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Editorial corner — a personal view
Emerging nanostructured polymeric materials

J. Seppdld*

Department of Chemical Technology, Helsinki University of Technology, P.O. Box 6100, FI-02015 TKK, Finland

In polymer science and technology just the control
of molecular weight and composition is not
enough. In addition, and simultaneously, molecular
weight distributions, compositional distributions,
stereo structures and interactions between mole-
cules need to be understood and controlled. The
overall control of these various parameters offers
tremendous possibilities in materials science and
engineering. Nature is master in synthesizing spe-
cific polymers and tailoring their properties. Weak
interactions between polymeric molecules and
organised structures can produce complicated func-
tionalities in natural polymers. In the field of syn-
thetic polymers we still have huge potential ahead
to study and make usable.

The control of materials structures in different hier-
archical levels is of prime importance in nanomate-
rials. The length of a covalent bond is around
0.1nm which means that polymerization catalysts
can be considered as ‘nanoplants’ with a diameter
of around one nanometre, thicknesses of polymer
crystalline lamellas are typically some tens of
nanometres, lengths of polymeric molecules are in
the range of tens or hundreds of nanometres or
more.

The concept of nanotechnology in polymers can
comprise the production of controlled nanostruc-
tures on the materials surface, of large specific sur-
face areas through production of nanofibers and
nanosize porous structures, of in nano level organ-
ised supramolecular structures through self assem-
bling, and of nanocomposites by combining
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nanoparticles and nanofibers with polymeric matri-
ces.

In aiming to tailor materials properties on every
level, the control of the structures should start
already in the synthesis stage. Here the progress in
polymerization catalysis and polymer reaction
engineering are of key importance. The advance in
organometallic chemistry has enabled progress in
stereospecific synthesis, today especially in olefin
polymerizations. ‘Living’ free radical or atomic
transfer polymerizations have offered us novel pos-
sibilities to prepare various molecular architectures
and block copolymers, like amphiphilic polymers
or highly branched functionalised polymers, hyper-
branched and dendritic polymers being the extreme
results.

To fully exploit the progress in the new polymers,
one needs to be able and willing to network and
collaborate over the borders of different fields of
science. Innovations are created at the interfaces!

Prof. Dr. Jukka Seppéld
Member of International Advisory Board
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Abstract. The state-of-art and key problems of carbon nanotube (CNT) based polymer composites (CNT/polymer compos-
ites) including CNT/polymer structural composites and CNT/polymer functional composites are reviewed. Based on the
results reported up to now, CNTs can be an effective reinforcement for polymer matrices, and the tensile strength and elas-
tic modulus of CN'T/polymer composites can reach as high as 3600 MPa and 80 GPa, respectively. CNT/polymer compos-
ites are also promising functional composite materials with improved electrical and thermal conductivity, etc. Due to their
multi-functional properties, CNT/polymer composites are expected to be used as low weight structural materials, optical
devices, thermal interface materials, electric components, electromagnetic absorption materials, etc. However, the full
potential of CNT/polymer composites still remains to be realized. A few key problems, such as how to prepare structure-
controllable CNTs with high purity and consistently dependable high performance, how to break up entangled or bundled
CNTs and then uniformly disperse and align them within a polymer matrix, how to improve the load transfer from matrix
to CNT reinforcement, etc, still exist and need to be solved in order to realize the wide applications of these advanced com-
posites.

Keywords: polymer composites, carbon nanotubes, mechanical properties, electrical properties, thermal properties

1. Introduction ideal filler material in composites. To date, various
composite materials have been prepared by incor-
porating SWNTs or MWNTs into a metal matrix
[9-12], a ceramic matrix [13-16] or a polymer
matrix [17-33]. Polymers can be easily processed
and fabricated into intricately shaped components
without damaging CNTs during processing using

Since lijima’s report on CNTs in 1991 [1], scien-
tists have been attracted by CNT’s unique atomic
structure and properties, such as high aspect ratio,
high strength-to-weight ratio, extraordinary
mechanical properties (their axial elastic modulus

and tensile strength were theoretically predicted to ]
be as high as 1-2 TPa and 200 GPa [2-6], respec- conventional methods, and hence the manufactur-

ing cost can be certainly reduced. Therefore, CNT
based polymer composites (CNT/polymer compos-
ites) stimulate great interests and have been exten-
sively investigated.

According to the different application purposes,
CNT/polymer composites can be classified as
structural composites and functional composites,

tively), superior thermal and electrical properties
(thermally stable up to 2800°C in a vacuum or inert
atmosphere, thermal conductivity about twice as
high as diamond [7], and electric-current-carrying
capacity 1000 times higher than copper wires [8]).
These properties of CNTs endow themselves with
new scientific and technological opportunities as an
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respectively. CNTs play a different role in the two
kinds of composites. For CNT/polymer structural
composites, the unique mechanical properties of
CNTs, such as the high elastic modulus, tensile
strength and strain to fracture, the ability to with-
stand cross-sectional and twisting distortions and
compression without fracture, are generally
explored to obtain structural materials with light-
weight, high elastic modulus, high tensile and com-
pressive strength and stiffness, etc. While for
CNT/polymer functional composites, many other
interesting properties of CNTs, such as the high
electrical and thermal conductivity, are used to
develop functional materials possessing heat resist-
ance, chemical sensing, electrical conducting, ther-
mal conducting, photoemission, electromagnetic
absorbing or energy storage performances, etc.

In recent years, many polymers, such as epoxy
[17-19], PMMA [20-22], PVA [23], PVC [24, 25],
PP [26-28], PE [29, 30], PA12 [31], and PS [32,
33], have been employed as matrices to prepare
CNT/polymer composites. The mechanical proper-
ties combining with electrical, thermal, optical and
many other properties have been extensively inves-
tigated by many research groups for a wide range of
applications. However, the reported results about
these properties are scattered and still far from sat-
isfactory. Analyses of these research results show
that the performance of these composites depends
on many factors, such as the types of CNTs
(SWNTs or MWNTSs) and their morphology and
structure (diameter, length and chirality, for exam-
ple) [34], the processing method, the choice of
matrix [34, 35], the CNT dispersion within matrix
[36], the interfacial interaction between CNTs and
matrix, and so on.

In this article, we will present a comprehensive
review about the preparation and processing, the
properties and application of CNT/polymer com-
posites. Some fundamental challenges, which have
to be overcome in order to enable the wide applica-
tions of these advanced composites, are discussed.

2. Preparation of CN'T/polymer composites

In the published reports, the common fabricating
methods of CNT/polymer composites are solution
mixing, melt blending and in sifu polymerization.
In solution mixing, CNTs are generally dispersed in
solvent and then mixed with polymer solution by
mechanical mixing, magnetic agitation or high-

energy sonication. Subsequently, the CN'T/polymer
composites can be obtained by vaporizing the sol-
vent at a certain temperature. This method is con-
sidered as an effective measure to prepare
composites with a homogenous CNT distribution
and often used to prepare composite films. Epoxy is
a kind of thermosetting resins and is usually
employed in CNT/epoxy composites by solution
mixing. Many researchers, such as Xu et al. [37]
and Lau et al. [38], have fabricated the CN'T/epoxy
composite using this method and reported their
properties. Beside the epoxy resin, other polymers
such as PS, PVA, PMMA and PVC can also be
processed into CNT/polymer composites by solu-
tion mixing. Mamedov et al. [39] applied a new
deposition technique called LBL assembly to make
SWNT/polyelectrolyte multilayer composites,
which can be considered as an improved solution
mixing method. The resulting SWNT/polyelec-
trolyte membranes were very strong and the ulti-
mate tensile strength was found to be 220+40 MPa
with some readings as high as 325 MPa.

Melt blending is a versatile and commonly used
method to fabricate polymeric materials, especially
for thermoplastic polymers. CNTs are dispersed
within the polymer matrix by rheological shear
stress generated from the blending of CNTs with
melt polymer. Its well-known disadvantage is that
CNTs can easily be damaged to a certain extent or
broken in some cases [40, 41]. All the CNT/poly-
mer composites using thermoplastic polymers as
matrix can be processed in this manner. Jin et al.
[42] fabricated MWNT/PMMA composite using
this method and studied its dynamic mechanical
behavior. The results indicate that CNTs were well
dispersed in the polymer matrix with no apparent
damage or breakage. The storage modulus of the
polymer was significantly increased by the incor-
poration of CNTs particularly at high temperatures.
The melt blending method is frequently used to
prepare CNT/polymer composite fibers. Haggen-
muller et al. [22] and Kumar et al. [26] prepared
SWNT/PMMA composite fibers and CNF/PP com-
posite fibers using melt spinning process and the
obtained fibers showed improved mechanical prop-
erties.

In situ polymerization is considered as a very effi-
cient method to significantly improve the CNT dis-
persion and the interaction between CNTs and
polymer matrix. Generally, CNTs are firstly mixed
with monomers and then CNT/polymer composites
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can be obtained by polymerizing the monomers
under certain conditions. Jia et al. [20] initially
reported the fabrication of CNT/PMMA compos-
ites by in situ polymerization. The results showed
that a strong binding interface was formed between
the CNTs and PMMA because the CNTs could be
initiated by AIBN to open their T bonds and partic-
ipate in the PMMA polymerization. It was reported
that for a surface modified CNT/PMMA composite
fabricated by an improved in situ process, not only
was the dispersion ratio of CNTs in the PMMA
matrix improved, but also the mechanical proper-
ties of the composites were enhanced when the
CNT content was lower than 10 wt%. Ying et al.
prepared surfactant-coated CNT/epoxy composites
by in situ polymerizing epoxy resin with polyamide
curing agent, and then their mechanical properties
were studied [43—-45]. The results showed that the
tensile strength and ultimate strain of the compos-
ites were increased by 20% and 70%, respectively.
Li et al. [46] reported the fabrication and character-
ization of SWNT/PANI composites by in situ poly-
merization of an aniline solution containing
different SWNT contents. Electron microscopy and
conductive analysis showed that they had uniform
CNT dispersion and high electric conductivity.

In order to bring out the anisotropic nature of
CNTs, it is important to align CNTs in a polymer
matrix during processing of CNT/polymer compos-
ites. This has been done by several groups [47-57]
based on slicing the composite [51], mechanical
stretching [52, 53], filtrating the CNT dispersion
under a high magnetic field [54], melt-processing
and electrospinning [55], etc. Gao et al. [56]
described that aligned conducting CNTs can be
used to make novel CP-NT coaxial nanowires by
electrochemically depositing a concentric layer of
an appropriate conducting polymer uniformly onto
each of the constituent aligned CNTs. For a con-
ducting-polymer sheathed CNT with an outer
diameter of 221 nm, inner diameter of 94.7 nm and
length 9.3 pum, its elastic modulus was determined
to be 13.6 GPa, much higher than that of the poly-
mer. Li et al. [24] first reported to successfully syn-
thesize long ropes of SWNT bundles with rope
lengths up to 30 mm. These ropes consist of roughly
aligned SWNT bundles, which consist of well-
aligned SWNTs. Then such aligned SWNT ropes
were impregnated with PVC resin to form compos-
ite ropes. These ropes showed significantly
improved mechanical properties with the average

tensile strength as high as 3.6 GPa. Dalton et al.
[25] used a modified coagulation-based CNT spin-
ning method to spin a reel of nanotube gel fiber and
then convert it into 100 m long solid CNT compos-
ite fiber in a continuous process, at a rate of more
than 70 cm-min-!. The obtained composite fibers
were about 50 wm in diameter and contained around
60 wt% SWNTs. They had a tensile strength of
1.8 GPa and tougher than most natural or synthetic
organic fibers described so far.

3. Present status of CNT/polymer
composites

3.1. CNT/polymer structural composites

CNTs are considered to be the ultimate mechanical
filler material [58] and open the way for a new gen-
eration of high performance structural composites.
In recent years, many studies with different focuses
on mechanical properties of CNT/polymer struc-
tural composites have been published. However,
the most impressive themes seem to be enhance-
ment of elastic modulus and tensile strength.
Another important property—fracture toughness has
also been reported to be significantly improved in
many works. We therefore will focus on the elastic
modulus, tensile strength and toughness enhance-
ment below.

Table 1 and 2 show some representative mechani-
cal properties of randomly oriented and aligned
CNT/polymer composites, respectively. From these
two tables, it can be found that the elastic modulus
of CNT/polymer composites can always be obvi-
ously increased comparing with those of pure poly-
mer matrices. However, most of randomly oriented
CNT/polymer composites show only a moderate or
no strength enhancement, especially for CNT/poly-
mer composites using untreated CNTs as reinforce-
ments, mainly attributed to poor CNT dispersion
within the matrix and poor load transfer between
CNTs and polymer matrix. Homogeneous disper-
sion of CNTs throughout a matrix without destroy-
ing their integrity is essential for CNT reinforced
polymer composites. Moreover, good interfacial
bonding is required to achieve effective load trans-
fer across CN'T/matrix interface, a necessary condi-
tion for improving the mechanical properties of
polymer composites [59—-64]. From Table 1, it can
be seen that the strength of nearly all CNT/polymer
composites using modified CNTs as reinforce-
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Table 1. Representative mechanical properties of randomly oriented CNT/polymer composites

Author

Sample

Tensile strength

Elastic modulus

Remarks

[MPa] [GPa]
Increased by
Gong et al. [65] Epoxy+1wt% MWNTs more than 30%
Pure Epoxy 52 1.18
Epoxy + 2wt% MWNTs 46 1.18 Untreated MWNTSs
Epoxy + 2wt% MWNTs 55 1.35 MWNTs were treated with PVA
Ying et al. [44] MWNT treated with pol
s were treated with poly-
Epoxy + 2wt% MWNTs 62 1.39 oxyethylene-9-alkyl ether
MWNTs were treated with poly-
Epoxy +2wt% MWNTs 38 1.34 oxyethylene-7-alkyl ether
PS + 0.05 to 0.5 vol.% MWNTs Significant Little change
reduction

Andrews et al. [66]

PS + 2.5 to 25 vol.% MWNTs

1.9~4.5

High impact PS & ABS +
0.05 to 0.5 vol.% MWNTs

Little effect on
tensile strength

Small increase

MWNTs were heated in an inert
atmosphere to a high temperature
in the range 1800 to 2600°C

of either
HDPE + 2 wt% SDS ~14.5 ~0.47 SWNT aqueous solution prepared
at the aid of SDS was sprayed onto
HDPE + 2 wt% SDS + 0.5 wt% SWNT ~19 ~0.57
Zhang et al. [67] Tewt U W the surface of HDPE. The compos-
ites were obtained by melt process-
HDPE + 2 wt% SDS + 2.6 wt% SWNT ~23 ~0.7 ing
PS ~12.8 ~1.19
Qian et al. [68] PS + 1 wt% MWNTs ~16 ~1.62 CNT with 15 um average length
PS + 1 wt% MWNTs ~16 ~1.69 CNT with 50 pm average length
PMMA + 0.08 wt% AIBN 54.9
PMMA + 0.24 wt% AIBN + 1 wt% CNTs 21.2
W W S Untreated CNTs
Jia et al. [20] PMMA + 0.28 wt% AIBN + 3 wt% CNTs 20.3
etal.
PMMA + 0.1 wt% AIBN + 1 wt% CNTs 58.7 CNTs were ground in a ball mill and
PMMA + 0.1 wt% AIBN + 3 wt% CNTs 66.8 the improved in situ process was
PMMA + 0.1 wt% AIBN + 5 wt% CNTs 71.7 used to fabricate the composites

The storage modulus was significantly increased, particularly at high

Jin et al. [42] PMMA + MWNTs
temperature
. The storage modulus of composite containing 0.5 wt% PVDF was
Jin et al. [69] PMMA + MWNTs almost twice as that of MWNT/PMMA without PVDF at 50°C
PEO 0.06
Geng et al. 1701 1556 1 wid% fluorinated SWNTS 0.15
Pure PE 34.1 0.81
PE + 0.5 wt% SWNTs 28.9 0.64 Untreated SWNTs
Tong et al.[29] SWNTs were modified with PE
PE + 0.5 wt% SWNTs 333 0.8 prepared by in situ Ziegler-Natta
polymerization
PVA ~4
Paiva et al. [71] PVA + 2.5 wt% SWNTs ~5.6 CNTs were fqnctionalized with low
PVA +5 wt% SWNTs ~6.2 molecular weight PVA
PVA + 2.5 wt% SWNTs ~5.4 Untreated SWNTs

ments can be increased to some extent. It means
that the surface modification of CNTs plays an
important role in improving the mechanical rein-
forcement of the composites.

