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A carbon fiber/polyhedral oligomeric silsesquioxane/carbon nanotube (CF-POSS-CNT)
hybrid reinforcement was prepared by grafting CNTs onto the carbon fiber surface using
octaglycidyldimethylsilyl POSS as the linkage in an attempt to improve the interfacial prop-
erties between carbon fibers and an epoxy matrix. X-ray photoelectron spectroscopy, scan-
ning electron microscopy, dynamic contact angle analysis and single fiber tensile testing
were performed to characterize the hybrid reinforcements. Interlaminar shear strength
(ILSS), impact toughness, dynamic mechanical analysis and force modulation atomic force
microscopy were carried out to investigate the interfacial properties of the composites.
Experimental results show that POSS and CNTs are grafted uniformly on the fiber surface
and significantly increase the fiber surface roughness. The polar functional groups and sur-
face energy of carbon fibers are obviously increased after the modification. Single fiber ten-
sile testing results demonstrate that the functionalization does not lead to any discernable
decrease in the fiber tensile strength. Mechanical property test results indicate the ILSS and
impact toughness are enhanced. The storage modulus and service temperature increase by
11 GPa and 17 °C, respectively. POSS and CNTs effectively enhance the interfacial adhesion
of the composites by improving resin wettability, increasing chemical bonding and
mechanical interlocking.

© 2011 Elsevier Ltd. All rights reserved.

between fibers and matrix [4]. As a result, extensive research
has been devoted to the surface treatment of carbon fibers in

1. Introduction

It is widely accepted that the mechanical properties of carbon
fiber composites are highly dependent on the interphase be-
tween fibers and matrix [1,2]. An appropriately engineered
interphase can significantly improve the strength, toughness
and environmental stability of the composites and transfer
the stress efficiently from matrix to carbon fibers [3]. How-
ever, smooth and chemically inert fiber surfaces usually re-
sult in poor matrix compatibility and weak adhesion

* Corresponding author: Fax: +86 451 86413711.
E-mail address: ydhuang.hitl@yahoo.com.cn (Y. Huang).

order to improve their interfacial adhesion, such as oxidation
treatment, electrochemical method, plasma treatment and
high energy irradiation, by introducing reactive groups onto
the fiber surface, changing the surface energy to increase
the wettability, or increasing the fiber surface roughness to
enhance mechanical interlocking [5-8].

The excellent mechanical properties of CNTs make them
ideal nanofillers in composite fields. Recently, grafting CNTs
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onto the carbon fibers or growing CNTs through chemical va-
por deposition directly onto the fiber surface have attracted
considerable technical and commercial interest due to their
use for CNT based hierarchical composites [9,10], because
CNTs could offer both intralaminar and interlaminar rein-
forcement, and improve delamination resistance and
through-thickness properties without compromising in-plane
performance [11]. Although grafting CNTs onto fiber surfaces
is an effective method to increase fiber surface area, create
mechanical interlocking, or locally stiffen at the interface,
all of which may improve stress transfer and interfacial
properties, the lack of chemical bonding limits the further in-
crease of the interfacial properties of the resulting compos-
ites. Moreover, the decreased carbon fiber surface energy
caused by the more hydrophobic CNTs grafted on the carbon
fiber surface usually lead to poor wettability by viscous matri-
ces [12].

The huge interest in polyhedral oligomeric silsesquioxane
(POSS) has been stimulated by their extraordinary intrinsic
properties, at least for unique structures, and wide range of
potential applications [13-15]. One of the largest opportuni-
ties lies in the area of composite materials. Every POSS mole-
cule possesses eight organic groups which provide POSS
molecules with high reactivity and compatibility, which make
them attractive for enhancing a variety of matrices. A large
number of reports of enhanced strength and modulus, impact
resistance, increased thermal and chemical stability, have
been observed when POSS is added to a polymer to form a
composite [16-18]. Moreover, the organic groups of POSS
which can act as a platform for further reaction make POSS
a versatile nanoparticle [19]. In a previous study, our group
has used POSS to functionalize the carbon fiber surface and
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Fig. 1 - Structure of octaglycidyldimethylsilyl POSS.

demonstrated the grafting of POSS molecules could effec-
tively increase the interfacial adhesion and the impact resis-
tance of the resulting composites [20,21].

