
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1010
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1015
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1015
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1015
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1020
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1020
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1025
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1025
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1025
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1030
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1030
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1030
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1035
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1035
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1035
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1035
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1040
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1040
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1040


50 M. Sharma et al. / Composites Science and Technology 102 (2014) 35–50
[209] Guo J, Lu C, An F, He S. Preparation and characterization of carbon nanotubes/
carbon fiber hybrid material by ultrasonically assisted electrophoretic
deposition. Mater Lett 2012;66:382–4.

[210] Guo J, Lu C. Continuous preparation of multiscale reinforcement by
electrophoretic deposition of carbon nanotubes onto carbon fiber tows.
Carbon 2012;50:3092–116.

[211] Lee SB, Choi O, Lee W, Yi JW, Kim BS, Byun JH. Processing and characterization
of multi-scale hybrid composites reinforced with nanoscale carbon
reinforcements and carbon fibers. Composites Part A 2011;42:337–44.

[212] Lyth SM, Hatton RA, Silva SRP. Efficient field emission from Li-salt
functionalized multiwall carbon nanotubes on flexible substrates. Appl
Phys Lett 2007;90:0131201–131203.

[213] Shah TK, Gardner SH, Alberding MR, Malecki HC. CNT infused carbon fiber
materials and process therefor. United state patent 2011/016808 A1; 2011.

[214] Karapappas P, Tsantzalis S, Fiamegou E, Vavouliotis A, Dassios K, Kostopoulos
V. Multi-wall carbon nanotubes chemically grafted and physical adsorpted
on reinforcing carbon fibres. Adv Compos Lett 2008;17:103–7.

[215] He X, Zhang F, Wang R, Liu W. Preparation of a carbon nanotube/carbon fiber
multi-scale reinforcement by grafting multi-walled carbon nanotubes onto
the fibers. Carbon 2007;45:2559–63.

[216] Laachachi A, Vivet A, Nouet G, Doudou BB, Poilâne C, Chen J, et al. A chemical
method to graft carbon nanotubes onto a carbon fiber. Mater Lett
2008;62:394–7.

[217] Wu GP, Wang YY, Li DH, Lu CX, Shen WZ, Li XT, et al. Direct electrochemical
attachment of carbon nanotubes to carbon fiber surfaces. Carbon
2011;49:2141–61.

[218] Mei L, He X, Li Y, Wang R, Wang C, Peng Q. Grafting carbon nanotubes onto
carbon fiber by use of dendrimers. Mater Lett 2010;64:2505–8.

[219] Zhang X, Fan X, Yan C, Li H, Zhu Y, Li X, et al. Interfacial microstructure and
properties of carbon fiber composites modified with graphene oxide. Appl
Mater Interf 2012;4:1543–52.

[220] Zhuang RC, Doan TTL, Liu JW, Zhang J, Gao SL, Mäder E. Multi-functional
multi-walled carbon nanotube-jute fibres and composites. Carbon
2011;49:2683–9.

[221] Rausch J, Zhuang RC, Mäder E. Surfactant assisted dispersion of
functionalized multi-walled carbon nanotubes in aqueous media.
Composites Part A 2010;41:1038–46.

[222] Zhang J, Jiang D. Interconnected multi-walled carbon nanotubes reinforced
polymer-matrix composites. Compos Sci Technol 2011;71:466–70.
[223] Banerjee S, Benny T, Wong SS. Covalent surface chemistry of single-walled
carbon nanotubes. Adv Mater 2005;17:17–29.

[224] Fu KF, Sun YP. Dispersion and solubilization of carbon nanotubes. J Nanosci
Nanotechnol 2003;3:351–64.

[225] Tasis D, Tagmatarchis N, Georgakilas V, Prato M. Soluble carbon nanotubes.
Chem Eur J 2003;9:4000–8.

[226] O’Connell MJ, Bachilo SM, Huffman CB, Moore VC, Strano MS, Haroz EH, et al.
Band gap fluorescence from individual single-walled carbon nanotubes.
Science 2002;297:593–6.