Compared to randomly oriented CNT/polymer
composites, aligned configuration has a higher effi-
ciency of reinforcement. In most cases, both tensile
strength and elastic modulus of aligned CNT/poly-
mer composites are significantly improved. In Fig-

ure 1, the tensile strength (Figure 1a) and elastic
modulus (Figure 1b) of randomly oriented and
aligned CNT/polymer composites are summarized.
It can be seen that the tensile strength and elastic
modulus of randomly oriented CNT/polymer com-
posites are generally less than 100 MPa and 6 GPa,
respectively. They are much lower than those of
aligned CNT/polymer composites, which can even
reach as high as 3600 MPa and 80 GPa, respec-
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Table 2. Representative mechanical properties of aligned CNT/polymer composites

Author Sample Tens;ll;e/ls;;;:ngth ElaStECGI;;)]d ulus Remarks
Gao et al. [56] PANI + MWNTs 136  |Frepared by electrochemical
deposition
Isotropic petroleum pitch macrofiber ~450 ~33
Isotropic petroleum pitch + 1% SWNT ~620 42 Produced by extrusion. The
Andrew et al. [48] macrofiber average diameter of fibers was
Isotropic petroleum pitch + 5% SWNT ~18 um
macrofiber -850 -8
Pure PMMA fiber ~3.1
PMMA + 1 wt% SWNT nanocomposite ..
Haggenmuelle et al. [22]|fiber =33 g;gf::sed by the melt spinning
PMMA + 5 wt% SWNT nanocomposite -5
fiber
PP macrofiber 490 4.6 Spun using conventional melt
Kumar et al. [26] PP + 5 wt% MWNT macrofiber 570 7.1 spinning technique
Bhattacharyya et al. [50] IIZIE + 0.8 Wi% SWNTs :23 :'2 Significant CNT aggregation
Li et al. [24] PVC + SWNTs 3600
Vigolo et al. [49] PVA + SWNT composite fibers 9~15
Produced by modified coagula-
Dalton et al. [25] PVA + 60 wt% SWNT composite fiber 1800 80 tion-based CNT spinning
method
PI 105 22 SWNT alignment in the com-
PI + 0.1 wt% SWNTs 105 26 posite fiber direction was
Siochi et al. [72] induced by shear force present
PI+0.3 wt% SWNTs 105 28 during the melt extrusion and
PI + 1 wt% SWNTs 105 32 fiber drawing processes
Chen and Tao [73] igg 105 wi% SWNTs ~i§: - 1471; Prepared by a solution process
UHMWPE ~3510 ~122.6 Gel-spun composite fibers were
Ruan et al. [74] .
UHWMEPE + 5 wt% MWNTs ~4170 ~136.8 drawn at draw ratio of 30

tively. Moreover, the tensile strength and elastic
modulus are always higher for aligned CNT/poly-
mer composites containing higher CNT content,
while this is not the case for randomly oriented
CNT/polymer composites.

In many reports, a critical CNT content in matrix
can be found when the CNT strengthening effect on
randomly oriented CNT/polymer composites are
investigated. Below this content, the strengthening
effect for randomly oriented CNT/polymer com-
posites increases with increasing CNT content.
Above this content, the strength of CNT/polymer
composites decreases, and in some cases, even
lower than that of the polymer matrix. The work of
Bai et al. [34] shows that the critical CNT loading
percentage was about 0.5 wt% for CNT/epoxy
composites. This ratio is also very close to the per-
colation threshold for electrical conductivity. The
same tendency was reported by Meguid and Sun
[75] in their work on the tensile and shear strength
of nano-reinforced composite interfaces. The

excess CNTs increase the viscosity of polymers,
and can also cause some surface of the CNTs not be
completely covered by polymer matrix due to the
large specific surface area of CNTs. This makes
uniform dispersion and load transfer more difficult.
Moreover, it is very difficult for high quantity of
polymers to intercalate among CNTs when the
CNT content becomes high. Shaffer et al. [76]
reported that, by trivial estimation, even a 1 vol%
loading of SWNTs ensures that all of the polymer
molecules are within one radius of gyration (say
5 nm) of a nanotube. This result implies that com-
plete wetting of high loading fraction of SWNTs
will be difficult, at least by conventional means.

Although much higher than those of randomly ori-
ented CNT/polymer composites and, in some cases,
representing the highest mechanical properties
amongst all ultra-strong fibers reported so far, the
obtained tensile strength and elastic modulus of
aligned CNT/polymer composites are still far from
satisfactory as far as the mechanical properties of
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20 [ o 8 ~+"Randomly oriented CNT/polymer composite 2 r *4\' a u & Randomly oriented CNT/polymer composite
0 h 4 " LY, 1 i L " 1 i i 1 " 1 N 0 1 1 o 1 . 1 . 1 . | ;‘Ilt 1 L 1 L L L 1 L ]
a) ] 2 4 6 8 60 80 b) 0 2 4 6 8 10745 50 55 60 65
CNT content in polymer matrix [wt3z] CNT content in polymer matrix [wi3s]

Figure 1. Tensile strength (a) and elastic modulus (b) of CNT/polymer composites

CNTs are considered. The main possible reason is  stress-strain curves show improvement in strength
sliding between CNTs under macroscopic tensile and loss of strain to failure (Figure 2a, c, d). The
loading and between CNT and matrix. strain to failure usually decreases with the increase
Figure 2 shows several representative stress-strain ~ of CNT content. However, CNT/polymer compos-
curves of CNT/polymer composites with different ites using PE and PEO as matrices show a substan-
polymers as matrices. It can be found that the curvi-  tial enhancement in strain to failure and toughness
linear trend of CNT/polymer composites strongly  (Figure 2b). This indicates that significant toughen-
depends on the matrix nature. Most of the reported  ing of some polymer matrices through the incorpo-

140 25
24
120. 5 Wt% funct SWNTs 2 BE = CNEs [50]
20 M CNFs
1004 2.5 wi% funct SWNTs 18
Pure PVA 16 /_,-fﬁu,e PE
80+ 14 | —
12
60 2.5 wit% SWNTs 10 1 wt% F-SWNTs
] 8
40 6
20 4 Pure PEO
T, 2 W% MWNTSs g PEO + SWNT [70]
S a o0 ) i 6 8 10 b) 0 50 100 500 1000 ..
@
£ 700
& 90 2000-] PVA + SWNT composite fi
1000- 18001 Sle—— 600 _
5 wit%h 1600-52“9[ silk 500 g
800+ SWNTs 1400 +—— 'g
12004 400 *§
6001 1000 s
8001 - 300 E
J ] PVA + =
400 S;\fm‘;fﬁ igg SWNT composite fiber [200 &
200. ®  20’PA12 + CNT composite fiber [31] 2001 (25] 100 &
Isotropic petroleum 10 o] e s
o[ pitch + SWNT composite fiber (48] 200 Spider silk -0
o 00 05 10 15 d) 0 50 100 150 200 250 300 350 ) 0 20 40 60 80 100 120

Strain [%]

Figure 2. Representative strain-stress curves of CN'T/polymer composites using different polymers as matrix. a, b) ran-
domly oriented CNT/polymer composites [30, 44, 70, 71] and c, d, e) aligned CNT/polymer composites [25, 31,
48]
[25] Reused with permission from NPG
[30, 31, 71] Reused with permission from Elsevier
[48] Reused with permission from American Institute of Physics
[70] Reused with permission from Wiley-VCH

258



Du et al. — eXPRESS Polymer Letters Vol. 1, No.5 (2007) 253-273

ration of CNTs can be obtained. In such instances,
the commonly used polymers including PE, PEO
and PVA, are semi-crystalline thermoplastic poly-
mers. Certain conditions, such as the presence of
modified CNTs, preparation temperature of com-
posites, pre-drawing treatment of CNT/polymer
composite fibers at the temperature above the Ty of
polymer matrix generally can influence their crys-
tallization behaviour, and hence significantly affect
the toughness characteristics of the composites.
Ruan et al. [77] first reported that MWNT/PE com-
posite films with high pre-drawing ratios showed
an up to 150% increase in strain energy density
together with a simultaneous increase of tensile
strength of ~25% and an increase of ductility up to
140% in comparison with the pure PE film at simi-
lar pre-drawing ratio. Secondary crystallites, which
were nucleated from the MWNTs and might grow
during hot drawing, were much more mobile than
the extended PE crystals and led to a significantly
enhanced ductility and hence an increase in strain
energy of the composite film [78]. Lozano et al.
[30] reported that CNFs, which can also be consid-
ered as MWNTs since the diameter of fibers rang-
ing between 40 and 150 nm, and PE could act in a
synergistic manner to increase both strength and
strain to failure of CNF/polymer composites (Fig-
ure 2b). They prepared the composite by mixing
the functionalized CNFs and PE at 180°C and then
pressed at 200°C. Dalton et al. [25] reported that
their pre-drawn 60 wt% SWNT/PVA composite
fibers matched the energy absorption of spider silk
up to the breaking strain of the toughest silk (30%),
and continued absorbing energy until reaching an
energy-to-break (570 J/g) which is much higher
than that of spider dragline silk (165 J/g [79]) (Fig-
ure 2e). While SWNT/PVA composite film, which
was prepared by wet-casting [71] and no pre-draw-
ing treatment and crystallinity, shows no increase
in toughness (Figure 2a).

Since CNTs can enable polymer matrix to obtain a
stronger and more lightweight composite due to
their superior mechanical properties and small size,
the obvious application of CNT/polymer composite
can be as structural materials in several fields
including aerospace, sports, automotive, infrastruc-
ture and defense. For example, super strong CNT/
polymer composite fibers will have many applica-
tions including body and vehicle armor, transmis-
sion line cables, woven fabrics and textiles, etc.
CNTs’ high strength and toughness-to-weight char-

acteristics may also prove valuable as part of com-
posite components in fuel cells that are deployed in
transport applications, where durability is extremely
important. Inspired partly by science fiction,
NASA scientists are seriously considering space
elevators as a mass-transit system. The material of
choice for a space elevator is a super-strong CNT/
polymer composite fiber, which is the only known
substance at present that can successfully be used
and make a space elevator possible. Several manu-
facturers of sports equipment have advertised
CNTs as reinforcements of some of their top sports
products. Easton Sports, the leading manufacturer
of sporting goods, manufactured the world’s first
CNT two-piece all-composite bats, which repre-
sents the best bats Easton Sports has ever made
[80].

3.2. CNT/polymer functional composites

3.2.1. Electrical properties and application of
CNT/polymer composites

Many experimental results have shown that the
combination of CNTs with polymers offers an
attractive route to introduce new electrical proper-
ties [17, 23, 66, 81], and conductive composites can
be constructed at low loading of CNTs due to low
percolation thresholds originated from the high
aspect ratio and conductivity of CNTs. Figure 3
and Table 3 summarize some reported electrical
properties of CNT/polymer composites. It can be
found in Figure 3 that all CN'T/polymer composites
exhibit a typical percolation behavior and introduc-
tion of CNTs to polymers can increase the conduc-
tivity of the resulting composites to several orders
of magnitude or even higher than ten orders of
magnitude. However, very different percolation
thresholds (from 0.0025 wt% for CNT/epoxy com-
posite to 11 wt% for SWNT/P30T composite) have
been obtained by different research groups (see
Table 3). Sandler et al. [17] measured the electrical
conductivity of untreated CN'T/epoxy composites,
and found that the percolation threshold was
between 0.0225 and 0.04 wt% CNTs. Subsequently,
they further presented the lowest threshold
(0.0025 wt% for aligned SWNT/epoxy composites)
observed for CNT/polymer composites yet reported
[83]. Allaoui et al. [84] also studied the electrical
performance of MWNT/epoxy composites and
revealed that the presence of a percolation thresh-
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Figure 3. Representative semilogarithmic plot of the elec-
trical conductivity of CN'T/polymer composites
with various weight percents of CNTs in differ-
ent polymer matrices [23, 67, 82, 84, 85, 93,
94].
[23] Reused with permission from Wiley-VCH
[67, 82, 84, 94] Reused with permission from
Elsevier
[85] Reused with permission from Springer
[93] Reused with permission from
Dr. J. N. Coleman

old between 0.5 and 1 wt% CNTs. When adding
1 wt% CNTs into epoxy matrix, the composite
became conductive with a conductivity as high as
10-3 S/cm. Shaffer et al. [23] fabricated CNT/PVA
composites and measured their electrical conduc-
tivity using impedance spectroscopy in a four-point
configuration. The percolation threshold for these
composites lay between 5 and 10 wt%. At the CNT
concentration of 10 wt%, the electrical conductiv-
ity of the composite was about 1 S/cm, an increase

Table 3. Representative percolation threshold of CNT/
polymer composites

Percolation
Author Sample threshold [wt%]
Sandler et al. [17]  |Epoxy + CNTs 0.0225~0.04
Epoxy + aligned

Sandler et al. [83] MWNTs 0.0025
Allaoui et al. [84]  |Epoxy + CNTs 0.5~1
Shaffer et al. [23] PVA + MWNTSs 5~10
Dufresne et al. [85] |PS + MWNTs <3
Andrews et al. [66] |PS + MWNTSs 0.25 vol.%
Barraza et al. [86] |PS + SWNTs 8.5
Zhang et al. [67] HDPE + SWNTs 4
McNally et al. [87] |PE + MWNTs 7.5
Hu et al. [88] PET + MWNTs 0.9
Seo et al. [89] PP + CNTs 1~2
Seo et al. [90] PP + CNTs 2
Tchmutin et al. [91] |PP + SWNTs 4.5 vol.%
Meincke et al. [92] |PA6 + CNTs 4~6
Coleman et al. [93] |PmPV + CNTs 8.5
Kymakis ef al. [94] P30T + SWNTs 11

by about seven orders of magnitude. Kymakis et al.
[94] presented a percolation threshold of approxi-
mately 11 wt% SWNTs in a P30T polymer. As the
CNT concentration increased from 0 to 20 wt%, the
conductivity of the composites was increased by
five orders of magnitude.

Based on the reported results up to now, CNT/
epoxy composites show a much lower percolation
threshold, although the reported values are very dif-
ferent. For CN'T/PS composites, the percolation
threshold was reported ranging from 0.25 vol% to
8.5 wt% by different groups. These differences can
be attributed to many factors. The electrical proper-
ties of CNTs used by different research groups are
generally significantly different depending on their
purity, morphology, aspect ratio, etc. In addition,
the interaction between matrix and CNTs influ-
ences the quality and quantity of electrical contacts
between the CNTs. As reported by Shaffer et al.
[23], it seems that the P3OT is easier to form an
adsorbed layer on the surface of CNTs than epoxy
resin, which reduces the quality and quantity of
electrical contacts, thus the percolation threshold of
CNT/P30OT composite cannot be reached at a rela-
tively lower CNT loading. In Table 3, it can also be
found that the electrical percolation threshold of
CNT/polymer composites with semicrystalline
thermoplastic matrices (PP, PE, PEO, PA) is
always higher than those of CNT/epoxy compos-
ites. Hu et al. [88] first used coagulation method to
prepare MWNT/PET composites and found that the
percolation threshold of the composite was
0.9 wt%. Seo et al. [89, 90] presented that the con-
ductivity of CNT/PP composites was increased
with increasing the CNT content and the electrical
percolation threshold was formed between 1 and
2 wt% CNTs. Meincke et al. reported that percola-
tion threshold of CNT/PA6 composite at CNT
loading 4~6 wt%. Additional complexity arises in
case of semi-crystalline matrices, where it is envis-
aged that the dispersion of CNT is significantly
affected due to the crystallization induced phase
separation and subsequent rejection of CNTs by the
advancing crystalline fronts [95]. On the other
hand, purity and defect concentration of CNTs, dis-
persion and alignment of CNTs within a matrix, are
also the main factors influencing the electrical
properties of CNT/polymer composites.
Nevertheless, compared with CB and carbon fiber
based composites, whose electrical percolation
threshold are usually up to 15-20 wt% and 9-
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18 wt%, respectively, CNT/polymer composites
still have much lower electrical percolation thresh-
old due to their high aspect ratio and small diame-
ter. Therefore, in many fields, CNTs are expected
to substitute CB as conductive fillers. In 2005, He
et al. [96] reported the temperature-resistivity char-
acteristics of MWNT/HDPE composites. They
found that when temperature was between 120 and
130°C, the electrical resistivity of the 5.4 wt%
MWNT-filled HDPE composite increased sharply
with the increase of temperature, showing a strong
PTC effect. While for CB/HDPE composite, the
loading concentration of CB was nearly three times
as high as that of MWNTs to obtain the PTC effect.
Moreover, when temperature was above T, of
HDPE, the CB/HDPE composite exhibited obvious
NTC effect. However, the NTC effect in MWNT/
HDPE composites was quite small. So, CNT
instead of CB based polymer composites are
expected to be used in self-controlled heaters, over-
current protectors, sensors, etc.

Besides, given high conductivity and super mechan-
ical properties of CNT/polymer composite, they
can also be exploited as EMI shielding composites,
coatings for enclosures, ESD composites, antistatic
materials, conductive coatings, electromagnetic
absorption materials for low-observable applica-
tions, electrode materials for supercapacitor and
fuel cell, etc.

3.2.2. Thermal properties and application of
CNT/polymer composites

Many researches indicate that CNTs may be the
best heat-conducting material that has ever been
known. Scientists predict that the thermal conduc-
tivity can reach as high as 6600 W/mK at room
temperature for a SWNT [97] and experimental
value is 3000 W/mK for an isolated MWNT at
room temperature [98]. It is expected, therefore,
that CNTs can significantly enhance the thermal
conductivity and thermal stability of some poly-
mers at high temperature [99-102]. Wei et al. [101]
carried out classical molecular dynamics simula-
tions employing Brenner potential for intra-nan-
otube interactions and van der Waals force for
polymer-nanotube interface to investigate the ther-
mal expansion and diffusion characteristics of
CNT/PE composites. The addition of CNTs was
found to increase T and thermal expansion and dif-
fusion coefficients in the composite above Tg. Xu
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et al. [103] fabricated SWNT/PVDF composites by
dispersion of SWNTs in an aqueous surfactant
solution, followed by mixing with PVDF powder,
filtration and hot pressing. The measured thermal
diffusivity of the composites increased with
increase of the SWNT content, but decreased with
increasing temperature because the phonon scatter-
ing was enhanced with increasing temperature for
polymers. Kashiwagi et al. [99] fabricated MWNT/
PP composites with good dispersion, and CNTs
were found to significantly enhance the thermal
stability of PP in nitrogen at high temperatures.
Especially, the CNT addition significantly reduced
the heat release rate of PP and they were found to
be at least as effective as clay/PP composite for
flame-retardance.