In this study, we further functionalized POSS grafted car-
bon fibers through grafting amine functionalized CNTs to
the glycidyldimethylsilyl groups on the side chains of POSS
in order to study the effect of this newly introduced enhance-
ment component on the interfacial adhesion of the compos-
ites. Firstly, this hybrid reinforcement is designed to
improve the interfacial adhesion of the resulting composites
by using the numerous epoxy groups of POSS to increase fiber
surface wettability by the epoxy resin and react with the
hardener to enhance chemical bonding. Secondly, the CNTs
grafted on the fiber surface, which stick into the matrix, could
increase the surface area, enhance mechanical interlocking,
and locally stiffen at the interface, which is expected to fur-
ther increase the interfacial strength. In addition, another
aim of this grafting route is to demonstrate that the POSS
grafted on the fiber surface can be further tailored to make
it more compatible with the matrix or can be used as a scaf-
fold to be functionalized with other reactive molecules if used
as functional materials. This novel binary grafting technology
could extend the use of carbon fiber in the traditional com-
posite fields, such as commercial aircraft and autos, to pro-
duce stronger, tougher and more heat-resistent materials,
which would advance the lifespan and safety of these struc-
tures. This paper mainly focuses on: (1) effect of POSS and
CNTs on the surface characteristics of the carbon fibers and
(2) effect of the two enhancement components on the interfa-
cial properties of the resulting composites. The surface chem-
ical composition and morphologies of carbon fibers were
characterized by X-ray photoelectron spectroscopy (XPS) and
scanning electron microscopy (SEM), respectively. The wetta-
bility of carbon fiber surface was studied by dynamic contact
angle analysis. The effect of grafting on the fiber tensile
strength was evaluated using single fiber tensile testing.
Mechanical properties of the composites were investigated
by interlaminar shear strength (ILSS), impact toughness, dy-
namic mechanical analysis (DMA) testing and force modula-
tion atomic force microscopy (FM-AFM). The structure of
octaglycidyldimethylsilyl POSS is shown in Fig. 1. The forma-
tion procedure of hybrid reinforcement is illustrated in Fig. 2.
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Fig. 2 - Schematic of the formation of CF-POSS-CNT.
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2. Experimental

2.1. Materials

All chemicals were used as received unless stated otherwise.
Carbon fibers used in the research were T700SC-12000-50C
(12K, tensile strength 4.9 GPa, diameter 7 um, density
1.8 g cm ), which were purchased from Toray Industries, Inc.
The multi-walled CNTs (purity >95%, diameter 10-30 nm,
length 1-2 pm) were obtained from Shenzhen Nanotech Port
Co., Ltd. Octaglycidyldimethylsilyl POSS was purchased from
Hybrid Plastics. Thionyl chloride (SOCL,), ethylenediamine
(EDA), dimethylformamide (DMF) and tetrahydrofuran (THF)
were purchased from Sigma-Aldrich. WSR618 epoxy resin
(molecular weight 350-400, molecule structure is shown in
Fig. 3) and methyl tetrahyelrophthalic anhydride hardener
were supplied by Sinopharm Chemical Reagent Co., Ltd., used
at a resin to hardener weight ratio of 100:70.

2.2. Experimental procedure

The CF-POSS-CNT hybrid reinforcement was prepared
through several steps of chemical reactions. The CNTs were
functionalized with EDA using the method similar to the pro-
cedure described in the literature [22]. Carbon fibers were re-
fluxed in acetone for 12 h to remove the polymer sizing and
pollutants. Then the carbon fibers were oxidized in a 3:1 (v/
v) mixture of concentrated H,SO,/HNO;3 at 60 °C for 2 h. The
carboxyl functionalized carbon fibers (CF-COOH) were taken
out and washed several times with deionized water until
the pH of the wash water was neutral and then dried under
vacuum. The CF-COOH was reacted with the mixture solution
of 50 ml SOCI, and 5 ml DMF at 76 °C for 24 h, and then the
residual SOCI, was removed by the reduced pressure distilla-
tion to yield acyl chloride functionalized carbon fibers (CF-
COCl). Then the CF-COCl was reacted with 50 ml EDA at
80 °C for 24 h to produce amine functionalized carbon fibers
(CF-NH,). After being washed with deionized water and dried,
the CF-NH, was mixed with 0.5 g POSS in 100 ml THF reacting
at 50 °C for 3 h to obtain POSS grafted carbon fibers (CF-POSS).
The CF-POSS was rinsed in excess THF to remove the unre-
acted POSS and then was mixed with EDA functionalized
CNTs in THF under sonication for 20 min to create a homoge-
neous dispersion, and then reacted at 50 °C for 24 h, during
which a 5min pulsed sonication was implemented on the
mixture at 0.5h intervals. Finally, the prepared CF-POSS-
CNT hybrid reinforcement was washed in excess THF under
sonication to remove unreacted CNTs. All reactions were car-
ried out under a nitrogen atmosphere.

2.3.  Characterization of carbon fibers

The morphologies of the carbon fibers were observed by SEM
(S-4800, Hitachi Instrument, Inc. Japan) without gold plating.