[227] Liu P. Modifications of carbon nanotubes with polymers. Eur Polym J
2005;41:2693–703.

[228] Chen RJ, Bangsaruntip S, Drouvalakis KA, Kam NWS, Shim M, Li Y, et al.
Noncovalent functionalization of carbon nanotubes for highly specific
electronic biosensors. PNAS – USA 2003;100:4984–9.

[229] Nadagouda MN, Varma RS. Noble metal decoration and alignment of carbon
nanotubes in carboxymethyl cellulose. Macromol Rapid Commun
2008;29:155–9.

[230] Riou I, Bertoncini P, Bizot H, Mevellec JY, Buleon A, Chauvet O.
Carboxymethylcellulose/single walled carbon nanotube complexes. J
Nanosci Nanotechnol 2009;9:6176–80.

[231] Yang Q, Pan XJ. Preparation and characterization of water-soluble single-
walled carbon nanotubes by hybridization with hydroxypropyl cellulose
derivatives. Ind Eng Chem Res 2010;49:2747–51.

[232] Sgobba V, Aminur GM, Guldi DM, Jux N, Campidelli S, Prato M.
Supramolecular assemblies of different carbon nanotubes for
photoconversion processes. Adv Mater 2006;18:2264–9.

[233] Chand S. Review carbon fibers for composites. J Mater Sci 2000;35:1303–13.
[234] Shinohara H, Sato T, Saito F, Tomioka T, Arai Y. A novel method for measuring

direct compressive properties of carbon fibres using a micro-mechanical
compression tester. J Mater Sci 1993;28:6611–6.

[235] Ohsawa T, Miwa M, Kawade M, Tsushima E. Axial compressive strength of
carbon fiber. J Appl Poly Sci 1990;39:1733–43.

[236] Donnet JB, Brendle M, Dhami TL, Bahl OP. Plasma treatment effect on the
surface energy of carbon and carbon fibers. Carbon 1986;24(6):757.

[237] Magonov SN, Elings V, Whangbo MH. Phase imaging and stiffness in tapping-
mode atomic force microscopy. Surf Sci 1997;375:385–91.

[238] Paredes JI, Alonso AM, Tascón JMD. Atomic force microscopy investigation of
the surface modification of highly oriented pyrolytic graphite by oxygen
plasma. J Mater Chem 2000;10:1585–90.

http://refhub.elsevier.com/S0266-3538(14)00235-8/h1045
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1045
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1045
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1050
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1050
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1050
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1055
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1055
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1055
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1060
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1060
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1060
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1070
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1070
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1070
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1075
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1075
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1075
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1080
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1080
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1080
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1085
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1085
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1085
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1090
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1090
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1095
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1095
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1095
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1100
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1100
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1100
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1105
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1105
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1105
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1110
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1110
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1115
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1115
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1120
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1120
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1125
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1125
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1130
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1130
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1130
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1135
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1135
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1140
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1140
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1140
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1145
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1145
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1145
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1150
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1150
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1150
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1155
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1155
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1155
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1160
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1160
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1160
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1165
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1170
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1170
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1170
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1175
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1175
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1180
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1180
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1185
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1185
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1190
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1190
http://refhub.elsevier.com/S0266-3538(14)00235-8/h1190

	Carbon fiber surfaces and composite interphases
	1 Introduction
	2 Carbon fiber surface modification vs. interfacial adhesion properties
	2.1 ‘Wet’ chemical methods
	2.1.1 Sizing: Application of polymer finish to CF surface
	2.1.2 Acidic modification
	2.1.3 Electrochemical modification
	2.1.4 Electro-polymer coating

	2.2 Surface modification in ‘dry’
	2.2.1 Plasma surface modification
	2.2.2 High energy irradiation modification
	2.2.3 Nickel surface coating
	2.2.4 Thermal modifications
	2.2.5 Miscellaneous dry treatments

	2.3 Surface modification in ‘multi-scales’
	2.3.1 Nano particles modification
	2.3.2 Carbon nano-tube coatings for carbon fibers


	3 Surface modification vs. fiber strength
	4 Conclusions
	References