Many efforts have also been devoted to the use of
CNTs as thermal conducting fillers in polymer
composites and some enhancements in the thermal
conductivity are usually observed. Thostenson
et al. [104] found that the thermal conductivity of
CNT/epoxy composites increased linearly with
CNT concentration to a maximum increase of 60%
at 5wt% CNTs. Liu efal [105] reported an
enhancement of 65% in thermal conductivity with
4 wt% CNT loading in silicone elastomer. Biercuk
et al. [102] used SWNTs to augment the thermal
transport properties of epoxy and found that epoxy
loaded with 1 wt% SWNTs exhibited a 70%
increase in thermal conductivity at 40 K and 125%
at room temperature. But these enhanced values are
still far below those predicted using the ‘rule of
mixtures’ and unlike electrical conductivity, which
is based on a percolation mechanism, the increase
in thermal conductivity with increasing CNT con-
centration is nearly linear in many cases, while in
practice this has been observed to be nonlinear in
certain cases. The important reasons probably rest
in lower intrinsic thermal conductivity of the CNTs
used, scattering of phonons by interactions with the
surroundings or with defects. An alternative or
probably main reason is that high resistance at the
CNT-matrix or CNT-CNT interfaces limits thermal
transport along percolating networks of CNTs and
this leads to a rapid increase in the overall thermal
resistance.

In order to investigate the effect of interface ther-
mal resistance at CNT-matrix, which may be due to
the weak bonding between polymer matrix and
CNT walls, many numerical simulations have been
carried out to predict the interfacial heat flow
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between the CNTs and the matrix. Shenogin et al.
[106] studied the effect of thermal boundary resist-
ance on the heat flow in CNT composites. They
found that the effective thermal conductivity of
CNT/polymer composites was limited by interface
resistance. A theoretical model was proposed by
Huxtable er al. [107] to evaluate the thermal con-
ductivity of the composite with interface resistance,
and it was found that the interface played an impor-
tant role in the thermal conduction through CNT
composites. Nan et al. [108] developed a simple
formula for the thermal conductivity enhancement
in composites by incorporating the interface ther-
mal resistance with an effective medium approach,
and found that a large interface thermal resistance
across the CNT-matrix interface caused a signifi-
cant degradation in the thermal conductivity
enhancement, even for the case with ultrahigh
intrinsic thermal conductivity and aspect ratio of
the CNTs embedded. On the other hand, the rela-
tionship between thermal conductivity and func-
tionalization of the surface of CNTs are also be
predicted by many groups because surface modifi-
cation to CNTs is a possible approach to improve
the interfacial adhesion and then reduce the interfa-
cial thermal resistance between the CNTs and the
matrix. However, many calculations indicate that
the interface thermal resistance has a smaller effect
on the overall conductivity of the composites,
which is especially sensitive to the length and
diameter of CNTs [109, 110]. Consequently, some
experiments are designed to investigate the func-
tionalized CNTs on the thermal conductivity of
composites. Liu et al. [111] prepared the compos-
ites of the polydimethylsiloxane rubber with 2 wt%
chemical-treated CNTs to investigate the influence
of chemical modifications and defects on the ther-
mal conductivity of CNT composites. This study
reveals that moderate chemical modifications are
beneficial to improve the thermal conductivity of
CNT composites. However, their negative effects
to the thermal conductance are more remarkable
than the theoretical anticipation. Figure 4 shows the
measured thermal conductivity of epoxy matrix
composites with different fillers and content [112].
It can be seen that the largest improvement is non-
functionalized CNT composites. These experimen-
tal results substantiate the requirement of a weak
interfacial adhesion, since the composites contain-
ing amino-functionalized CNTs show relatively
lower thermal conductivity compared to the corre-
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Figure 4. Thermal conductivity as a function of filler con-
tent for epoxy composites[112]. Reprinted with
permission from elsevier

sponding composites with non-functionalized
CNTs. Based on these theoretical and experimental
results, it is obvious that to reduce interfacial ther-
mal resistance by functionalization of CNTs is not
preferable, and some new techniques therefore
should be developed.

To avoid the effect of interface thermal resistance
between the overlaps in CNT passage, an ideal
CNT composite structure (TIM Model) was pro-
posed by Huang er al. [113] to take advantage of
the high thermal conductivity of CNTs. In their
structure, all the CNTs embedded in the matrix
were aligned from one surface to the opposite side
with all the CNT tips revealed on both surfaces.
According to this model, the aligned CNT compos-
ite film was prepared by in sifu injection molding
method. The enhanced thermal conductivity as a
function of CNT loading for both aligned CNTs
and randomly oriented CNTs are plotted in Fig-
ure 5. It can be seen that with only a small fraction
of aligned CNTs (0.3%), the enhanced value of
thermal conductivity is fairly high (0.65 W/mK).
However, from the inset of Figure 5, it can be seen
that there is only a marginal enhancement using the
same loading of randomly oriented MWNTs, and
the enhanced value is only 4.6% of that of an
aligned CNT array. Obviously, the new structure is
very effective to improve the thermal conductivity
of CNT composites.

The prominent thermal properties of CNTs make
them promising materials for future application as
thermal management materials, such as TIMs,
which are commonly used to fill air gaps between
two surfaces of electronic components and base
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Figure 5. The enhanced values of thermal conductivity of
CNT/polymer composites vs. weight fractions of
CNTs [113]. Reprinted with permission from
Wiley-VCH

plates of heat sinks, and thus minimize the thermal
contact resistance between them and dissipate heat
efficiently [114]. Based on the ideal TIM model
Huang et al. [113] predicted that if the volume frac-
tion of CNTs can be as high as 10% in the compos-
ites, the value of thermal conductivity would
increase to an order of magnitude higher than that
of most current commercial materials. They can
also be used as temperature sensors, resistance
heating and flame-retardance materials, etc.

3.2.3. Other functional properties and
application of CN'T/polymer composites

Beside electrical and thermal properties, optical
and many other functional properties of CNT/poly-
mer composites, are also fascinating. Jin ef al.
[115] studied the nonlinear optical properties of
MWNT/PPA-C16TAB composite with 532 nm
nanosecond laser pulses and obtained an effective
nonlinear refractive index of 6.8-10-18 m%/W. Simi-
larly, a value of 1.2-10-'7 m%/W was obtained for
MWNT/PEO composite [116]. They predicted that
MWNT/PPA-C16TAB composite could be a
potential candidate for solid nonlinear optical
devices because of its ease to prepare a cast film.
Davey et al. [63] prepared MWNT and SWNT/
PmPV composites, and found that SWNT's could be
used to enhance the luminescent properties of the
conjugated polymer PmPV. The enhancement of
luminescence and thus an increase in quantum
yield opens up the area of luminescent polymers.
Davey et al. [63] also proposed that the main con-
tribution of CNTs to optical nonlinearity would

arise from 1-D polarization of delocalised m-elec-
trons in a fixed lattice configuration. They found
that MWNT/PmPV composite showed a strong
nonlinear signal, which is very applicable in the
area of high performance nonlinear optical devices.
Chen et al. [117] reported that SWNT/polymer
composites, especially SWNT/PI composite, not
only had an optical decay time of less than 1 ps, but
also a high third-order nonlinear polarizability,
which makes the composite a promising material
for high-quality subpicosecond all-optical switches.
A few papers have studied the electromagnetic and
microwave absorption properties of polymer com-
posites reinforced with CNTs. Fan e al. [118] stud-
ied electromagnetic and microwave absorption
applications of CNT/PET, PP, PE and varnish com-
posites in the range of 2-18 GHz, and found that
4 wt% CNT/PET and 8 wt% CNTs/varnish com-
posites had considerable absorbing peak at
7.6 GHz, 15.3 GHz and achieved maximum absorb-
ing value of 17.61 dB, 24.27 dB, respectively. In
addition, the frequency ranges for absorbing values
exceeding 5 dB of CNT/(PET, PP, varnish) com-
posites are 13 GHz, 10 GHz and 6 GHz, respec-
tively. The microwave absorption between 2 GHz
and 18 GHz can be mainly attributed to the dielec-
tric loss rather than magnetic loss. The results indi-
cate that these composites are good candidates as
microwave absorption materials.

Recently, Wei et al. [119] synthesized PANI nan-
otubes doped with MWNT-(OSO3H), through self-
assembly method and Zhang et al. [120] developed
a facile approach to noncovalently functionalize
graphitized MWNTs with the water-soluble con-
ducting polymer of SPAN. The functionalization
was based on the in sifu polymerization of aniline
and MWNTs followed by sulfonation with chloro-
sulfonic acid in an inert solvent and by hydrolysis
in water. The lengths and surface structure of
MWNTs were not perturbed with the incorporation
of SPAN. The SPAN functionalized MWNTs
(MWNT/SPAN composite) were highly soluble in
water. These reports open many new possibilities
for the prospective technological applications of
CNT/polymer composites in nanoelectronic and
biomedical devices and sensoring, etc. In addition,
the addition of CNTs to the polymer matrices can
also modify the electromagnetic interference
shielding effectiveness, optoelectronic properties
[121], thermoelectric energy conversion, etc.
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4. Key problems of CNT/polymer
composites

Based on the review about the properties and appli-
cation of CNT/polymer structural composites and
functional composites, it is obvious that CNT/poly-
mer composites are muti-functional and are
expected to be used as automotive components,
sports goods, and electronic products. They also
can be used in textile and aerospace industry, etc. In
a word, the application of CNT/polymer compos-
ites is at an embryonic stage of development but the
scope is large and growing. The present status
demonstrates that the results of enhancement in
performance of CNT/polymer composite are scat-
tered, especially for CNT/polymer structural com-
posites. Many key issues should be addressed to
realize the wide applications of these advanced
composites in practice.

4.1. Structure control of CNTs

It is well known that the most important factor that
determines the ultimate mechanical and other func-
tional properties of CNT/polymer composites
should be the inherent properties of CNTs.
Presently, a large amount of CNTs can be prepared
by electric arc discharge, laser ablation and chemi-
cal vapor deposition. But the obtained CNTs are
not consistent in their structure, morphology,
aspect ratio, crystallinity, crystalline orientation,
purity, electric conductivity and mechanical prop-
erties, etc. Therefore, the properties of resulting
CNT/polymer composites will naturally be very
different even if the composites are fabricated by
the same method and with the same polymer
matrix.

To obtain the CNTs of high purity and uniformity is
one of the big issues that still impact the applica-
tions of CN'T/polymer composites. The as-prepared
CNTs are usually not pure and contain a lot of
impurities, some of them, such as amorphous car-
bon and fullerenes, can hardly be completely
removed from the raw materials, and the purity is
difficult to be quantified. Thus, the measured phys-
ical and chemical properties of CNTs are peculiar
to different research groups. In addition, the struc-
tures of the obtained CNTs always possess surface
defects and even are not identical in geometrical
structure, which cause the actual mechanical
strength, electrical and thermal conductivity as well

as other properties far from the theoretical predic-
tions. Furthermore, CNTs are not continuous so
that the macroscopic samples will not have the
same good performance as the single CNT. There-
fore, to start with, the most important problem is to
prepare structure-controllable CNTs with high
purity, geometrical uniformity and consistently
dependable high performance.

In addition, CNTs normally are randomly oriented
and entangled with each other. Especially, CNTs
prepared by electric arc discharge tend to form bun-
dles. It is very difficult to break up these entangled
and bundled CNTs to produce individual ones and
then disperse them uniformly in polymer matrices.
Therefore, a revolutionary progress of CNT appli-
cation can only be realized when we know how to
break up the entangled and bundled as-prepared
CNT products to produce individual CNTs without
damaging their properties or to directly produce
individual CNTs.

4.2. Dispersion of CNTs within polymer
matrix

Uniform dispersion of CNTs in polymers is also a
fundamental challenge. In fact, no matter what
preparation method is adopted, the main purpose is
to uniformly disperse CNTs within a polymer
matrix and obtain composites with intrinsic proper-
ties [59, 60, 122]. In general, several factors that
influence the dispersion of CNTs in a polymer
matrix have to be considered in the preparation
process of CNT/polymer composites. The entan-
gling of CNTs during growth process and the
attraction between CNTs by van der Waals force
make CNTs themselves tend to aggregate. So it is
difficult for CNTs to be separated from one another
within the polymer matrix in mixing stage. These
factors prevent CNTs from being well dispersed
within polymers. The obtained CNT/polymer com-
posites are poor in their mechanical performance
and the intrinsic properties of the composites can-
not be achieved.

Presently, there are two main kinds of surface treat-
ment for CNTs to improve their dispersion within a
polymer matrix. One is surface functionalization:
Some functional groups, which can improve the
interaction between CNTs and polymer matrix, are
covalently bonded directly to the surface of CNTs.
Gojny et al. [19] treated MWNTs with oxidizing
inorganic acids. The oxidized CNTs were embed-
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ded in epoxy resin and the resulting composite was
investigated by TEM. The results indicated that
through the treatment with oxidizing inorganic
acids, the outer shells of CNTs were damaged to
some extent and carboxylic groups were formed on
the surface, which enables a better dispersion of
CNTs. However, surface functionalization may dis-
rupt the bonding between graphene sheets, and
thereby reduce the properties of functionalized
CNTs in the final composites. Another method is to
have CNTs physically coated by some surfactants,
which is a non-covalent approach and may be a
more facile and practical processing technique.
Gong et al. [63] added some surfactants in CNT/
epoxy composites to assist the dispersion of CNTs.
Experimental results showed that CNTs were dis-
persed more evenly with the aid of the surfactant,
and the elastic modulus of the composites was
increased by more than 30%. Nevertheless, CNTs
treated by different surfactants may decrease the
contact between CNTs, and thereby reduce the con-
ductive properties of CNT/polymer composites.

In recent years, an interesting and successful non-
covalent measure to obtain well-dispersed CNT/
polymer composites was developed by establishing
‘m-cation’. Bellayer et al. [123] prepared well-dis-
persed MWNT/PS composites by melt extrusion,
using trialkylimidazolium tetrafluoroborate-com-
patibilized MWNTs. Evidence for a ‘m-cation’
interaction between the CNT and imidazolium was
found. In addition, the use of imidazolium salts in
controlling the dispersion of SWNT was also
reported [124]. Kodgire et al. [95] prepared for the
first time CNT/PA6 composites through specific
interactions between Na-AHA, which assisted
debundling the MWNT and leading to homoge-
neous dispersion within matrix during melt-mixing.
The composite fabricated by this route exhibited
low electrical percolation threshold of 0.5 wt% at
room temperature, the lowest reported value in this
system so far. Reactive coupling was found to be a
dominant factor besides ‘m-cation’ interaction in
achieving low electrical percolation in MWNT/
PAG6 composites.

It is worthy to mention the other efforts of synthe-
sizing hybrid multi-scale reinforcement such as
CNTs on carbon fibers [125-131] or on different
ceramic particles [132]. In this case, CNTs can be
homogeneously dispersed at microscale in the
matrix with the help of these microscale carbon

fibers or ceramic ‘vehicle’ because the microscale
reinforcements can be much easily handled [132].

4.3. Interfacial interaction between CNTs and
polymer matrix

Achieving suitable CNT-matrix interfacial bonding
that provides effective stress transfer is another
critical challenge for fabrication of CNT based
polymer composites, especially for CNT/polymer
structural composites. There are three main possi-
ble mechanisms of load transfer from a matrix to a
reinforcement. The first is the weak van der Waals
bonding between the reinforcement and the matrix,
which is the main load transfer mechanism for
CNT/polymer composites. In this case, interfacial
energies normally amount to ~50-350 mJ/m2[133].
The second is micromechanical interlocking, which
can be marginal in CNT/polymer composites if the
CNTs have atomically smooth surface. The third is
chemical bonding between CNTs and matrix,
which is not guaranteed in many cases.

It is possible to enhance the load transfer from a
matrix to a reinforcement by different treatments to
improve the mechanical performance of the com-
posite, based on the above three main mechanisms
of load transfer. The van der Waals bonding can be
increased by using small size reinforcement and
close contact at the interface. From this point of
view, individual SWNTs well dispersed in a matrix
is helpful. In the case of the micromechanical inter-
locking between CNTs and the matrix’s molecular
chains, it seems that the ideal situation is that:
CNTs are strong enough and inter-connected or
long enough to block the movement of the polymer
chains [34, 134]. The contribution of this mecha-
nism may reach saturation at a relatively low CNT
content [134]. It is unclear at this stage whether or
not this critical content depends on the CNT orien-
tation in the matrix. The chemical bonding between
CNTs and matrices can be enhanced or created by
surface treatments such as controlled oxidization,
surface functionalization and physical coating. The
question is whether or not such surface modifica-
tion induces damage to the mechanical properties
of the CNTs. The surface modification of the oxi-
dized MWNTs was achieved by refluxing MWNTs
with multi-functional amines by Gojny et al. [19]
The TEM images of functionalized CNTs in the
epoxy resin showed that CNTs were completely
covered by the matrix. Telescopic pull-outs showed
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the outermost layer, which was directly bonded to
the matrix, remained in the matrix, while the inner-
tubes bridged the crack. All these results substanti-
ate the evidence of improved interaction between
CNTs and matrix.

Molecular dynamic simulation results given by
Frankland er al. [135] showed that chemical cross-
links between SWNTSs and polymer matrix could
increase the shear strength of the SWNT-polymer
interface by over an order of magnitude in compar-
ison to the weak nonbonded interactions. Wagner
et al. [136] examined stress-induced fragmentation
of MWNTs in a polymer matrix. From the esti-
mated values of CNT axial normal stress and elas-
tic modulus, they concluded that the interfacial
shear strength of CNT/polymer composites was at
the order of 500 MPa. Wagner also calculated the
interfacial shear strength of SWNT/polymer com-
posites using a traditional force balance approach
modified for a hollow tube, and examined the effect
by varying some of the model parameters [137]. It
was shown that high values of the interfacial shear
strength (compared to those in current advanced
fiber based polymer composites) were attainable.
Cooper et al. [138] quantified the interfacial inter-
action between CNTs and epoxy matrix by detach-
ing individual SWNT bundles and MWNTs from
the epoxy matrix using a scanning probe micro-
scope tip. The values for the interfacial shear
strength were determined varying from 35 to
376 MPa. These results from both experimental
measurements and theoretical simulations show
that high values (up to several hundreds of MPa
under certain conditions) of the interfacial interac-
tion between CNTs and polymer matrices are in
principle attainable.