The surface roughness of carbon fibers was examined by
AFM (Solver-P47H, NT-MDT, Russia) using tapping mode. Each
datum was obtained from the average value of 15 different
positions on three different fibers.

XPS (ESCALAB 220i-XL, VG, UK) was carried out to study
grafting reaction procedure using a monochromated Al Ko
source (1486.6 eV) at a base pressure of 2x 10 ° mbar. The
XPS was energy referenced to the Cls peak of graphite at
284.6 eV. The XPSPeak version 4.1 program was used for data
analysis.

Dynamic contact angle tests were measured by using a
dynamic contact angle meter and tensiometer (DCAT21, Data-
Physics Instruments, Germany). Deionised water (y¢=
21.8mNm™, y=728mNm™") and dilodomethane (=
50.8mNm™?, y=50.8 mNm™?, 99% purity, Alfa Aesar, USA)
were used as test liquids. Each measurement was repeated
three times and the results were averaged.

Single fiber tensile tests were performed on a universal
testing machine (5569, Instron, USA) according to the ASTM
D3379-75. The results were analyzed with Wellbull statistical
method.

2.4.  Mechanical property tests of composites

The unidirectional prepreg of carbon fibers and epoxy resin
was put into a mold to manufacture composites. The resin
content of the composites was controlled at 35 + 1.5 mass%.
The curing process was at 90 °C for 2 h under 5 MPa, 120 °C
for 2 h under 10 MPa and 150 °C for 4 h under 10 MPa.

ILSS of the composites was measured on a universal test-
ing machine (5569, Instron, USA) using a three point short-
beam bending test method according to ASTM D2344. Speci-
men dimensions were 20 mm x 6 mm x 2 mm. The specimens
were tested at a crosshead movement rate of 2 mm min~2,
with a span to thickness ratio of 5:1. The recorded value of
ILSS for each group of specimens was averaged from the data
of 8 successful measurements.

Non-standard impact specimens of 55 mm x 6 mm x 2 mm
were tested on a drop weight impact test system (9250HV, In-
stron, USA). The specimens were unnotched. The impact
span is 40 mm. The drop weight was 3 kg and the velocity
was 1 m s~ . Each datum was obtained from the average value
of five specimens.

DMA tests were carried out on a dynamic mechanical ther-
mal analyzer (EXSTAR6000 DMS, SII NanoTechnology Inc.,
Japan) operating in the three-point bending mode at a fre-
quency of 1.0Hz. Specimen dimensions were 40 mm x
6 mm x 2 mm. The temperature range was 25-200 °C with a
heating rate of 2.5°C min™.

The local modulus of interphase region was investigated
on an AFM (Solver-P47H, NT-MDT, Russia) in force modulation
mode. A silicon nitride probe with a spring constant of 1-
5N m ' and a resonant frequency of 70-150 kHz was selected.
For interface characterization, the composite specimens were
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Fig. 3 - Molecule structure of WSR618 epoxy resin.
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polished perpendicularly to the fiber axis using increasingly
finer sand papers and finally polished with a Cr,05; suspen-
sion of an average grain size of 50 nm, and cleaned with water
in ultrasonic washer and dried.

3. Results and discussion
3.1.  Surface topography of carbon fibers

The SEM images of untreated carbon fiber, CF-COOH, CF-
COCl, CF-NH,, CF-POSS and CF-POSS-CNT are shown in
Fig. 4a—f, respectively. Remarkable differences of the surface
topography can be observed between the untreated and
modified carbon fibers. As shown in Fig. 4a, the untreated
carbon fiber seems to be relatively neat and smooth,
and a few narrow grooves parallel distribute along the
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longitudinal direction of the fiber. After the moderate acid
treatment, some grooves on the fiber surface become wider
and deeper slightly (Fig. 4b), which could be interpreted by
acid oxidation and etching. After being reacted with SOCl,
and EDA, the fiber surfaces become rougher (Fig. 4c and
d). As shown in Fig. 4e, on the surface of CF-POSS, a layer
of POSS particles appear and the carbon fiber becomes
much rougher. The surface roughness increased from
28 nm for the untreated carbon fibers to 76 nm for the POSS
grafted fibers. The surface morphology of CF-POSS-CNT is
shown in Fig. 4f. The CNTs are covalently grafted and dis-
tribute uniformly on the fiber surface at different angles,
which makes the carbon fiber look like a branched fiber.
Moreover, the fiber surface roughness also further increased
to 92 nm. These CNTs sticking into the composite interface
region could significantly increase the interfacial adhesion

Fig. 4 - SEM images of (a) untreated carbon fiber, (b) CF-COOH, (c) CF-COClI, (d) CF-NH,, (e) CF-POSS and (f) CF-POSS-CNT

hybrid reinforcement.
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by increasing fiber surface area and enhancing mechanical
interlocking between the fiber and the matrix.