4.4. Contacts between individual CNT's

As mentioned in sections 4.2 and 4.3, surface treat-
ment generally is used to improve CNT dispersion
within the matrix and interfacial interaction
between CNTs and matrix and it is very efficient to
enhance the mechanical properties of the compos-
ite. However, surface treatment is adverse to a
CNT/polymer functional composite in many cases.
As we know, surface functionalization may disrupt
the bonding between graphene sheets, and thereby
reduce the intrinsic properties of CNTs in the final
composites. Also, CNTs treated by different surfac-
tants may decrease the contact between CNTs, and

thereby reduce the final conductive properties of
CNT/polymer composites. In fact, for a CNT/poly-
mer functional composite, especially for an electric
conducting composite, the effective conducting
CNT path is primary, and good contact between
individual CNTs is more important. An existing
CNT conducting path does not guarantee good con-
ductivity if the contact resistance between the indi-
vidual CNTs is too high. Only when excellent
electrical or thermal contact is established between
the individual CNTs, the good electrical, thermal,
wave or some other signals can be well transmitted.
Several main factors may influence the contact
resistance between CNTs, which finally determines
the transport properties of CNT conducting path.
The first is the intrinsic transport properties of
CNTs, surface treatment for CNTs, therefore, is not
desirable. The second is the orientation of CNTs
within the matrix and the way that one CNT con-
tacts with the others, overlap, end to end, one to one
or one to more. The third is an insulating layer coat-
ing around CNT as well as its possible thickness,
which is determined by the type of CNTs or poly-
mers, the surface treatment of CNTs, and the pro-
cessing method of the composites. Based on these
analyses, it is possible to decrease the contact resis-
tivity and improve the transport properties between
individual CNTs by some measures. At first, high
temperature treatment for CNTs to improve their
intrinsic transport properties through improving
their structural integrity and reducing the functional
groups on their surface is preferable. To design and
construct the contact means between CNTs by
adjusting the content and orientation of CNTs
within a matrix is also an effective measure. For
example, to avoid the effect of contact resistance
caused by the overlaps of CNTs in CNT passage,
Huang et al. [113] proposed an ideal CNT compos-
ite structure, in which all the CNTs embedded in
the matrix are aligned form one surface to the oppo-
site side with all the CNT tips revealed on both sur-
faces. Another method is to weaken interfacial
interaction between CNTs and matrix in order to
decrease the interfacial interaction and then the
quantity and quality of the polymer coating around
CNTs during the processing of the composites
[112, 139]. From this view of point, CNT/polymer
functional composites may be applied in practice
before CNT/polymer structural composites since it
is very difficult to improve interfacial interaction
between CNTs and matrix but do not damage the
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intrinsic structure and the mechanical properties of
CNTs.

4.5. Other problems

Besides above discussions, a few other problems
exist for applied research of CNT/polymer compos-
ites. For instance, it is important to avoid interlayer
slippage within MWNTs and slippage within
SWNT bundles in order to fully take advantage of
extra-high mechanical properties of CNTs in com-
posites. Because interlayer slippage is an inherent
structural property of MWNTs, no effective
method has been found to solve this problem. This
becomes even more critical when the outer layers
of MWNTs are discontinuous. We know that no
interlayer slippage can occur in SWNTs because
they only have one shell. However, the slippage
within SWNT bundles can also decrease the per-
formance of CNT/polymer composites. Thus, isola-
tion of individual SWNTs may be highly desirable.
However, the binding energy of SWNTs in a bun-
dle is high enough so that separation of SWNTs by
polymer infiltration in the melt seems unlikely,
unless some external force, such as that from ultra-
sonication for example, is utilized. In addition, the
good CNT orientation gives rise to CNT/polymer
composites with higher electrical conductivity and
mechanical reinforcement, control of the alignment
of CNTs towards the pre-determined direction,
therefore, becomes another important issue for the
design of these composites.

5. Conclusions

This article reviewed the present status of
CNT/polymer composites. Based on the results
reported up to now, CNTs are promising for fabri-
cating both structural and functional composites
which can be widely used in various important
fields. However, it is obvious that the potential as
reinforcing fillers in polymers especially for
CNT/polymer structural composites have not been
fully brought into play. The state-of-art indicates
that great efforts should be continuously made
before widely employing these advanced compos-
ites into practical usage. The critical challenges lie
in how to prepare structure-controllable CNTs with
high purity, geometrical identity and consistently
dependable high performance, how to break up
CNT products to obtain isolated CNTs, how to fab-

ricate composites with uniformly dispersed CNTs,
and then how to enhance load transfer from a
matrix to CNT reinforcement, etc. Scientists in dif-
ferent fields are worming their way to improve the
status by innovative chemical techniques for CNT
treatment and processing techniques for CNTs and
CNT/polymer composites. Nevertheless, CNT/poly-
mer composites present significant opportunities to
basic science and nanotechnology, and pose signif-
icant challenges for future work in nanocomposite
field.
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Glossary of abbreviation and symbols used
in this article

CB carbon black

CNT carbon nanotube

CP-NT conducting polymer-carbon nan-
otube

SWNT single-walled carbon nanotube

MWNT multi-walled carbon nanotube

CNF carbon nanofiber

PA6 polyamide-6

PA12 polyamide-12

PANI polyaniline

PE polyethylene

HDPE high density polyethylene

UHMWPE Ultrahigh molecular weight poly-
ethylene

PEO poly(ethylene oxide)

PET poly(ethylene terephthalate)

PI Polyimide

PMMA poly(methyl methacrylate)

PmPV poly(m-phenylenevinylene-co-
2,5-dioctoxy-p-phenyleneviny-
lene)

P30T poly(3-octylthiophene)

PP polypropylene

PPA-C16TAB poly(acrylic acid)-hexade-
cyltrimethy-ammonium bromide

PS polystyrene
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PVA poly(vinyl alcohol)

PVC polyvinyl chloride

PVDF poly(vinylidene fluoride)

SPAN sulfonated polyaniline

TPU Thermoplastic polyurethane

AIBN 2, 2’-azobisisobutyronitrile

Na-AHA sodium salt of 6-aminohexanoic
acid

EMI electromagnetic interference

ESD electrostatic dissipation

NTC negative temperature coefficient

PTC positive temperature coefficient

TIM thermal interface material

K thermal conductivity

T, glass transition temperature

Tim melting temperature

LBL layer-by-layer
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Abstract. The synthesis of new N-3,5-bis(trifluoromethyl)phenyl-endo-norbornene-5,6-dicarboximide (TFMPhNDI, 2a),
N-4-fluorophenyl-endo-norbornene-5,6-dicarboximide (FPhNDI, 2b) and N-2,2,6,6-tetramethylpiperidyl-endo-nor-
bornene-5,6-dicarboximide (TMPNDI, 2¢) monomers was carried out. Polynorbornene dicarboximides were obtained via
ring opening metathesis polymerization (ROMP) using a second generation ruthenium alkylidene catalyst (1,3-dimesityl-
4,5-dihydroimidazol-2-ylidene) (PCy3;Cl,Ru = CHPh) (I). Poly-TMPNDI which bears a piperidyl moiety showed the high-
est T, and T, compared to the polymers bearing fluoro-aryl moieties. Thermal stability of Poly-TFMPhNDI (3a) was
enhanced after hydrogenation with Wilkinson’s catalyst.

Keywords: polymer synthesis, molecular engineering, polynorbornene dicarboximide, ROMP, ruthenium alkylidene,
hydrogenation

1. Introduction Introduction of fluorine atoms into polymer struc-
ture can cause significant change in physical and
chemical properties of polymers. It is well known
that fluorinated polymers are important specialty
materials in many applications [12]. Thus, com-
pared to polynorbornene, partially fluorinated poly-
norbornene membranes exhibit higher gas
permeability and selectivity [13, 14]. The ROMP of
norbornene derivatives with various fluorine-con-
taining units is well established [15]. For example,
a wide range of thermally stable and solvent resist-
ant fluorinated polynorbornenes using the ROMP
classical catalysts have been synthesized by Feast
etal [16-18].

Ring-opening metathesis polymerization (ROMP)
of norbornene dicarboximides with linear aliphatic
and aromatic substituents has been described [1-6].
We recently proceeded with the synthesis of new
polynorbornene dicarboximides by ROMP of exo-
N-(1-adamantyl)-norbornene-5,6-dicarboximide and
exo-endo-N-cyclohexyl-(cyclopentyl)-norbornene-
5,6-dicarboximides using well-defined ruthenium
alkylidene (vinylidene) catalysts [7-9]. The car-
boximide functionalized polynorbornenes showed
high T,’s, good mechanical properties and high
thermal resistance [4, 7, 8]. The membranes pre-
pared from these polymers exhibit rather high . . )
permselectivity for the separation of hydrogen from The development of highly active metal-alkylidene

nitrogen, carbon monoxide, methane and ethylene catalysts. opens ,VaSt PP .ortumtles n Ol.eﬁn
(10, 11] metathesis and their application to the synthesis of
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well-defined products [19, 20]. The resent genera-
tion of ruthenium alkylidene catalysts coordinated
with N-heterocyclic carbene ligands makes possi-
ble to metathesize challenging cyclic and linear
olefins with sterically hindered or electronically
deactivating groups [21]. Endo-isomers of nor-
bornene derivatives are challenging and few exam-
ples of their metathesis exist [22-24].

The goal of this study is the synthesis and ROMP of
new N-3,5-bis(trifluoromethyl)phenyl-endo-nor-
bornene-5,6-dicarboximide (TFMPhNDI) (2a), N-
4-fluorophenyl-endo-norbornene-5,6-dicarboximide
(FPhNDI) (2b) and N-2,2,6,6-tetramethylpiperidyl-
endo-norbornene-5,6-dicarboximide (TMPNDI)
(2¢) using a second generation ruthenium alkyli-
dene catalyst (1,3-dimesityl-4,5-dihydroimidazol-
2-ylidene) (PCy;Cl,Ru = CHPh) (I). One of the
objectives of this work also is the hydrogenation of
Poly-TFMPhNDI (3a). The transformation of the
rigid double bonds into single bonds would
increase the conformational mobility of polymer
chains and thermo- and photo-oxidative stability of
polynorbornenes.

2. Experimental

2.1. Techniques

TH NMR, 3C NMR and !°F NMR spectra were
recorded on a Varian spectrometer at 300, 75 and
300 MHz, respectively, in CDCl; or DMSO.
Tetramethylsilane (TMS) and trifluoracetic acid
(TFA) were used as internal standards, respec-
tively. Glass transition temperatures, T, were
determined in a DSC-7 Perkin Elmer Inc., at scan-
ning rate of 10°C/min under nitrogen atmosphere.
The samples were encapsulated in standard alu-
minum DSC pans. Each sample was run twice on
the temperature range between 30 and 300°C under
nitrogen atmosphere. Onset of decomposition tem-
perature, T,;, was determined using thermogravi-
metric analysis, TGA, which was performed at a
heating rate of 10°C/min under nitrogen atmos-
phere with a DuPont 2100 instrument. FTIR spectra
were obtained on a Nicolet 510 p spectrometer.
Molecular weights and molecular weight distribu-
tions were determined with reference to poly-
styrene standards on a Varian 9012 GPC at 30°C, in
chloroform for polymers 3a and 3c and in
dimethylformamide for polymer 3b, using a univer-
sal column and a flow rate of 1 ml/min. Mechanical

properties under tension were measured in a Uni-
versal Mechanical Testing Machine Instron 1125-
5500R using a 50 kg cell at a crosshead speed of
1 mm/min according to the method ASTM D1708
in film samples of 0.5 mm of thickness at room
temperature.

2.2. Reagents

3,5-Bis(trifluoromethyl)aniline, 4-fluoroaniline,
2,2,6,6-tetramethylpiperidylamine, cis-5-nor-
bornene-endo-2,3-dicarboxylic anhydride (endo-
NDA) and other chemicals were purchased from
Aldrich Chemical Co. and used without further
purification. 1,2-dichloroethane and toluene were
dried over anhydrous calcium chloride and distilled
under nitrogen over CaH,. Catalyst 1,3-bis(2,4,6-
trimethylphenyl)-4,5-dihydroimidazol-2-ylidene
(PCy3)Cl,Ru = CHPh (I) was purchased from
Aldrich Chemical Co. and used as received.

2.3. Synthesis and characterization of
monomers

2.3.1. Synthesis of N-3,5-
bis(trifluoromethyl)phenyl-endo-
norbornene-5,6-dicarboximide
(TFMPhNDI) (2a)

endo-NDA (5 g, 30.5 mmol) was dissolved in 50 ml
of toluene. An amount of 7.0 g (30.6 mmol) of 3,5-
bis(trifluoromethyl)aniline in 5 ml of toluene is
added dropwise to the stirred solution of endo-
NDA. The reaction was maintained at 60°C for 2 h
and then cooled to room temperature. A precipitate
was filtered and dried to give 11.5 g of amic acid
1a. The obtained amic acid 1a (11.5 g, 29.2 mmol),
anhydrous sodium acetate (2.2 g, 26.8 mmol) and
acetic anhydride (34.0 g, 333 mmol) were heated at
90°C for 4 h and then cooled. The solid which crys-
tallized out on cooling was filtered, washed several
times with cold water and dried in a vacuum oven
at 50°C overnight. Pure monomer 2a (Figure 1)
was obtained after two recrystallizations from
hexane (87% yield).

mp 105-108°C.

FT-IR (KBr): 3073 (C=C-H str), 3013, 2977 (C-H
asym. str.), 2877 (C-H sym. str.), 1781 (C=0),
1712 (C=0), 1627 (C=C str), 1470 (C-H def), 1405
(C-N), 1337 (C-H def), 1286 (C-H def), 1181,
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Figure 1. Synthesis route of monomers 2a, 2b and 2¢

1129, 922 (C-C), 872, 844, 751 (C=C-H def), 680,
626 cmL.

'H NMR (300 MHz, CDCl3) (Figure 4) & (ppm):
7.87 (1H, s), 7.69 (2H, s), 6.29 (2H, s), 3.55-3.48
(4H, m), 1.85-1.63 (2H, m).

I3C NMR (75 MHz, CDCl5) 8 (ppm): 175.8, 134.7,
132.6,132.1,126.7,124.5, 122.1, 120.9, 52.4, 45.6,
37.6.

I9F NMR (300 MHz, CDCl;, ref. TFA [-77 ppm])
d (ppm): —62.2.

Anal. Calcd. (%) for Ci7H{;0,F¢N: C, 54.40; H,
2.93; O, 8.53; F, 30.40; N, 3.73. Found: C, 54.80;
H, 2.70; N, 4.06.

2.3.2. Synthesis of N-4-fluorophenyl-endo-
norbornene-5,6-dicarboximide
(FPhNDI) (2b)

endo-NDA (5 g, 30.5 mmol) was dissolved in 50 ml
of toluene. An amount of 3.4 g (30.6 mmol) of 4-
fluoroaniline in 5 ml of toluene is added dropwise
to the stirred solution of endo-NDA. The reaction
was maintained at 90°C for 2 h and then cooled to
room temperature. A precipitate was filtered and
dried to give 8.1 g of amic acid 1b. The obtained
amic acid 1b (8.1 g, 29.4 mmol), anhydrous
sodium acetate (1.5 g, 18.29 mmol) and acetic
anhydride (24 g, 235 mmol) were heated at 90°C
for 4 h and then cooled. The solid which crystal-
lized out on cooling was filtered, washed several
times with cold water and dried in a vacuum oven
at 50°C overnight. Pure monomer 2b (Figure 1)
was obtained after two recrystallizations from
toluene (88% yield).

mp 170-173°C.

FT-IR (KBr): 3072.2 (C=C-H asym. str.), 3005
(C-H asym. str.), 2953.2 (C-H sym. str.), 1771.2
(C=0), 1705.8 (C=0), 1602.7 (C=C str), 1496
(C-H), 1387 (C-N), 1317 (C-F), 615 cm~! (C-H).
'H NMR (300 MHz, CDCl3) 8 (ppm): 7.12 (4H,
m), 6.25 (2H, s), 3.50 (2H, s), 3.43 (2H, s),
1.80-1.6 (2H, m).

I13C NMR (75 MHz, CDCl3) 8 (ppm): 176.7, 163.7,
160.4, 134.5, 128.4, 127.7, 116.2, 52.2, 46.0, 45.5.
19F NMR (300 MHz, CDCl;, ref. TFA [-77 ppm])
S (ppm): —113.09.

Anal. Calcd. (%) for CsH;,0,FN: C, 70.03; H,
4.66; 0, 12.45; F, 7.39; N, 5.44. Found C, 70.53; H,
4.41; N, 5.81.

2.3.3. N-2,2,6,6-tetramethylpiperidyl-endo-
norbornene-5,6-dicarboximide
(TMPNDI) (2¢)

endo-NDA (5 g, 30.5 mmol) was dissolved in 50 ml
of toluene. An amount of 4.75 g (30.4 mmol) of
2,2,6,6-tetramethylpiperidylamine in 5 ml of
toluene was added dropwise to the stirred solution
of endo-NDA. The reaction was maintained at
60°C for 3 h. A precipitate was filtered and dried to
give 9.2 g of amic acid (1c). The amic acid
obtained (9.2 g, 28.7 mmol), anhydrous sodium
acetate (1.8 g, 22.0 mmol) and acetic anhydride
(27.2 g, 266 mmol) were heated at reflux for 5 h
and then cooled. The solid which crystallized out
on cooling was filtered, washed several times with
cold water and dried in a vacuum oven at 50°C
overnight. Pure monomer 2c¢ (Figure 1) was
obtained after two recrystallizations from hexane
(84% yield).

mp 116-119°C.

FT-IR (KBr): 3242 (N-H str), 2968 (C=C-H asym
str), 1765 (C=0), 1697 (C=0), 1631 (C=C str),
1474 (C-H), 1369 (C-N), 1319, 1292 (C=C-H),
1207, 1159, 1127, 1090, 1044, 979, 915, 846 (C-C
str), 741, 683, 625 cm-L.

'H NMR (300 MHz, CDCl5) (Figure 5) & (ppm):
6.13 (2H, s), 4.39-4.28 (1H, m), 3.39 (2H, m), 3.22
(2H, m), 2.48 (2H, t), 2.26 (2H, s), 1.75-1.71 (1H,
m), 1.58-1.46 (14H, m).

I13C NMR (75 MHz, CDCl3) 6 (ppm): 177.7, 174.2,
134.3,57.9,51.9,45.5,45.0, 43.8, 42.7, 33.1, 29.8,
27.8.
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Anal. Calcd. (%) for C;gH»sO,N,: C, 71.52; H,
8.60; O, 10.59; N, 9.27. Found: C, 72.02; H, 8.35;
N, 9.64.

2.4. Metathesis polymerization of monomers

Polymerizations were carried out in glass vials
under dry nitrogen atmosphere at 45°C. Polymer-
izations were quenched by adding a small amount
of ethyl vinyl ether and the solutions were poured
into an excess of methanol. The polymers were
purified by solubilization in chloroform containing
a few drops of 1 N HCI and precipitation into either
methanol or ethyl ether. The obtained polymers
were dried in a vacuum oven at 40°C to constant
weight.

2.4.1. Polymerization of 2a

lg (2.66 mmol) of 2a and 0.0023 ¢
(2.70-103 mmol) of catalyst I were stirred in
2.7 ml of 1,2-dichloroethane at 45°C for 3 h (Fig-
ure 2). The obtained polymer 3a was soluble in
chloroform and dichloromethane.
T,=165°C,M,/M,=1.6, M, =25,000.

FT-IR: 3036, 2941, 2880, 1778, 1733, 1598,1462,
1360, 1332, 1298, 1160, 983, 790 cm-!.

'H NMR (300 MHz, CDCl5) (Figure 4) & (ppm):
7.89-7.69 (3H, m), 5.85 (2H, m, trans), 5.67 (2H,
m, cis), 3.46 (2H, m), 3.09 (2H, m), 2.02-1.52 (2H,
m).

I3C NMR (75 MHz, CDCl3) & (ppm): 174.0, 133.2
(cis), 132.6 (trans), 129.2, 126.5, 124.5, 122.1,
120.9, 48.9, 45.3, 40.6, 37.5.

I9F NMR (300 MHz, CDCl3, ref. TFA [-77 ppm])
d (ppm): —62.0.

2.4.2. Polymerization of 2b

lg (3.89mmol) of 2b and 0.0033¢
(3.89-103 mmol) of catalyst I were stirred in
3.9 ml of 1,2-dichloroethane at 45°C for 3 h (Fig-
ure 2). The obtained polymer 3b was soluble in 1,2-
dichloroethane, DMF and DMSO.

T, =180°C, M,,/M, = 1.8, M,, = 34,500.

FT-IR: 3075, 2998, 2947, 1768, 1700, 1597, 1492,
1390, 1320, 611 cm-.

'H NMR (300 MHz, DMSO-dg) & (ppm): 7.32—
7.13 (4H, m), 5.70 (2H, s, trans), 5.53 (2H, s, cis),
3.86 (2H, m), 3.48 (2H, m), 3.40 (2H, m), 1.76—
1.37 (2H, m).

M
Cl, ﬁu—
PCy, "
n 1
2 o o) o
N
N !
R
2 3

e Wlcare!
FsC"CF

3 s Il|
a b c

Figure 2. Ring opening metathesis polymerization of
monomers 2a, 2b and 2¢

13C NMR (75 MHz, DMSO-dg) & (ppm): 176.9,
175.9, 160.0, 134.6 (cis), 133.9 (trans), 129.4,
128.9, 116.0, 115.7, 51.9, 48.9, 48.6, 48.3, 48.0,
47.7,47.5,47.2, 46.9, 45.5, 44.9.

I9F NMR (300 MHz, DMSO-d¢, ref. TFA
[-77 ppm]) & (ppm): —112.40.

2.4.3. Polymerization of 2¢

lg (@B31mmol) of 2¢ and 0.0028¢g

(3.29-103 mmol) of catalyst I were stirred in
3.3 ml of 1,2-dichloroethane at 45°C for 3 h (Fig-
ure 2). The obtained polymer 3¢ was soluble in
chloroform and dichloromethane.
T,=189°C,M,/M,=1.9, M, = 39,300.

FT-IR: 3241, 2960, 1769, 1698, 1628, 1478, 1361,
1310, 1286, 1212, 1162, 1129, 1087, 1047, 976,
911, 849, 746, 680, 622 cm~1.

'H NMR (300 MHz, CDCl;) (Figure 5) & (ppm):
5.69 (2H, s, trans), 5.62 (2H, s, cis), 4.49 (1H, m),
3.19 (2H, s), 2.95 (2H, m), 2.60 (2H, s), 2.26 (2H,
s), 1.90 (1H, s), 1.60-1.26 (14H, m).

I3C NMR (75 MHZ, CDCl3) 6 (ppm): 176.5, 175.8,
174.2, 169.6, 132.0 (cis), 129.3 (trans), 123.6, 58.0,
53.0, 48.3, 44.1, 43.2, 40.3, 33.3, 29.8, 27.6, 25.3,
24.3,18.2.

2.5. Polymer hydrogenation

The hydrogenation of poly(N-bis(trifluoromethyl)
phenyl-endo-norbornene-5,6-dicarboximide) (Fig-
ure 3) was made using several catalysts. The reac-
tion was investigated at room temperature and
pressures ranging from 1-115 bar. The catalysts
employed in the reaction were: Pd/C, PtO,, Al/Ni
and Wilkinson catalyst CIRh(PPhj3)s;.

A Parr shaker hydrogenator was used. This appara-
tus provides compact and easily operated systems
for the treatment of chemicals with hydrogen in the
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Figure 3. Hydrogenation of Poly-TFMPhNDI (3a) by Wilkinson’s catalyst

presence of a catalyst at pressure up to 5 bar. The
polymer to be treated in a Parr hydrogenator is
sealed in a reaction bottle with the catalyst and con-
nected to a hydrogen reservoir. Air is removed by
evacuating the bottle. Pressure is then applied from
the reservoir and the bottle is shaken vigorously to
initiate the reaction. The progress of the reaction
was followed by observing the pressure drop in the
system and by 'H NMR (Figure 4). The reaction at
high pressure was carried out in a stainless steel
160 ml autoclave (Parr).

TH NMR spectra were obtained on a Varian Gemini
spectrometer at an observation frequency of
200 MHz with TMS as internal standard.

In a typical procedure, the polymer (0.5 g) was
added to 60 ml of solvent in a Schlenk tube. The
catalyst was previously introduced into the reactor.
The solution was degassed and charged into the
reactor under N,. Hydrogen was added.

The optimum H, pressure is higher than 80 bar with
CIRh(PPh3); as catalyst. Experiments were carried
out using several solvents and the mixture
dichloromethane-p-dioxane provided the best
result. T, = 142°C, M,,/M,, = 1.9, M,, = 25,870.

3. Results and discussion

Monomers 2a, 2b and 2c¢ were readily prepared
with high yields (84-88%). 3,5-bis(trifluoro-
methyl)aniline, 4-fluoroaniline and 2,2,6,6-tetram-
ethylpiperidylamine reacted with endo-NDA to the
corresponding amic acids which were cyclized to
endo-imides using acetic anhydride as dehydrating
agent (Figure 1). 'H, 13C and 1F NMR spectra and
elemental analysis confirmed monomers structures
and purity. The infrared spectra of monomers were
very similar and showed characteristic peaks at
1760 and 1690 cm~! (asymmetric and symmetric
C=0 stretching), 1400 cm-! (C-N stretching).
ROMP of monomers using ruthenium catalyst I

were carried out in 1,2-dichloroethane at 45°C. The
endo monomers reacted in 3 h giving polymer with
high yields (93-97%). The results obtained by GPC
analysis show that the number average molecular
weights (M,) were between 25,000 and 39,300.
Polymer yields showed a slightly decrease with
increasing the monomer to catalyst ratio. The poly-
dispersity of the polymers is about M,,/M, = 1.6—
1.9 which is broader compared to polymers pre-
pared by a living polymerization. This fact is due to
slow initiation of this catalyst [25]. It has been also
reported that the endo norbornene monomers give
polymers with broader polydispersity compared to
polymers from exo monomers [23].

Changing the pendant moiety did not affect neither
the conversion of monomers nor the stereochem-
istry of the double bonds in the polymer. Catalyst I
gives polymers with a mixture of cis and trans dou-
ble bonds (42-49% of cis structure). 'H NMR spec-
tra were used to determine the cis/frans content in
the polymer. Figure 4 shows the 'H NMR spectra
of (a) monomer 2a, (b) polymer 3a prepared by I
and (c) its saturated analogous polymer 4a. The
monomer olefinic signals at 6 =6.29 ppm are
replaced by new signals at & = 5.85 and 5.67 ppm,
which corresponds to the frans and cis double
bonds of the polymer, respectively. After the
hydrogenation step, the signals mentioned above
become weak and new signals corresponding to the
methylene protons arise in the region of 6 = 1.0-
2.5 ppm. The hydrogenation level was determined
by integrating the area, in the 'H NMR spectrum, of
the olefinic proton region (8 = 5.5-6 ppm) relative
to aromatic proton region (6 = 7-8.5 ppm) (Fig-
ure 4). A 98% of hydrogenation for poly-TFMPh-
NDI (3a) was achieved by Wilkinson catalyst
CIRh(PPh3); at room temperature.

T,’s for Poly-TFMPhNDI (3a), Poly-FPhNDI (3b)
and Poly-TMPNDI (3¢) were observed at 165, 180
and 189°C, respectively (Figure 6). Polymer 3c
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Figure 4. 'TH NMR spectra of a) monomer 2a, b) polymer 3a and c) its saturated analogous polymer 4a

with larger substituents exhibits the higher glass
transition temperature which indicates that the
bulky tetramethyl groups should decrease the seg-
mental motion of the polymer backbone. On the
other hand, in spite of bearing the smaller sub-
stituent, polymer 3b shows a T, higher than poly-
mer 3a. The latter could be attributed to the ability
of Poly-FPhNDI (3b) to chain packing which

results in an increase in rigidity. The T, of hydro-
genated Poly-TFMPhNDI (4a) was lowered to
142°C on account of the highest conformational
mobility of polymer chains in the saturated back-
bone which was also reflected in a lesser elastic
modulus and stress in tension, 1567 and 28 MPa,
respectively. The same effect of hydrogenation was
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Figure 6. Thermomechanical curves of polymers 3a, 3b 3c and 4a respectively

and 3c, respectively
The thermal stability of the polymers was studied

observed for other fluorine containing polynor- by TGA under N,. As can be seen from Figure 7
bornenes [17]. onset temperature for decomposition of Poly-TFM-
PhNDI is about 393°C which was considerably
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Figure 8. Stress versus strain plots of polymers 3a, 3b and
3c, respectively

raised to 435°C (Poly-HTFMPhNDI, 4a) after the
hydrogenation step. Figure 8 represents, compara-
tively, the stress-strain curve in tension for the
films of the synthesized polymers. The plots were
cut at the maximum stress and show, for example,
that not only the stress (39.1 MPa.) but also the
elastic modulus (1577 MPa) are higher for the sam-
ple 3a. In counterpart, the polymer 3c has the low-
est elastic modulus (1205 MPa) and stress in
tension (30 MPa).

4. Conclusions

Endo isomers of TFMPhNDI (2a), FPhNDI (2b)
and TMPNDI (3c¢) were synthesized and polymer-
ized via ROMP using a second generation ruthe-
nium alkylidene catalyst (1,3-dimesityl-4,5-
dihydroimidazol-2-ylidene) (PCy3;Cl,Ru = CHPh)
(D. Tg’s for Poly-TFMPhNDI, Poly-FPhNDI and
Poly-TMPNDI were observed at 165, 180 and
189°C, respectively. Around 98% of hydrogenation
for Poly-TFMPhNDI was achieved by CIRh(PPhj3);
catalyst. The onset of decomposition temperature,
T,, of the hydrogenated polymer was enhanced by
almost 42°C nevertheless T, was lowered to 142°C
on account of the highest conformational mobility
of polymer chains in the saturated backbone.
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Abstract. In this paper, effects of dynamical cure and compatibilization on the morphology and properties of the PP/epoxy
blends were studied. The addition of maleic anhydride-grafted polypropylene (MAH-g-PP) and dynamical cure of epoxy
by dicyanamide give rise to decrease the average diameter of epoxy particles in the PP/epoxy blends. The epoxy particles
in the PP/epoxy blends act as effective nucleating agents, accelerating the crystallization of PP component. The dynamical
cure and compatibilization increase the kinetic constant K(7) of PP crystallization in the PP/epoxy blends. Dynamical cure
of the epoxy resin leads to an improvement in the modulus and strength of the PP/epoxy blends, and the addition of MAH-
g-PP results in an increase in the impact strength. Dynamic mechanical thermal analysis (DMTA) results indicate that the
addition of MAH-g-PP improves the compatibility between PP and epoxy resin, and the storage modulus of the PP/epoxy
blends increase by dynamical cure. Thermogravimetric analysis (TGA) results show dynamical cure of epoxy and addition
of MAH-g-PP improved the thermal stability of the PP/epoxy blends. Wide-angle X-ray diffraction (WAXD) analysis
shows that the PP/epoxy blends have the same crystalline structure as pure PP, indicating dynamical cure and compatibi-
lization do not disturb the crystalline structure of the PP/epoxy blends.

Key words: polymer blends and alloys, polypropylene (PP), epoxy resin, dynamical cure, compatibilization

1. Introduction thetic polymers because of its growing commercial
applications. However, it exhibits relatively lower
modulus and stiffness compared to common engi-
neering plastics. Glass fiber and inorganic fillers
are often used to enhance the modulus and stiffness
of PP [13, 14].

Our laboratory has applied dynamical vulcaniza-
tion to prepare a new type of PP/epoxy blends with
the structure of crosslinked epoxy resin particles
dispersed in the PP matrix [15-17]. The blends
were prepared in the mixing chamber of a Haake
rheometer RC90 through dynamical curing an
epoxy resin by 2-ethylene-4-methane-imidazole
(EMI-2.,4 ) in the molten PP.

In this paper, the PP/epoxy blends were prepared
by extrusion method, and dicyanamide was used as

Dynamical vulcanization is an effective way to pre-
pare thermoplastic vulcanizates [1-3]. It is the
process of vulcanizing an elastomer during melt-
mixing with a molten plastic. This technology has
led to a significant number of new thermoplastic
elastomer products commercialized during the mid-
to late-1980s [4—7]. Many thermoplastic vulcan-
izates are attributed to dynamic vulcanization of
elastomers [8, 9]. However, as far as we know,
there are few papers concerning dynamical vulcan-
ization that is applied to thermoplastic resin/ther-
mosetting resin blends [10].

The properties of polymeric materials strongly
depend on their microstructure and crystal structure
[11, 12]. PP has an important place among the syn-
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a curing agent. As the epoxy resin and PP were
immiscible, maleic anhydride-grafted polypropy-
lene (MAH-g-PP) was acted as a compatibilizer,
the effects of dynamical cure and compatibilization
on morphology and properties of PP/epoxy blends
were studied.

2. Experimental

2.1. Materials

PP, F401 was produced by Yangzi Petrochemical
Co., Ltd. (China), with a melt flow index (MFI) of
1.9 dg/min (230°C, 2.16 kg). Diglycidyl ether of
bisphenol-A resin with epoxy equivalent weight
(EEW) of 2000 g/mol, was supplied by Shanghai
Resin Co., Ltd. (China). The curing agent,
dicyanamide, was supplied by Shanghai Chemical
Agent Company (China). Maleic anhydride-grafted
polypropylene (MAH-g-PP) with a MAH content
of 1% was prepared by Shanghai Sunny New Tech-
nology Development Co., Ltd. (China), and its MFI
is 6.8 dg/min (230°C, 2.16 kg).

2.2. Sample preparation

The PP/epoxy blends were prepared by twin-screw
extruder. Before extruding, MAH-g-PP and the
epoxy resin were dried at 80°C under vacuum for
about 8 h. The content of dicyanamide is 2 parts per
100 parts by the weight of epoxy resin. The temper-
ature profile of the extruder was 140°C, 160°C,
180°C and 200°C, and the rotation speed of the
screws was 60 rpm. The strips from the extruder
were cut into granules about 4 mm long after cool-
ing in a water bath. The composition was moved
out and compression-moulded in a press at 195°C
for 10 min, then cold pressed to give samples for
testing.

2.3. Scanning electron microscope (SEM)
analysis

A scanning electron microscope (SEM, HITACHI-
S-2150, Japan) was used to examine the morphol-
ogy of the blends. Samples were fractured in liquid
nitrogen and covered with a thin gold layer for fur-
ther observation. The number-average particle
diameter (d,) was calculated from a minimum of
100 particles as d, = Xnidi/Zn; where n; is the num-
ber of particles with a diameter d;.

2.4. DSC analysis

Crystallization behavior was analyzed using a
Perkin-Elmer DSC (Paris 1, USA) in a nitrogen
atmosphere. Samples of about 4 mg were taken
from the moulded plaques. Isothermal crystalliza-
tion kinetics was performed as follows: the samples
were heated to 200°C at a heating rate of 10°C/min
and maintained at this temperature for 5 min in
order to eliminate any previous thermal history and
then were cooled rapidly (100°C/min) to the crys-
tallization temperature, and maintained at that tem-
perature till the time necessary for the complete
crystallization of the PP matrix.

2.5. Measurements of mechanical properties

The tensile properties were measured using an
Instron 4465 (UK) tensile tester at a crosshead
speed of 20 mm/min according to ASTM D638.
Notched Izod impact strengths were determined
using a Ray-Ran Universal Pendulum Impact
Tester (UK) at an impacting pendulum speed of
3.5 m/s, according to ASTM D256. Flexural prop-
erties were measured using the Instron 4465 and a
three-point-loading rig, and the central head was
loaded on the specimen at a speed of 1.7 mm/min
according to ASTM D790. In each of the tests, at
least five samples were tested, and the average
results were reported.