3.2.  XPS analysis

XPS was performed to determine the chemical composition of
the carbon fiber surface and carry out a quantitative analysis.
The peaks for carbon, oxygen, nitrogen, chloride and silicon
are centered at around 284.6, 532.2, 399.5, 201.4 and 103.4 eV,
respectively [23-25]. The results of the carbon fiber surface
composition are given in Table 1. It is found that the elements
of the untreated carbon fiber surface include carbon, oxygen
and insignificant amount of nitrogen. Usually, there is only a
small amount of oxygen on the untreated carbon fiber surface
[23]. However, it should be noted that 14.48% oxygen was de-
tected on the untreated fibers, although they had been refluxed
in acetone for 12 h. The C1s curve fit spectrum shows that the
fiber surface consists of 68.8% C-C, 25.5% C-0, 3.5% O-C=0 and
2.2% n-n" transition. The high C-O content may be due to the
epoxy groups in the residual epoxy sizing which can be re-
moved by the acid oxidation in the next reaction step and the
hydroxyl groups introduced by the electrochemical oxidation
in the manufacture process. After moderate acid treatment,
the carbon content decreased and the oxygen content in-
creased sharply. From the C1s fit spectrum we can find that
the acid treated carbon fiber surface was composed of 61.8%
C-C, 17.5% C-0, 18.3% O-C=0 and 2.4% n-n" transition. The hy-
droxyl content decreased and the content of the carboxyl
groups which can react with SOCl, increased. Although more
carboxyl groups on the fiber surface are beneficial to the subse-
quent grafting reactions, excessive oxidation would seriously
decrease the fiber tensile strength. So, the oxidation time and
temperature were strictly controlled in order to obtain an
appropriate content of carboxyl groups. After the acylation
reaction with SOCl,, the carboxyl groups on the carbon fiber
surfaces were converted to the acyl chloride groups. A notice-
able presence of Cl element with a concentration of 4.08%
was detected. In the next step of the reactions, the acyl chloride
groups were reacted with amine groups of EDA. The significant
increase of the nitrogen content suggests the location of amine

Table 1 - Surface element analysis of carbon fibers.

Samples C(%) O(%) N(%) Cl(%) Si(%)
Untreated CF 84.77 1448 0.75 = =
CF-COOH 7048 26.46  3.06 = =
CF-COCl 71.83 21.68 241 4.08 =
CF-NH, 76.75 1313 9.86 0.24 =
CF-POSS 63.49 2417 2.03 0.22 10.08
CF-POSS-CNT  67.80 23.29 237 0.17 6.36

groups on the carbon fiber surfaces. After POSS was grafted,
significant silicon element of 10.08% was obtained on the fiber
surfaces. In addition, the C1s curve fit spectrum shows that the
POSS grafted fiber surface consisted of 51.3% C-C, 42.6% C-O,
5.3% O-C=0 and 0.8% n—n" transition. The increased C-O con-
tent is due to the epoxy side groups of the octaglycidyldimeth-
ylsilyl POSS which can be further reacted with amine-
functionalized CNTs and the hardener in the matrix. At thelast
step of the reactions, amine functionalized CNTs were grafted
on the side chains of the glycidyldimethylsilyl POSS. Silicon
content decreased and nitrogen content increased slightly,
which was due to the partial envelop of POSS by the grafted
CNTs and their amine functionalized end caps. The sufficient
epoxy groups on the fiber surface could effectively increase
the wettability by the epoxy matrix and enhance the interfacial
strength of the composites.

3.3.  Dynamic contact angle analysis

The changes of chemical environment and topography of car-
bon fiber surfaces affect the fiber surface energy as well as its
components. The increase of the fiber surface energy could
lead to better wettability between carbon fibers and matrix,
and improvement of the interface adhesion [26]. In Table 2,
the advancing contact angle (), the surface energy (y), its dis-
persion component (;%) and polar component (;) of the un-
treated CF and CF-POSS-CNT are summarized. As shown in
Table 2, the surface energy of the untreated fibers was
42.01 mN m !, with a dispersion component of 31.73mN m™*
and a polar component of 10.28 mN m™*. After functionaliza-
tion, obvious decreasing trends of contact angles were ob-
served from the untreated carbon fibers to the modified
fibers for both the polar water and the non-polar diiodometh-
ane. The contact angles decreased from 69.42° to 50.18° for
water and from 54.5° to 39.73° for dilodomethane. In addition,
the surface energy, its dispersion and polar components of
CF-POSS-CNT also obviously increased compared with those
of the untreated carbon fibers. In previous studies, we have
found that the hybrid reinforcements had more polar and
rougher surfaces. The increased polar component of the func-
tionalized fibers was due to the epoxy groups of POSS and the
amine groups on the CNT end caps. In addition, the increased
dispersion component was due to the increased roughness
caused by POSS and CNTs grafted on the carbon fiber surfaces
and the differences of graphite structure between carbon fi-
bers and CNTs [27].