2.6. Dynamic mechanical thermal analysis
(DMTA)

Dynamic mechanical thermal analysis (DMTA)
was carried out in a Dynamic Mechanical Thermal
Analyser (Rheometrics Scientific DMTA 1V,
USA). Measurements were performed in the ten-
sion modeat a frequency of 1 Hz over a temperature
range of —40°C to 150°C, and at a heating rate of
3°C/min. The strain amplitude remained at 0.01%.

2.7. Thermogravimetric analysis (TGA)
The thermogravimetry was carried out in a
Perkin—Elmer TGA7 (USA). The samples were

scanned from 30°C to 800°C at a heating rate of
20°C/min in a nitrogen atmosphere.

284



Jiang et al. — eXPRESS Polymer Letters Vol.1, No.5 (2007) 283-291

2.8. Wide-angle X-ray diffraction (WAXD)
analysis

The X-ray diffraction experiments were performed
using a Rigaku Dmax-rC diffractometer (Japan)
with Cu target and a rotating anode generator oper-
ated at 40 kV and 100 mA. The scanning rate was
2°/min from 5° to 35°. The sample for WAXD
measurement was prepared by compression-
moulded at 200°C and 5 MPa.

3. Results and discussion

3.1. Morphology of the PP/epoxy blends

Figure 1 shows SEM micrographs of the fracture
surfaces of the PP/epoxy (80/20), PP/MAH-g-
PP/epoxy (75/5/20), dynamically cured PP/epoxy
(80/20) and dynamically cured PP/MAH-g-PP/
epoxy (75/5/20) blends. For the PP/epoxy (80/20)
blend (Figure 1a), the epoxy resin is dispersed as
spherical particles with a number-average diameter
(d,) of about 6 um in the PP matrix, and the bound-
aries between the dispersed phase and the PP
matrix are distinct. While for the PP/MAH-g-
PP/epoxy (75/5/20) blend (Figure 1b), fine epoxy
particles with d, of about 1.0 um are distributed in
the PP matrix. The small particle size should be
related to the presence of 5% MAH-g-PP. It can be
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concluded that MAH-g-PP improves the compati-
bility between PP and the epoxy resin. Figure lc, d
shows the fracture morphology of the dynamically
cured PP/epoxy (80/20) and dynamically cured
PP/MAH-g-PP/epoxy (75/5/20) blends. The d, of
epoxy particles in the dynamically cured PP/MAH-
g-PP/epoxy (75/5/20) blend is much smaller than
that of dynamically cured PP/epoxy (80/20) blend
because of the compatibility of MAH-g-PP, and is
about 0.5 pm which is also slightly smaller that of
the PP/MAH-g-PP/epoxy (75/5/20) blend. The
dynamically cured PP/epoxy (80/20) blend has the
finer domains compared to the PP/epoxy (80/20)
blend. The result shows that dynamical cure could
further decrease an average diameter of epoxy par-
ticles in the PP/epoxy blends, which is attributed to
the aggregation of the uncured epoxy particles in
the blends and results in an increase in an average
diameter of the epoxy particles.

The FTIR spectra of the MAH-g-PP, epoxy resin
and PP/MAH-g-PP/epoxy (75/5/20) blend are
shown in Figure 2, the characteristic band of the
epoxy ring of the epoxy resin (Figure 2a) was
observed at 921 cm-!, and the absorption peak of
the C-O-C appeared at 1259 cm-!. Furthermore
the characteristic band assigned to the —CH>-
stretching of the epoxide ring was observed at

Figure 1. SEM micrographs of the PP/epoxy blends. (a) PP/epoxy = 80/20, (b) PP/MAH-g-PP/epoxy = 75/5/20,
(c) dynamically cured PP/epoxy = 80/20, (d) dynamically cured PP/MAH-g-PP/epoxy = 75/5/20
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Figure 2. FTIR spectra of (a) epoxy resin (b) MAH-g-PP
(c) PPAMAH-g-PP/epoxy = 75/5/20

2852-3057 cm~!. The spectrum of MAH-g-PP (Fig-
ure 2b) shows the characteristics of a saturated ring
anhydride. The bands at 1860 cm-! and 1780 cm~!
are attributed to the symmetrical and asymmetrical
stretching modes of C=0 in the maleic anhydride
and the bands at 1717 cm-! are attributed to the
C=0 bond of maleic acid which is come from the
hydrolyzate of MAH. In the case of the PP/MAH-
g-PP/epoxy (75/5/20) blend (Figure 2c), a little
higher absorption peak (1731 cm-!) was seen com-
pared with the absorption peak of the C=0 of
maleic acid at 1717 cm-! in the spectrum of MAH-
g-PP, which is come from the C=0O of the ester
group, the intensity of the peak attributed to the
epoxide ring at 921 cm-! also decreased. As MAH-
g-PP has active maleic anhydride groups, the func-
tional groups of MAH-g-PP react with the hydroxyl
or epoxy groups of epoxy resin. A simple scheme
of reaction between MAH-grafted PP and the

C

epoxy resin was shown in Figure 3. We thought
that the reactions between the groups take place in
the PP/MAH-g-PP/epoxy blends and lead to an
improved compatibility between PP and epoxy
resin.

3.2. Isothermal crystallization kinetics of the
PP/epoxy blends

The crystallization kinetics of polymers under
isothermal conditions for various modes of nucle-
ation and growth can be well approximated by the
known Avrami equation [18, 19]. The general form
of the Equation (1) is:

X(t) =1-exp(-K(T)t") (1)
where X(7) is the relative crystallinity at different
crystallization time, the Avrami exponent n is a
constant depending on the mechanism of nucle-
ation and the form of crystal growth, K(7) is a con-
stant related to nucleation and growth parameters.
X(t) can be calculated according to the Equation (2).

t
dH 4
Q o dt

X(M)=—=+=2 2)
f—dt

Q..

where Q; and Q.. are the heat generated at time ¢
and infinite time f.., respectively, and dH/dt is heat
evolution rate.

The Avrami equation can be written as (3):

log[-In(1 — X(#))] = n-logt + logK(T) 3)

=
%—( H— \/ ™ H
2
HiG— CH—C o-c-f-ct 0—C—HG—CH; —>
al_ 0 g POt OO oo

“‘*‘0
(MAH-g-PP) {epoxy resin)
/
e - CH—COOCH
cH-CoocHT - CHx— . ~ . CH—CH
bu—coon O F CH5~COOCH;CH—wmowe N\ /
U
(epoxy resin) OH (epoxy resin)
—CH—COOCH
i ™~
CH5~COOCHsCH—mwe
c:Hg—j):H_w.w
H

Figure 3. A simple scheme of reaction between MAH-g-PP and the epoxy resin
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From a graphic representation of log[—In(1 — X(7))]
versus logt, the Avrami exponent n (slope of the
straight line) and the crystallization kinetic constant
K(T) (intersection with the y-axis) can be obtained.
The half time of PP crystallization, #1,, is defined
as the time at which the relative crystallinity is
50%. Figure 4 shows that the relative crystallinity
X(t) changes with increasing T.. Usually, 1,2 is
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Figure 4. Development of relative crystallinity with time
for isothermal crystallization. (a) PP; (b) PP/
MAH-g-PP/epoxy = 75/5/20; (c) dynamically
cured PP/MAH-g-PP/epoxy = 75/5/20

employed to characterize the rate of crystallization
directly. The greater the value of #1/> is, the smaller
the rate of the crystallization. Plots of
log[-In(1-X(#))] versus logt are shown in Figure 5.
The results from Figure 5 are listed in Table 1.

The kinetic constant K(7) of PP crystallization in
the PP/epoxy blends is higher than that of PP,
which suggests that the epoxy particles act as effec-
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Figure 5. Avrami plots of PP and dynamically cured
PP/epoxy blends at different crystallization tem-
perature. (a) PP; (b) PP/MAH-g-PP/epoxy =
75/5/20; (c) dynamically cured PP/MAH-g-PP/
epoxy = 75/5/20
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Table 1. Kinetic parameters of the PP and the PP/epoxy

blends
Compositions T, [°C] K(T) n t1/2 [min]

130 0.065 2.09 5.34

PP 132 0.006 2.14 7.86
134 0.002 2.20 13.80

136 0.0003 2.30 30.97

130 0.342 3.00 1.24

132 0.085 3.08 1.92

PPlepoxy = 80720 134 | 0011 | 3.16 | 3.44
136 0.004 3.29 5.42

130 2.152 2.78 0.61

PP/MAH-g-PP/epoxy = 132 0.523 2.83 1.07
75/5/20 134 0.117 2.91 1.81
136 0.032 3.05 2.93

130 1.444 2.76 0.78

dynamically cured 132 0.185 2.98 1.51
PP/epoxy=80/20 134 0.086 3.15 2.01
136 0.017 3.29 3.05

. 130 4.37 2.87 0.46
iﬁ?&?ﬁ?ﬁ;ﬁw NIRERRRE 294 | 077
75/5/20 134 0.44 3.10 1.27
136 0.10 3.20 1.94

tive nucleating agents, accelerating the crystalliza-
tion of PP component in the blends. K(7) of PP
crystallization in the PP/MAH-g-PP/epoxy (75/5/20)
and dynamically cured PP/MAH-g-PP/epoxy
(75/5/20) are higher than that in the PP/epoxy
(80/20) and dynamically cured PP/epoxy (80/20),
and the dynamically cured PP/MAH-g-PP/epoxy
(75/5/20) has a minimum of K(7) in all the
PP/epoxy blends. The result shows that the dynam-
ical cure and compatibilization further accelerated
the crystallization of PP component in the PP/
epoxy blends because the smaller size of epoxy par-
ticles act as the more effective the nucleating agents
for PP crystallization. Nano-fillers often act as
more effective nucleating agents for PP crystalliza-
tion compared with other components [13, 20].

It is well known that the Avrami exponent n
depends on the nucleation process and the geome-
try of the growing crystals. As shown in Table 1,
the n value is about 3 for the PP/epoxy blends,

Table 2. Mechanical properties of PP and the PP/epoxy blends

which suggests a three-dimensional heterogeneous
crystal growth in a spherical form of PP. As shown
in Table 1, the PP/epoxy blends show a noticeable
decrease in the half time of PP crystallization (z1/2)
compared with the pure PP, which is attributed to a
nucleating effect of the epoxy particles on the PP
crystallization. 1> increases with increasing crys-
tallization temperature at a given blend composi-
tion.

3.3. Mechanical properties

Table 2 shows the effects of dynamical cure and
compatibilization the mechanical properties of the
PP/epoxy blends. The addition of 20 wt% epoxy
resin to the PP matrix improves the flexural modu-
lus but reduces the impact strength, tensile strength,
and elongation at break because of the poor com-
patibility between PP and the epoxy resin. Through
the addition of 5 wt% MAH-g-PP (used as a com-
patibilizer), the PP/MAH-g-PP/epoxy (75/5/20) has
a higher modulus and tensile strength than the
PP/epoxy (80/20). The dynamically cured PP/epoxy
(80/20) has the higher flexural modulus (1960 MPa)
and tensile strength (38.8 MPa), which increase by
14% and 50%, respectively, in comparison with
those of PP/epoxy (80/20), but the impact strength
of the blend is lower than that of the PP/MAH-g-
PP/epoxy (75/5/20). The dynamically cured PP/
MAH-g-PP/epoxy (75/5/20) has best mechanical
properties in all the PP/epoxy blends. The result
shows that dynamical cure of the epoxy resin led to
an improvement in the modulus and strength of the
PP/epoxy blends, and the addition of MAH-g-PP
results in the increases in the impact strength.

3.4. DMTA analysis

DMTA was used to determine the miscibility of the
blends by investigating the glass transition temper-
atures (7,) of the blend components. The loss factor
(tand) and the storage modulus (E’) are shown as

Compositions Impact strength | Tensile strength | Elongation at break| Tensile modulus | Flexural modulus
[J/m] [MPa] [%] [MPa] [MPa]

PP 30+2 30.8+1.5 300+35 1357+44 1250+36
PP/epoxy (80/20) 20+3 24.2+1.2 11+3 1724+51 1650+42
PP/MAH-g-PP/epoxy (75/5/20) 312 38.6+1.7 22+4 1872+32 1792+29
dynamically cured PP/epoxy

(80/20) 22+2 38.8+1.3 11£3 2097+38 1960+47
dynamically cured

PP/MAH-g-PP/epoxy (75/5/20) 33+2 42.3+1.6 15+4 2268+29 2140+34
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Figure 6. Curves of dynamical properties versus tempera-
ture for the PP/epoxy blends. (a) tand-tempera-
ture; (b) E’ — temperature

functions of temperature for the PP/epoxy blends in
Figure 6. Figure 6a shows the loss factor-tempera-
ture (tand-T7)) curves for the blends. They indicate
two obvious glass transition peaks, which confirm
the presence of two phases. For the PP/epoxy
(80/20) blend, the peak at about 12.5°C is the glass
transition peak of PP, while the glass transition
peak of the epoxy resin is at 90.4°C. The glass tran-
sition peak of the epoxy resin in the PP/MAH-g-
PP/epoxy (75/5/20) blend moved to a lower
temperature on the addition of 10 wt% MAH-g-PP,
and this suggests that the compatibility between PP
and epoxy resin was improved. The T, values of the
epoxy resin in the dynamically cured PP/epoxy
(80/20) and dynamically cured PP/MAH-g-PP/
epoxy (75/5/20) blends were higher than that of the
epoxy resin in the PP/epoxy (80/20) and PP/MAHB-
g-PP/epoxy (75/5/20) blends, a shift in the 7 of the
epoxy resin in the blends to a higher temperature
suggests that dynamic cure results in a decrease in
the molecular mobility of the epoxy resin.

Table 3. DMTA analysis results of the PP/epoxy blends

b o
Compositions Tg[? (f;P Te o[fog])oxy r ?:)ils ¢

PP/epoxy = 80/20 12.5 90.4 6.89-108
PP/MAH-g-PP/epoxy = s
75/5/20 12.2 85.5 8.09-10
dynamically cured "
PP/epoxy = 80/20 12.9 100.6 9.24-10
dynamically cured
PP/MAH-g-PP/epoxy = 12.2 99.7 1.03-10°
7515120

Figure 6b shows that the storage modulus (E’) of
the dynamically cured PP/MAH-g-PP/epoxy
(75/5/20) and dynamically cured PP/epoxy (80/20)
are obviously higher than that PP/epoxy (80/20)
and PP/MAH-g-PP/epoxy (75/5/20), the dynami-
cally cured PP/MAH-g-PP/epoxy (75/5/20) has
highest £’, but the PP/epoxy (80/20) blend has the
lowest E’. The result shows that the interaction
between PP and epoxy resin was strengthened by
the addition of the MAH-g-PP, dynamical cure of
epoxy resin increases the storage modulus (E’) of
the PP/epoxy blends (Table 3).

3.5. TGA analysis

One of the most widely accepted methods for
studying the thermal properties of polymeric mate-
rials is thermogravimetry, which by means of inte-
gral and derivative thermogravimetric curves
provide information about the nature and extent of
degradation of polymeric materials [21]. Thermo-
grams of the PP and PP/epoxy blends are shown in
Figure 7. The degradation of PP started at 367°C
and finished at 448°C. In the case of the PP/epoxy
(80/20), the incorporation of 20 wt% epoxy resin
increases the initial degradation temperature (7o)
from 367°C to 402°C. The Ty of the PP/MAH-g-
PP/epoxy (75/5/20) blend is higher than that of the
PP/epoxy (80/20) blend, but lower than that of
dynamically cured PP/epoxy (80/20) blend. The
dynamically cured PP/MAH-g-PP/epoxy (75/5/20)
blend has the highest initial degradation tempera-
ture (7o) in the all PP/epoxy blends, the Ty of the
blend is about 429°C, and increases by 20°C com-
pared with the PP/epoxy (80/20) blend (shown in
Table 4). The temperature of maximum rates of
mass losses (Tmqy) for PP and the PP/epoxy blends
were obtained by derivative thermogravimetric
(DTG) curves (shown in Figure 7b), and T4y has
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Figure 7. TG (a) and DTG (b) curves of the PP and the
PP/epoxy blends. (a) PP; (b) PP/epoxy=80/20;
(c) PPAMAH-g-PP/epoxy = 75/5/20; (d) dynami-
cally cured PP/epoxy = 80/20; (e) dynamically
cured PP/MAH-g-PP/epoxy = 75/5/20

Table 4. TG and DTG analysis results of PP and the
PP/epoxy blends (7o: initial degradation tempera-
ture; 7y final degradation temperature; 7 qx: tem-
perature of maximum rate of mass loss)

Compositions To [°C] | T¢[°C] |Tmax [°C]

PP 367 448 424
PP/epoxy = 80/20 405 480 431
PP/MAH-g-PP/epoxy = 75/5/20 417 485 436
dynamically cured

PP/epoxy = 80/20 425 492 441
dynamically cured

PP/MAH-g-PP/epoxy = 75/5/20 430 498 448

the same tendency as Tp. All the degradation of
PP/epoxy blends took place in one step, in the same
way as for PP. The results show that the incorpora-
tion of the epoxy resin into the PP could improve
the thermal stability of PP, and the dynamic cure of
epoxy resin obviously could further improve the
thermal stability. George [21] suggested that the
thermal degradation of polymer blends depends not
only on the thermal stability of the components but

Intensity [a.u.]
—

Figure 8. Crystal structure of PP and the PP/epoxy blends.
(a) PP; (b) PP/epoxy = 80/20; (c) PP/MAH-g-
PP/epoxy = 75/5/20; (d) dynamically cured PP/
epoxy = 80/20; (e) dynamically cured PP/MAH-
g-PP/epoxy = 75/5/20

also on the morphology and the extent of interac-
tion between the phases.

3.6. Wide-angle X-ray diffraction (WAXD)
analysis

In order to investigate whether the crystalline struc-
ture formed by one component of the blend can be
affected by the other component or the compatibi-
lizer. X-ray diffraction studies were made on the
corresponding PP and the PP/epoxy blends. Figure 8
shows the WAXD patterns of PP, PP/epoxy
(80/20), PP/MAH-g-PP/epoxy (75/5/20), dynami-
cally cured PP/epoxy (80/20) and dynamically
cured PP/MAH-g-PP/epoxy (75/5/20). Several
reflections in both the PP/epoxy blends and PP are
observed at 20 = 13.9°, 16.7°, 18.3°, 20.9°, 21.8°,
which belong to the identical monoclinic o form of
the PP component. The result shows that the
dynamical cure and compatibilization do not dis-
turb the crystalline structure of PP in the PP/epoxy
blends.

4. Conclusions

The PP/epoxy blends compatibilized with MAH-g-
PP have finer domains compared with the PP/
epoxy blends, and dynamical cure could further
decrease an average diameter of epoxy particles in
the PP/epoxy blends. Isothermal crystallization
kinetics show that the dynamical cure and compati-
bilization give a rise to the number of smaller
epoxy particles, further accelerating the crystalliza-
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tion of PP component in the PP/epoxy blends.
Dynamical cure of the epoxy resin leads to an
improvement in the tensile strength and flexural
modulus of the PP/epoxy blends, and the addition
of MAH-g-PP results in an increase in the impact
strength. DMTA results indicate that the compati-
bility between PP and epoxy resin is improved by
the addition of MAH-g-PP, and dynamical cure of
epoxy resin obviously increase the storage modulus
of the PP/epoxy blends. TGA results show the
dynamical cure and compatibilization could
improve the thermal stability of the PP/epoxy
blends. The crystalline structure of PP in the
PP/epoxy blends is the same as that of PP, and the
dynamical cure and compatibilization do not dis-
turb the crystalline structure of PP in the blends, a
similar result was reported by Zhang [22].
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Abstract. Porous carbon particles with a shell/core structure have been prepared successfully by controlled precipitation of
the polymer from droplets of oil-in-water emulsion, followed by curing and carbonization. The droplets of the oil phase are
composed of phenolic resin (PFR), a good solvent (ethyl acetate) and porogen (Poly(methyl methacrylate), PMMA). The
microstructure was characterized in detail by scanning electron microscopy (SEM), transmission electron microscopy
(TEM), nitrogen adsorption, and thermo gravimetric analysis (TGA). The obtained carbon particles have a capsular struc-
ture with a microporous carbon shell and a mesoporous carbon core. The BET surface area and porous volume are calcu-
lated to be 499 m2 g-! and 0.56 cm3 g1, respectively. The effects of the amount of porogen (PMMA), co-solvent (acetone)
and surfactant on the resultant structure were studied in detail.

Keywords: polymer composites, phase separation, polymer blend, porous carbon

1. Introduction inexpensive Pluronic block copolymers have been
used as templates to prepare mesoporous carbon
with various pore structures [10, 11], but direct
synthesis of porous carbon particles still remains
challenging by this method. Polymer as porogen to
prepare porous carbon is another efficient method.
Yamazaki et al prepared nanostructure carbona-
ceous material with continuous pores from reac-
tion-induced phase separation of miscible polymer
blends [12, 13]. As PFR interacts strongly with
PMMA via hydrogen bonds, the miscibility of
PMMA to PFR is perfect, and the phase separation
occurs after the curing reaction has advanced to
some extent. After PMMA removal and carboniza-
tion, the carbonaceous materials with continuous
pores can be obtained. Furthermore, porous carbon
materials having hierarchically structures have

In recent years, there has been growing interest in
new applications of porous carbons because of their
characteristic physicochemical properties, such as,
their large surface area, large pore volume, thermal
and chemical stability. Porous carbon particles are
of great interest in column packing, filler, hydrogen
storage, supercapacitors, catalyst supports and
other applications [1].

Several methods have been developed to prepare
spherical carbon [2-8]. The solid-templating
approach has been widely used for the synthesis of
a variety of nanoporous carbon materials [5-9].
Although precise control of pore size and pore
structures is desirable, it has several limitations
such as incomplete and time consuming infiltration
of the precursor, laboring and expensive template
removal process. The commercially available and
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Figure 1. Schematic illustration for capsular structure formation

attracted much interest because of their special
character [2, 5, 8].

In this paper, we prepared carbon particles with a
microporous carbon shell and a mesoporous carbon
core through the method called ‘internal phase sep-
aration’ within the droplets of an oil-in-water emul-
sion. This method has been used in several reported
works. Mathiowitz et al prepared double-walled
microspheres by this one-pot method for controlled
drug release [14, 15]. Vincent et al prepared a series
of polymer microcapsules with liquid cores also by
this method [16-18]. In our work, PFR has been
used as the shell material, and PMMA as the poro-
gen. As described by Solomon et al, the PMMA
domain size in the blends (PFR/PMMA) before
curing was 2 to 3 nm and it became 20 to 30 nm
after full curing [19]. The process for the formation
of the shell/core structure is illustrated in Figure 1.
The organic phase containing PFR and PMMA was
emulsified in the aqueous surfactant. After solvent
removal, hydrophilic PFR preferred to diffuse to
the interface of oil-water. But because of good mis-
cibility of PFR and PMMA, partial PFR retained to
blend with PMMA and the capsule structure
formed with PFR shell and blends of PFR/PMMA
core. After carbonization, the final products with
microporous carbon shells and mesoporous carbon
cores were prepared. The carbon materials with
special structures in our work will show advantages
in many fields such as controlling release, hydro-
gen storage, electrochemical double-layer capaci-
tors and so on.

2. Experiment

2.1. Materials

Phenol, formaldehyde (37% aqueous solution) and
hexamethylenetetramine were purchased from Bei-
jing Yili Chemicals Factory and used to synthesize
phenolic resin. Poly(methyl methacrylate) (PMMA,
Aldrich, M,, = 10,000) was used as the porogen.
Gum arabic and sodium dodecyl sulfate (SDS,
Tianjin Kemiou Chemical Regents Factory, China)

were used as emulsifiers. The solvents used were
supplied by Beijing Chemicals Factory, China. All
the reagents were of analytical grade and used as
received. Doubly deionized water was used as the
aqueous medium.

2.2. Synthesis of phenolic resin

The PFR used as the carbon precursor was synthe-
sized and purified as described by Brode [20]. In a
typical synthesis, the mixture of phenol (50 g),
aqueous formaldehyde (50 g), hexamethylenete-
tramine (4.5 g), gum arabic (0.5 g) and water
(27.5 g) was charged into a three-necked flask
equipped with a mechanical stirrer, a thermometer
and reflux condenser. The reaction temperature was
maintained at 85°C in a water bath for 70 min. The
obtained particulate resol was collected by filtra-
tion, washed with distilled water for three times and
dried at 40°C for 2 h.

2.3. Preparation of porous carbon

PFR was dissolved in the mixture of ethyl acetate
and acetone, and then PMMA was added. Aqueous
surfactant solution was charged into a three-necked
round-bottomed flask equipped with a mechanical
stirrer. The organic solution was added to the aque-
ous surfactant solution, and the mixture was emul-
sified mechanically at a rate of 3000 rpm to form an
oil-in-water emulsion. After agitation lasting for 1h
at 25°C, the diluted emulsion was evaporated for 40
min at 30°C under reduced pressure, followed by
transferring into a Teflon-lined autoclave, treated at
130°C for about 6 h and another 6 h at 150°C, then
allowed to cool down to room temperature gradu-
ally. The resultant microsphere dispersion was col-
lected with centrifugation, and then washed with
distilled water, ethanol, and ethyl acetate, finally
dried in vacuum oven for 10 h at 60°C. The solid
sample obtained was carbonized under a nitrogen
atmosphere at 800°C for 4 hours at a heating rate of
1°C min~! to obtain porous carbon materials.
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2.4. Characterization

SEM Scanning electron microscopy (SEM,
HITACHI S-4300, Japan) was used to investigate
the morphology of the products. One drop of the
microsphere dispersion was placed on a stainless
steel SEM stub and allowed to air-dry overnight.
Before observation, the dried sample was coated
with a layer of gold with a thickness of approxi-
mately 10 nm.

TEM Transmission electron microscopy (TEM)
pictures were taken on a JEOL 2010 microscope
(Japan) with an acceleration voltage of 200 kV.
Samples for TEM measurements were diluted and
mounted on 400-mesh carbon-coated copper grids
and left to dry at room temperature.

Nitrogen sorption Nitrogen sorption was per-
formed on a Micromeritics ASAP 2020M Porosity
Analyzer. The samples were degassed at 250°C for
6 h before the measurement. The specific surface
area was determined by the Brunauer-Emmett-
Teller (BET) method. The BJH (Barret-Joyner-Hal-
enda) method was applied to analyze the mesopore
size distributions using the adsorption branch.
TGA Thermo gravimetric analysis (TGA, Netzsch
STA409pc) was employed to monitor the degrada-
tion behavior of as-prepared products. The sample
was heated at a heating rate of 10°C min-! in N»
atmosphere.

3. Results and discussion

3.1. Characterization of porous carbon
particles

TGA analysis was employed to monitor the degra-
dation behavior of PFR, PMMA and as-prepared
blending microsphere. Notable weight loss of
approximately 99% (Figure 2) is observed in the
temperature range of 300~400°C for pure PMMA,
suggesting that most of the templates can be
decomposed under nitrogen before 400°C. Com-
pared with the TGA curve of PFR, the blending
microsphere has a lower mass residue, which is
mainly attributed to the degradation of PMMA.
Therefore, simple heating treatment can be utilized
to efficiently decompose and remove the porogen
(PMMA) while generating porosity and maintain-
ing an open framework.

Figure 3 shows representative SEM images of as-
prepared microsphere and corresponding porous
carbon particles. As seen in the images, the poly-

B:Blend (PFR/PMMA)

mass retention [%)

C:PMMA

T T T T T T T T T T T T T T T T T 1
100 200 300 400 500 600 700 800 900
Temperature [°C]

Figure 2. TGA thermograms of PFR, PMMA and blend-
ing microspheres. The composition of
PFR/PMMA blends was 63/37 in weight

mer and carbon particles are spherical in morphol-
ogy with polydisperse particles sizes that range
from less than 100 nm to greater than 1um. Fig-
ure 3a shows the composite particles prepared from
the PFR/PMMA blend (63/37 in weight). These
microspheres have smooth surface with no pores or
defects. After carbonization, as shown in Figure 3b,
the obtained carbon particles can be observed
shrinking on the surface, but still with no visible
pores or defects. When carbon particles were frac-
tured (shown in Figure 3¢ and d), obvious shell/
core structure was observed. Small carbon particles
interconnected to form the mesoporous structure
surrounded by the microporous carbon shell. The
formation of the capsule structure can be attributed
to the two phase separation processed: solvent
evaporation induced phase separation and curing
induced phase separation. As shown in Figure 1,
after solvent removal, hydrophilic PFR diffused to
the interface of oil-water. But because of good mis-
cibility of PFR and PMMA, the capsule structure
was formed with a PFR shell and blends of PFR/
PMMA core. After curing, phase separation
occurred in the core, and PFR shell was preserved.
Therefore, after PMMA removal and carboniza-
tion, the final structure was obtained.

Nitrogen adsorption-desorption isotherms and the
resulting pore size distribution are shown in Fig-
ure 4. The isotherms are similar to type IV isotherms
with a hysteresis loop and a steep adsorption step at
a relative pressure of 0.9. The non-parallel hystere-
sis reflects a non-uniform pore connectivity that is
due to the existence of some larger pores. The
resulting pore size distribution displays that most of
mesopore is about 4 nm and a small quantity of
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Figure 3. SEM images of as-prepared PFR/PMMA blending microspheres (a) and carbon particles (b, c, d). The composi-
tion of PFR/PMMA blends was 63/37 in weight. The scale bar is 500 nm
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Figure 4. Nitrogen adsorption/desorption isotherms and
pore size distribution (insets) for carbon parti-
cles. The composition of PFR/PMMA blends
was 63/37 in weight

larger pores less than 25 nm exist, which agrees
with the desorption isotherm in Figure 4. The cal-
culated BET surface area and pore volume of the
carbon particles is 499 m2g-! and 0.56 cm3 g1,
respectively.

3.2. Effect of the composition of phenolic
resin/PMMA blends

The component of blends (PFR/PMMA) is the
most important factor to the final structure of car-
bon particles. Figure 3 shows the images of carbon
with low PMMA content. But when increasing the

PMMA content (50/50) as shown in Figure 5, the
similar structure as shown in Figure 3 is formed,
but the core size is smaller than that of the shell,
and the hollow carbon sphere with a movable
porous carbon core is obtained. Furthermore, when
the amount of PMMA increased to 37/63, no spher-
ical morphology is observed. Only nanosheet and
small carbon particles are contained in the SEM
images. From these fragments, we conclude the
formation of a shell-core structure. However
because of the thinner shell wall and smaller core,
the strength of the shell is not enough to maintain
the spherical shape. The results can be explained
from the phase separation by solvent evaporation.
When the amount of PMMA increased, both the
amount of PFR diffusing to the oil-water interface,
and that remaining in the core, decreased. Car-
bonization removed all the PMMA and about 50%
of the PFR, the large amount of mass loss of the
composite finally induced structure collapse.

3.3. Effect of co-solvent content

Ethyl acetate was used as the solvent to prepare the
materials. However, a weak polarity makes it an
unsuitable solvent for PFR. Acetone was added as
the co-solvent. We studied the effect of the amount
of acetone on the structure of final carbon particles.
Figure 6 shows the SEM images of carbon particles

295



Jiang et al. — eXPRESS Polymer Letters Vol.1, No.5 (2007) 292-298

Figure 5. SEM images of obtained carbon with different composition of PFR/PMMA blends in weight. a, b, ¢: 50/50;
d, e, f: 37/63. The scale bar is 500 nm

prepared with different amounts of acetone added.
With the increase of amounts of acetone, the distri-
bution of particle size narrowed, and the average
particle diameter increased obviously (Figure 6a, b).
But with the further increase of acetone, the distri-
bution of particle size widened. These results sug-
gest that the content of acetone can affect the
emulsification process, and therefore affect the
final particle morphology. This is consistent with
the reported results [16].

3.4. Effect of surfactant content

The structure shown in Figure 3 was prepared from
the solution emulsified by 2% gum Arabic and
0.1% SDS as emulsifiers. When changing the
emulsifiers’ content to 2% gum Arabic and 0.2%
SDS, the structure obtained changed much. As
shown in Figure 7, the as-prepared polymer micro-
capsule has a hollow cavity, and there is a narrow
channel in the shell wall. The TGA curves and

residual mass of the product is similar to that of
pure PFR (not shown here), it suggests that the
component of the hollow sphere is PFR. The for-
mation of the peculiar structure may result from
increasing the surfactant. It decreased the oil/water
interfacial tension too much, which would decrease
the driving force of polymer diffusion to the
oil/water interface. This will lead to the result that
the region where the adsorption of polymer is
insufficient would be occupied by the surfactant
molecular aggregates. After curing and washing
with the solvent, PMMA escaped from the core,
and was removed by the solvent. Finally, a cavity
and a channel were left. Further study on the forma-
tion mechanism and application potential are in
progress.

4. Conclusions

Porous carbon particles have been prepared by the
method of polymer blend and internal phase sepa-
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Figure 6. SEM images of obtained carbon with different content of acetone added. a, b: 20%; c, d: 33%; e, f: 50%. The
scale bar is 1 um

Figure 7. SEM (a, b) and TEM (c, d) images of obtained hollow carbon particles with one channel on the shell
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ration. PFR was used to serve as the carbon precur-
sor and PMMA as porogen. Through emulsification
and solvent removal, the capsular structure was
obtained with PFR as the shell and the blend of
PFR/PMMA as core. After heat treatment in nitro-
gen, porous carbon particles with microporous car-
bon shells and mesoporous carbon cores were
formed. The content of PMMA affected the
microstructure and the mechanical strength of the
resultant carbon materials. The addition of a co-sol-
vent can affect the emulsification process, and
appropriate acetone amount can produce carbon
particles with narrow size distributions. Varying
the surfactant amounts, hollow PFR microspheres
with one channel on the shell can be prepared. We
believe that carbon materials in our work may find
potential applications in such areas as column
packing, hydrogen storage and electrochemical
double-layer capacitors, etc.
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Abstract. A new treating method using sodium hydroxide (NaOH) and Maleic anhydride-grafted polypropylene (MPP)
emulsion was introduced to treat jute fiber mat in order to enhance the performance of jute/polypropylene (PP) composite
prepared by film stacking method. The surface modifications of jute fiber mat have been found to be very effective in
improving the fiber-matrix adhesion. It was shown that treatments changed not only the surface topography but also the dis-
tribution of diameter and strength for the jute fibers, which was analyzed by using a two-parameter Weibull distribution
model. Consequently, the interfacial shear strength, flexural and tensile strength of the composites all increased, but the
impact strength decreased slightly. These results have demonstrated a new approach to use natural materials to enhance the

mechanical performances of composites.

Keywords: mechanical properties, jute fiber mat, polypropylene, surface modification, distribution

1. Introduction

Ecological concern has resulted in a renewed inter-
est in natural materials for their recyclability, light
weight and non pollution. Important issues such as
recyclability and environmental safety need to be
addressed when new materials and products are
introduced. Lignocellulosic natural fibers such as
flax, hemp, sisal and jute are an interesting, envi-
ronmentally friendly alternative to the use of glass
fibers as reinforcement in engineering composites
because of the benefits that these fibers provide
over conventional reinforcement materials, and the
development of natural fiber composites has been a
subject of interest for the past few years [1-4].
These fibers are renewable, nonabrasive, and can
be incinerated for energy recovery since they pos-
sess a good calorific value and cause little concern
in terms of health and safety during handling of
fiber products. In addition, they exhibit excellent

“Corresponding author, e-mail: Ixy_7945@163.com
© BME-PT and GTE

mechanical properties, low density and are cheap.
This good environmental friendly feature makes
the materials very popular in engineering markets
such as the automotive [5-8] and construction
industry [9, 10].