3.4. Single fiber tensile testing
Single fiber tensile tests were carried out to examine the ef-

fect of the modification on the tensile strength of the fibers,
which dictates the in-plane properties of the resulting

Table 2 - Contact angles and surface energy of carbon fibers.

Samples Crsomiiar (0) Patedomeiseme (o) "/d (mN mil) Vp (mN mil) ? (mN mil)
Untreated CF 69.42 54.50 31.73 10.28 42.01
CF-POSS-CNT 50.18 39.73 39.75 17.97 57.72
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Table 3 - Single fiber tensile strength of carbon fiber
specimens.

Samples Gauge Number of Weibull Om
length, samples shape (GPa)
L (mm) parameter (m)

Untreated CF 20 100 5.78 4.73

CF-POSS-CNT 20 100 4.43 4.73

composites. Single fiber tensile testing results of brittle mate-
rials, such as carbon fibers, are usually difficult to analyze,
which is due to the high scatter observed. Thus, the tensile
strength data are often statistically analyzed with Weibull
distribution function [8]. The results of the fiber tensile test-
ing are presented in Table 3. From Table 3, it can be seen that
the grafting of POSS and CNTs on the carbon fiber surface
does not lead to any discernable decrease in fiber tensile
strength. The tensile strength of both untreated carbon fibers
and hybrid reinforcements are 4.73 GPa. However, it should be
noted that the Weibull shape parameter decreased slightly,
which showed the scatter degree of the fiber tensile strength
increased. Basically, lower the Weibull shape parameter is,
more defects the fibers have. The oxidation and grafting reac-
tions introduced some defects on the fiber surface although
the fiber tensile strength did not have an obvious decrease.
The results of the single fiber tensile testing imply that the
functionalization would not lead to any discernable decrease
in the in-plane properties of the resulting composites rein-
forced by the hybrid reinforcements.

3.5.  Interfacial property testing

Short-beam bending tests and impact toughness tests were
performed to evaluate the interfacial strength of the compos-
ites. The ILSS and impact toughness results of the composites
reinforced by different carbon fibers are shown in Fig. 5. From
Fig. 5a, it can be clearly seen that the grafting of POSS and
CNTs significantly enhanced the interfacial adhesion of the
composites. The ILSS increased from 80.8 MPa for the un-
treated carbon fibers to 95.4 MPa for the POSS grafted fibers
by 18.1%. After POSS grafting, the epoxy functional groups
on the POSS side chains play an important role in improving
the interfacial adhesion between the fibers and the matrix.
These polar functional groups could increase the surface en-
ergy of the carbon fibers, and make the fiber surface less
hydrophobic and easier to be wetted by epoxy, which maxi-
mized the degree of the molecular contact. In addition, these
epoxy groups could form strong chemical bonding at the
interface of the composites by reacting with the amine hard-
ener in the matrix during curing process. For the hybrid rein-
forcement reinforced composites, the ILSS further increased
from 95.4 to 110.2 MPa by 15.5%. The further improvement
on the interfacial strength could be attributed to the enhance-
ment of the mechanical interlocking and the increased fiber
surface area caused by CNTs on the fiber surface. These CNTs
grafted on the fiber surface stick into the epoxy matrix and
work as an anchor to locally stiffen at the interface region.
In addition, the amine groups on the CNT end caps are also

beneficial to increase the interfacial adhesion by reacting
with the epoxy matrix during curing process.

The impact property tests were carried out to examine the
effect of the POSS and CNT grafting on the impact resistance
of the composites. As shown in Fig. 5b, the initial, propagative
and total absorbed energy of the untreated carbon fiber com-
posites were 1.13, 0.11 and 1.24], respectively. After being
grafted with POSS, the initial, propagative and total absorbed
energy of the composites surprisingly increased to 1.32, 0.66
and 1.98], respectively. Generally, a simplex enhanced inter-
facial adhesion usually means an increased interfacial
strength but a simultaneous decreased material toughness,
since too strong interfacial adhesion can limit the energy
absorption and make the composites more brittle. However,
through optimizing the interphase structure, the interfacial
strength and toughness could be simultaneously improved.
In this research, the increased composite impact toughness
could be mainly contributed to the presence of the POSS inter-
phase. When the composites are under load, the cracks in the
matrix propagate to the fibers, and the direction of the crack
propagation is decided by the stress field of the crack tip and
the mechanical properties of the interphase and the fibers.
The POSS interphase worked as a shielding layer which could
relieve the stress concentration, prevent the crack tips to di-
rectly contact with the fiber surface and make the crack path
deviate away from the fiber surface to the interphase region.
In addition, numerous POSS nanoparticles on the fiber sur-

a 120
110}

100 -

90
80
70+
60 |
50

ILSS (MPa)

as-recieved CF-POSS CF-POSS-CNT
b 21[
[ Propagation
—~ 1.8} | EEE Initial
2 I Total
5 15F
2 12f
o
© 09}
£
3 06¢
0
< o3l
0.0
as-recieved CF-POSS CF-POSS-CNT

Fig. 5 - (a) ILSS and (b) impact toughness of the composites
reinforced by untreated and grafted carbon fibers.
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face could induce more cracks when the major crack passed
to them, which could efficiently absorb the fracture energy.
Moreover, the large numbers of the flexible glycidyldimethyl-
silyl side chains of POSS were also beneficial to increase the
impact resistance by restricting the crack tip propagation
and blunting the crack tip. However, it should be noted that
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Fig. 6 - Results of DMA testing performed to simulate actual
application environment and evaluate the effect of the
functionalization on the mechanical property of the
composites under dynamic load.

after CNT grafting, although the impact resistance increased
compared with the untreated specimens, the testing results
slightly decreased compared with the POSS grafting ones.
The initial, propagative and total absorbed energy of the com-
posites were 1.29, 0.36 and 1.65], respectively, which were
mainly due to the further enhanced interfacial strength
caused by the CNTs. The tighter interfacial bonding led to a
higher stress concentration at the interphase, which resulted
in the slightly decreased impact resistance. So according to
different applications, a balance of the resulting composite
properties between the interfacial adhesion and impact resis-
tance should be considered.

3.6.  DMA testing

The mechanical properties of composites under dynamic load
were characterized by DMA, which could simulate the actual
application environment of the composites. The variations of
the storage modulus (E’) and the tané with temperature for
the composites reinforced by different carbon fibers are shown
in Fig. 6. The results indicate that E’ for the composites rein-
forced by the hybrid reinforcements is higher than that of the
untreated fibers. As shown in Fig. 6, E’ increased from 56 to
67 GPa below glass transition temperature (Tg) and from 2.9 to
5.2 GPa above T,. The presence of hybrid reinforcements en-
ables the composites to sustain stiffness at higher temperature
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Fig. 7 - Interphase modulus testing results. (a) AFM force modulation image, (b) section analysis of the interphase in
traditional carbon fiber composites, (c) AFM force modulation image, (d) section analysis of the interphase in POSS and CNT

grafted carbon fiber composites.
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near Tg. This may be due to the better interfacial adhesion be-
tween matrix and reinforcements, which can bring an increase
in the volume fraction of interphase in the composites and a
decrease in the effective polymer chain mobility at the
interphase region. This interphase area could work as an
additional reinforcement for mechanical stiffening of the
composites [28].

Tg is identified as a maximum in the tané curves. The un-
treated fiber composites had a T, of 138 °C. T of the compos-
ites reinforced by the hybrid reinforcements shifted toward
higher temperature, about 17 °C higher than that of the un-
treated ones. In addition, the peak intensity of the modified
carbon fiber composites was decreased compared with that
of the untreated carbon fiber composites. The increase of Ty
probably may be due to the enhancement of a restricted-
mobility interphase region. The epoxy groups of POSS and
the amine groups on the CNT end caps can increase the resin
wettability and react with the matrix, which increases the
crosslink density of the interphase region. Moreover, in the
glass transition region, the CNTs in the interphase region hin-
der the viscous flow of epoxy chains and decrease the energy
loss of the viscous deformation.

3.7.  Interphase modulus testing

The force modulation AFM was used to characterize the lo-
cal mechanical properties of the interphase region, which
allows a qualitative statement about the local modulus of
sample surface using an oscillating cantilever tip which in-
dents into the sample surface. In accordance with the local
modulus of the sample, corresponding cantilever amplitude
will change under scanning. On the stiff areas of the sample
surface, the depth of indentation will be smaller, and on the
compliant areas larger. So the different response of the can-
tilever from areas with different modulus can be observed
[29,30].

The force modulation images obtained from the cross-sec-
tion of the composites reinforced by different carbon fibers
are shown in Fig. 7. Notice that there are striking differences
between the force modulation images. Fig. 7a shows apparent
contrast between the fiber and matrix region. Obvious inter-
phase region is not found and modulus sharply changes from
the carbon fiber to the matrix region (Fig. 7b). The crosslink of
the matrix was not affected by the fiber surface. Compared
with Fig. 7a, the force modulation image of the hybrid rein-
forcement reinforced composites (Fig. 7c) shows obvious con-
trast among the fiber, interphase and matrix region, revealing
a difference in the mechanical properties of these three re-
gions. The interphase shows a moderate modulus, which is
lower than that of the fiber and higher than that of the ma-
trix. From the section analysis image (Fig. 7d), it can be obvi-
ously observed that a distinct modulus transition region
corresponding to the interphase exists. The change of the
modulus near the fiber surface could be attributed to the in-
creased crosslink density of the matrix at the interphase
through reacting between the matrix and the organic groups
of POSS. This interphase in the composites is similar to bio-
logical systems, which rarely exhibit discrete boundaries be-
tween two materials with vastly different mechanical
properties. The gradient modulus makes the interphase acts

as a stress transfer medium and the load can be transferred
from matrix to carbon fibers uniformly.

4, Conclusions

Octaglycidyldimethylsilyl POSS and CNTs were uniformly
grafted on the carbon fiber surface in an attempt to improve
the interfacial properties between carbon fibers and an epoxy
matrix. The roughness and polar functional groups of the car-
bon fiber surface increased obviously after modification. The
surface energy also increased significantly. The grafting reac-
tion did not lead to any discernable decrease in fiber tensile
strength. Both the ILSS and the impact resistance had dra-
matic increases compared with the untreated fiber compos-
ites. In addition, the dynamic mechanical property of the
composites also enhanced significantly. The functionalization
effectively improves the interfacial adhesion of the compos-
ites not only by using the epoxy groups on the POSS side
chains to increase the resin wettability and participate in
the interfacial reaction, but also increasing mechanical inter-
locking caused by the CNTs grafted on the fiber surface. More-
over, the interphase with a gradient modulus and a thickness
of several tens of nanometers can effectively transfer stress
and reduce stress concentrations. With the recent acceptance
of composites in commercial aircraft and autos, this hybrid
reinforcement could lead to significantly stronger and tough-
er materials which would advance the lifespan and safety of
these structures. It is noticeable that this significantly
improvement in the interfacial properties is obtained without
any effort to optimize the process of the grafting reactions, so
it is expected that the interfacial properties can be further in-
creased. Moreover, the reactive groups of POSS, which can be
further functionalized with other reactive molecules, give an
ability to engineer the interphase based on the desired
application.

Acknowledgements

The authors gratefully acknowledge financial supports from
the Chang Jiang Scholars Program and the National Natural
Science Foundation of China (No. 51073047 and No.
51003021). We also acknowledge Mr. Kun Sun of SII Nano-
Technology Inc. for assistance with DMA testing.

REFERENCES

[1] Gao SL, Mé&der E, Zhandarov SF. Carbon fibers and composites
with epoxy resins: topography, fractography and interphases.
Carbon 2004;42(3):515-29.

[2] 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(12):1813-23.

[3] Montes-Moran MA, Young R]. 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(6):857-75.



2632

CARBON 49 (2011) 2624-2632

[4] Montes-Moran MA, Young R]. Raman spectroscopy study of
HM carbon fibres: effect of plasma treatment on the
interfacial properties of single fibre/epoxy composites. Part I:
fibre characterisation. Carbon 2002;40(6):845-55.

[5] Cao HL, Huang YD, Zhang ZQ, Sun JT. Uniform modification

of carbon fibers surface in 3-D fabrics using intermittent

electrochemical treatment. Compos Sci Technol 2005;65(11-

12):1655-62.

Pittman Jr CU, He GR, Wu B, Gardne SD. Chemical

modification of carbon fiber surfaces by nitric acid oxidation

followed by reaction with tetraethylenepentamine. Carbon
1997;35(3):317-31.

[7] Montes-Moran MA, van Hattum FW]J, Nunes JP, Martinez-
Alonso A, Tascén JMD, Bernardo CA. A study of the effect of
plasma treatment on the interfacial properties of carbon
fibre-thermoplastic composites. Carbon 2005;43(8):1795-9.

[8] Xu ZW, Huang YD, Zhang CH, Liu L, Zhang YH, Wang L. Effect

of y-ray irradiation grafting on the carbon fibers and

interfacial adhesion of epoxy composites. Compos Sci

Technol 2007;67(15-16):3261-70.

He XD, Zhang FH, Wang RG, Liu WB. Preparation of a carbon

nanotube/carbon fiber multi-scale reinforcement by grafting

multi-walled carbon nanotubes onto the fibers. Carbon
2007;45(13):2559-63.

[10] 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(7-8):898-904.

[11] Qian H, Greenhalgh ES, Shaffer MSP, Bismarck A. Carbon
nanotube-based hierarchical composites: a review. ] Mater
Chem 2010;20:4751-62.

[12] 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.

[13] Choi ], Harcup ], Yee AF, Zhu Q, Laine RM. Organic/inorganic
hybrid composites from cubic silsesquioxanes. ] Am Chem
Soc 2001;123(46):11420-30.

[14] Zhang W, Fang B, Walther A, Miiller AHE. Synthesis via RAFT
polymerization of tadpole-shaped organic/inorganic hybrid
poly(acrylic acid) containing polyhedral oligomeric
silsesquioxane (POSS) and their self-assembly in water.
Macromolecules 2009;42(7):2563-9.

[15] Tanaka K, Inafuku K, Adachi S, Chujo Y. Tuning of properties
of POSS-condensed water-soluble network polymers by
modulating the cross-linking ratio between POSS.
Macromolecules 2009;42(10):3489-92.

[16] Strachota A, Whelan P, KiiZ ], Brus ], Urbanova M, Slouf M,
et al. Formation of nanostructured epoxy networks
containing polyhedral oligomeric silsesquioxane (POSS)
blocks. Polymer 2007(11);48:3041-58.

6

E

[17] Strachota A, Kroutilova I, Kovafova ], Matéjka L. Epoxy
networks reinforced with polyhedral oligomeric
silsesquioxanes (POSS) thermomechanical properties.
Macromolecules 2004;37(25):9457-64.

[18] Liu YH, Zheng SX, Nie KM. Epoxy nanocomposites with
octa(propylglycidyl ether) polyhedral oligomeric
silsesquioxane. Polymer 2005;46(25):12016-25.

[19] Iyer P, Mapkar JA, Coleman MR. A hybrid functional
nanomaterial: POSS functionalized carbon nanofiber.
Nanotechnology 2009;20(32):325603-9.

[20] Zhang XZ, Song Y], Huang YD. Properties of silsesquioxane
coating modified carbon fibre/polyarylacetylene composites.
Comps Sci Technol 2007;67(14):3014-22.

[21] Zhao F, Huang YD. Improved interfacial properties of carbon
fiber/epoxy composites through grafting polyhedral
oligomeric silsesquioxane on carbon fiber surface. Mater Lett
2010;64(24):2742-4.

[22] Li], Vergne MJ, Mowles ED, Zhong WH, Hercules DM,
Lukehart CM. Surface functionalization and characterization
of graphitic carbon nanofibers (GCNFs). Carbon
2005;43(14):2883-93.

[23] Zhang GX, Sun SH, Yang DQ, Dodelet JP, Sacher E. The surface
analytical characterization of carbon fibers functionalized by
H,SO4/HNO; treatment. Carbon 2008;46(2):196-205.

[24] Papirer E, Lacroix R, Donnet ], Nansé G, Fioux P. XPS study of
the halogenation of carbon black-Part 2. Chlorination.
Carbon 1995;33(1):63-72.

[25] Seals, Barr TL, Krezoski S, Petering D. Surface modification of
silicon and silica in biological environment: an X-ray
photoelectron spectroscopy study. Appl Surf Sci 2001;173(3-
4):339-51.

[26] Tran MQ, Ho KKC, Kalinka G, Shaffer MSP, Bismarck A.
Carbon fibre reinforced poly(vinylidene fluoride): impact of
matrix modification on fibre/polymer adhesion. Compos Sci
Technol 2008;68(7-8):1766-76.

[27] Lin H, Shiue S, Cheng Y, Yang T, Wu T, Lin H. Characteristics
of carbon coatings on optical fibers prepared by plasma
enhanced chemical vapor deposition using different argon/
methane ratios. Carbon 2007;45(10):2004-10.

[28] Eitan A, Fisher FT, Andrews R, Brinson LC, Schadler LS.
Reinforcement mechanisms in MWCNT-filled polycarbonate.
Compos Sci Technol 2006;66(9):1162-73.

[29] Mai K, Méder E, Miihle M. Interphase characterization in
composites with new non-destructive methods. Composites
Part A 1998;29(9-10):1111-9.

[30] Munz M, Sturm H, Schulz E, Hinrichsen G. The scanning force
microscope as a tool for the detection of local mechanical
properties within the interphase of fibre reinforced polymers.
Composites Part A 1998;29(9-10):1251-9.



	Formation of a carbon fiber/polyhedral oligomeric silsesquioxane/carbon nanotube hybrid reinforcement and  its effect on the interfacial properties of carbon fiber/epoxy composites
	Introduction
	Experimental
	Materials
	Experimental procedure
	Characterization of carbon fibers
	Mechanical property tests of composites

	Results and discussion
	Surface topography of carbon fibers
	XPS analysis
	Dynamic contact angle analysis
	Single fiber tensile testing
	Interfacial property testing
	DMA testing
	Interphase modulus testing

	Conclusions
	Acknowledgements
	References