There are several reports about the use of jute as
reinforcing fibers for thermosets [11-13] and ther-
moplastics [14, 15]. The studies of jute fiber com-
posites were carried out mostly in India in early
years and jute fiber reinforced thermosets had been
the focus of studies. In recent years, natural fiber
reinforced thermoplastics were receiving more and
more attention because of issues of environmental
protection. Fiber treatment and interfacial modifi-
cation were most frequently studied issues aiming
to improve the properties of short or long fiber rein-
forced composites. However, interfacial modifica-
tion of natural fiber mat reinforced thermoplastics
was rarely reported elsewhere and there is no report
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on surface modification of natural fiber mat using
NaOH solution and MPP emulsion. Composite
strength and stiffness generally increased as a con-
sequence of the improved mechanical properties of
the fibers by NaOH treatment under isometric con-
ditions. Impact damping was distinctly affected by
the shrinkage state of the fibers during the NaOH
treatment because of its influence on yarn tough-
ness [11]. Silane treatment of fibers led to increased
tensile, flexural strength, and Young’s modulus of
composites by up to 30% [12]. MPP was widely
used as a coupling agent to improve the adhesion
between natural fiber and PP, and the effect of MPP
and fiber length on the performance of a jute/PP
composite system has been investigated. The influ-
ence of the fiber-matrix adhesion in jute fiber-rein-
forced polypropylene on the materials behavior
under fatigue and impact loadings was investigated
by some authors [15]. A novel hybrid coupling
agent made from silane coupling agent and MPP
were found to be a good adhesion promoter to
improve natural fiber reinforced powder poly-
propylene composites [16].

This paper introduces a new treating method for
jute fiber mat by using NaOH and MPP emulsion to
enhance the properties of jute/PP composite. Inter-
facial shear strength (IFSS) values were measured
using a microbond test. Surface characterization
using Scanning Electron Microscopy (SEM) and
Fourier Transform Infrared (FT-IR) spectroscopy
was carried out to observe the modification on fiber
surfaces after the treatment and the effect of NaOH
treatment on jute fibers in terms of their diameter
and mechanical strength is explained.

2. Experimental

2.1. Materials

Polypropylene (Y3700) with a melt flow index of
37 g/10 min and density of 0.908 g/cm3, supplied
by Shanghai Jinshan petrochemical company was
used in this work. MFI was measured under tem-
perature of 230°C. Polypropylene wax with an
average molecular weight of 5000~8000 were
obtained from Shanghai Jinshan Plastic company to
prepare MPP emulsion. Jute fibers were obtained
from Zhenjiang Lida Fiber Company. The fibers
were washed with water and dried in an air oven at
70°C for 8 h and a vacuum oven at 60°C for 2 h
before preparation of composites.

2.2, Preparation of MPP water emulsion

In preparation of MPP emulsion, PP wax and
maleic anhydride (MAH) were selected as raw
materials and Benzoyl Peroxide (BPO) as initiator.
First, PP wax and was put in acetone solution. Stir-
ring and heat were applied to ensure the melting of
PP wax. After acetone was vaporized by increasing
temperature to 120°C, BPO and MAH mixture dis-
solved in xylene was added to PP wax melt contin-
uously to initiate reaction. Graft reaction was
carried out in xylene solution under reaction tem-
perature of 144°C. After reaction completed,
xylene was vaporized and emulsification was car-
ried out by using water and emulsification reagent
in high shear dispersing emulsifier for about 2 h.
Sodium bicarbonate was also used to counteract
some leftover MAH. The MAH content in grafted
PP is 7%, which is measured by using the method
of chemical titration.

In chemical titration, the grafted PP was dissolved
in xylene with additional heating and circumflu-
ence for 8 hours. The superfluous KOH-ethanol
solution was added and the surplus solution was
titrated by using acetic acid-xylene solution to
determine MAH content in grafted PP. Following
formula shows how to calculate MAH content.

G = [mol consumption of KOH x molecular weight
of MAH/(2 x sample weight)] x 100%

2.3. Preparation of PP/jute composites

PP reinforced by non-woven jute fiber mat was
manufactured using a film-stacking method. In this
film-stacking method, 2 layers of pre-dried non-
woven jute mats in combination with 3 layers of PP
films were stacked alternately, with fiber content of
38 wt%. Impregnation of the non-woven mats was
achieved by applying heat (200°C) and pressure
(5 MPa) in a continuous molding machine (manu-
factured by Polymer Processing Laboratory).

The laminates were prepared through the period of
preheating, hot pressing and cooling continuously.
They were then cut into certain shape and prepared
to specimens for mechanical tests by using a
milling machine. The size of the specimens was
determined according to ASTM standards.
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2.4. Chemical treatment

2.4.1. Alkali treatment

NaOH which was used for treatment was provided
by Shanghai Feida trading company. The fiber mats
were put in a stainless steel vessel containing solu-
tion of NaOH with different concentration of
2 wt% and 5 wt% and a given pressure was applied
to ensure good impregnation of NaOH solution.
This was kept for 1 h, after which the fiber mats
were washed thoroughly with water to remove the
excess of NaOH on the fibers. Final washing was
carried out with distilled water and the fiber mats
were finally air dried at 70°C for 8 h and vacuum
dried at 60°C for 2 h.

2.4.2. Silane treatment

The untreated fiber mats were placed in a stainless
steel vessel containing solution of silane coupling
agent (KH550) with concentration of 2 wt% for
1 h. Chemical formula of KH550 is
NH2(CH>)3Si(OC2Hs)s supplied by Shanghai Yao-
hua industrial trading company. The hydrolysis
takes place in water for about 1 h. The mats were
then dried in an air oven at 70°C for 8 h and then
vacuum oven at 60°C for 2 h.

2.4.3. NaOH + MPP emulsion treatment

The jute fiber mat was first treated by NaOH under
guideline of alkali treatment above and then was
soaked in 2 wt% MPP water emulsion for 1 h to
ensure MPP particles adhered on surface of the jute
fibers. The mats were then dried in air and vacuum
oven at 60°C.

2.5. Fiber surface characterization

The surface topography of fibers was investigated
using a scanning electron microscope (SEM),
(SEM Model JSM-6360LV, JEOL Corporation
Japan). The FTIR spectra of raw and surface treated
natural fibers were recorded in a Nicolet
AVATAR360 FT-IR spectrophotometer (Nicolet
Corporation USA).

2.6. Mechanical characterization

The tensile properties, such as tensile strength,
elongation at break, and tensile modulus of the
composites were evaluated following the ASTM

D638 method with a crosshead speed of 2 mm/min.
The ASTM D790 method was followed to evaluate
the flexural properties and ASTM D256 method for
evaluation of impact strength. All tests were carried
out at room temperature (20+2°C) and with a rela-
tive humidity between 25 and 50%.

The tensile properties of jute fibers were measured
using a single fiber tensile testing machine (Model
YGO004A, Changzhou No2 Weaving Machine Fac-
tory). Specimen gauge length was 20 mm. One
hundred fibers were tested in order to give the prob-
ability distribution of their tensile strength.

The interfacial shear strength (IFSS) of specimens
was measured by a microbond technique [17]. All
specimens were equilibrated at standard conditions
of 21°C and 65% relative humidity for more than
24 h before the microbond test on a mechanical
testing machine using an iron slice with a round
aperture. The diameter of the aperture is larger than
that of a fiber and smaller than the size of a micro
droplet in order to pull out the fiber from micro
droplet. The schematic of the microbond test rig is
shown in Figure 1. The diameter, d, and embedded
length, /, of the fiber were measured prior to the
microbond test using an optic microscope and an
image processing analysis program called UTH-
SCA Imagetool. As the fiber was pulled out, the
shear load at the fiber/micro droplet interface
increased. Debonding occurred when the load
exceeded the interfacial bond strength. The average
IFSS, 1, was calculated using the Equation (1):

F
= (1)
wd-l
where F is the load to debond the micro droplet. It
was assumed that the shear strength was uniform

along the entire fiber/micro droplet interface. Fifty

[—— Jute fiber

Y .
Embedded fiber length ( ) 44— Microdroplet
y

e

Iron slice

Fiber diameter
—_. ‘_

v
Load force

Figure 1. Schematic of the microbond test rig
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successful tests were conducted to obtain statistical
results.

3. Results and discussions

3.1. Fiber surface characterization

The surface structures of untreated and alkali
treated jute fibers are shown in Figure 2. From
comparison of the SEM-micrographs, it seems that
the untreated fibers had smooth surfaces (Figure 2a
and 2c¢), having some impurities and layers over
layers of sheet substances like wax or fatty sub-
stances whereas the surfaces of the treated fibers
were rough (Figure 2b and 2d). It can also been
seen that a number of lumpy strips existed on the
surfaces of the treated fibers, which might be due to
mercerization function of NaOH, resulting in the
partial removal of wax or fatty substances. It is a
well-known fact [18] that there are binder lignin
and fatty substances which hold the unit cells
firmly in a fiber. After alkali treatment, the crys-
tallinity of fibers increases [2], which might be
attributed to the removal of the cementing materi-
als, leading to a better packing of cellulose chains.
Additionally, treatment of the fibers with NaOH
might lead to a decrease in the spiral angle and
increase in molecule orientation.

Untreated and treated jute fibers were analyzed by
FTIR spectroscopy using attenuated total
reflectance (ATR) scanning with a resolution of
2 cm! and a scanning range from 4000 cm~! to
450 cm~!. The FTIR spectra of untreated and

Figure 2. SEM micrographs of: (a) untreated jute (5000x);
(b) 5%NaOH treated jute (5000x); (c) untreated
jute (10000x); and (d) 5%NaOH treated jute
(10000x)
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Figure 3. FTIR spectra of: (a) untreated jute; (b) alkali
treated jute; and (c) alkali and MPP emulsion
treated jute fibers

treated jute fibers are shown in Figure 3. NaOH and
MPP emulsion treated jute fiber was heated to
160°C before characterization in order to initiate
the reaction between jute and MPP wax. It can be
noted that there is an absorption band at
~1730 cm~! and 1240 cm-! for the untreated jute
fibers, which no longer exists for NaOH treated
fibers. The hemicelluloses contain groups that
absorb in the carbonyl region and ester group on
surface of the fiber. They are soluble in aqueous
alkaline solutions. During alkali treatment, a sub-
stantial portion of uronic acid and fatty substances
might be removed resulting in disappearance of this
peak at ~1730 cm~! and 1240 cm~!. After treating
with alkali and MPP emulsion, the peak at
~1733 cm! and 1241 cm~! appears again, which is
consistent with the work reported by Mohanty et al.
[19]. This may be attributed to presence of ester
functionality in the MPP treated jute fibers due to
carbonyl functionality in MPP. The schematic rep-
resentation of the possible reaction of MPP with
jute fiber is represented in Figure 4.

3.2. Distribution characterization of jute fiber

Figure 5 shows the cumulative diameter distribu-
tion of the untreated jute fibers and treated jute
fibers including 2 wt% KHS550 treated, 2 wt%
NaOH treated and 5 wt% NaOH treated, respec-
tively. In each kind of fiber, 100 fiber samples were
selected to conduct the experiment. The experimen-
tal diameter data were estimated from F(N) =
i/(N+1), where N is the total number of samples
tested and i is the number in ascendingly ordered
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Figure 4. Possible reaction of natural/biofiber with MPP
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Figure 5. Diameter distribution of untreated and treated
jute fiber

diameter data. It was easily noted that the distribu-
tion of the diameter shifted significantly to the left
side under the treatment with NaOH and to the right
side under the treatment with KH550. The average
diameter of the untreated fibers is 62 pim whilst that
of the fibers treated by 2 wt%, 5 wt% NaOH and
2 wt% KH550 is 51 pum, 47 wm and 72 pm, respec-
tively. The bigger diameter of untreated jute fibers
resulted from layers of wax and fatty substances on
their surface and a large numbers of micro fibrils in
one fiber bundle. The reduced diameter of NaOH
treated jute fibers can be attributed to removal of
plentiful wax and fatty substances and cementing
materials in fiber bundles while the increased diam-
eter of KHS550 treated jute fibers can be attributed
to reaction between jute fiber and coupling agent
taking place on the surface of the fibers.

The fiber strength values were further analyzed sta-
tistically using a two-parameter Weibull distribu-

tion to describe the fiber strength distribution. The
statistical variability of the tensile strength of jute
fibers can be written as Equation (2):

P=1-exp —L[G—G”J 2)
Oo

where P is the cumulative probability of failure of a
fiber length of L at an applied stress G, Gp is the
characteristic strength of a unit which is also called
Weibull scale parameter, and G, is the lowest value
of the strength and is set to zero for simplification.
Hence the two-parameter Weibull equation can be
re-written as Equation (3):

P=1-exp —1{1] 3)

Gy

where w is the shape parameter or Weibull modulus
which defines the variability in the strength values.
A low value of the Weibull modulus indicates a
high variability. Rearrangement of the two-parame-
ter Weibull equation shown leads to the Equa-
tion (4):

In| In !
1-P

where w and 6o can be found from the slope and
intercept of the plot In[In1/(1 — P)] versus Inc. The
Weibull plots for untreated and treated jute fibers
are shown in Figure 6a. A good fit was observed
with this distribution, as it was evident from the

:lzwlnc—w1n00+lnL 4)
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Table 1. Tensile strength of jute fibers and Weibull parameter

Jute fibers Tensile strength+SD* [MPa] | Weibull modulus | Characteristic strength [MPa]
Untreated 250+119 2.2 238
2 wt% NaOH treated 325+132 2.6 304
5 wt% NaOH treated 389+150 2.7 355
2 wt% KH550 treated 326+145 2.5 301

*SD, standard deviation

closeness to the best-fit line. Weibull parameter
obtained from the Weibull plots are given in
Table 1. It can be easily noted that before the treat-
ment, Weibull modulus for jute fiber is 2.2 while
after being treated with 2 wt% KHS550, 2 wt%
NaOH and 5 wt% NaOH, the Weibull modulus are
2.5, 2.6 and 2.7 respectively, indicating a obvious
variability in strength of untreated fibers compared
to chemically treated fibers. It can be also seen that
the Weibull modulus values for jute fibers are
much lower compared to synthetic fiber such as
carbon fiber [20], which indicates the non-homoge-
neous nature of natural fibers which in turn is due
to the predominance of defects within their struc-
tures. Similar results were reported earlier for other

2-
14 'o‘ﬁv’
g O
= ] .# + untreated jute
= i? f y=2.23x-12.58
—24 ¥ - 2 wi% NaOH treated
] 3 e Y=2 58%~15.21
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Figure 6. (a) Weibull plots for untreated and differently
treated jute fibers. (b) Variation of tensile
strength of jute fibers as a function of fiber
diameter

natural fibers by some authors [21-23]. The tensile
strength of fibers increases obviously after treat-
ment of NaOH. Generally speaking, a fiber with
larger cross-section area should have greater
chance to have a bigger flaw. Therefore, it is
expected to be weaker than that with a smaller
cross-section area. The cross-section area of jute
fibers decreases after they were treated by NaOH,
which could be concluded from the diameter
change of jute fibers. This can also be proved by
Weibull plots in Figure 6a, where the curve shifts
right after treatment. In Figure 6b, fiber strength
exhibited a scattering with various diameters for
different kind of fibers. Scattering in strength of
natural fibers may be influenced by inhomoge-
neous distribution of their chemical structure and
inherent properties of composite materials.

3.3. Mechanical and micromechanical
properties of the composites

The mechanical properties including flexural
strength, tensile strength and impact strength in
association with interfacial shear strength of jute
fiber/PP composites formed with different treating
methods is shown in Table 2.

The mean IFSS between untreated jute fiber and PP
is 3.49 MPa, which is much lower than the IFSS
between synthetic fiber and thermosets [24]. The
IFSS depends mainly on two factors: mechanical
interlocking and chemical bonding. In the case of
untreated jute fiber/PP, chemical bonding is consid-
ered to be rather weak because of incompatibility
between hydrophobic resin and —OH group on the
fiber. As a result, the IFSS is mainly attributed to
the high surface irregularity of jute fibers and the
resulting mechanical interaction.

After treating with alkali solution, the possible
reaction between —OH groups on the fiber and
NaOH might greatly diminish water absorption of
the fiber, which improved the compatibility
between fibers and resin. The IFSS with 2 wt%
NaOH, 5 wt% NaOH and 2 wt% KHS550 treatment
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Table 2. IFSS and mechanical properties of jute fiber mat reinforced PP

Jute fibers IFSS+SD Flexural strength+SD Tensile strength+SD Impact strength+SD

[MPa] [MPa] [MPa] [J m1]
untreated 3.49+0.32 35.1+1.2 28.4+0.9 65.0+£3.2
2 wt% KH550treated 4.27+0.83 43.8+1.7 33.7t1.4 62.8+3.1
5 wt% NaOH treated 4.85+0.64 55.2+2.2 38.1x1.6 57.4+2.9
2 wt% NaOH treated 5.27+0.82 58.3+2.3 36.9+1.5 61.2+3.3
2 wt% NaOH + MPP emulsion 9.00+1.47 59.0+2.0 422423 54.1+£2.5
are approximately 51%, 39% and 22% greater than RSI(OR),

that of the untreated fibers. It should be noted that
coupling agents can play a role of bridging between
fibers and resins. After treating with NaOH and
MPP emulsion, the IFSS increased dramatically to
9.00 MPa. In this case, the effect of chemical bond-
ing on the IFSS might be significant as reaction
could occur between fiber and coupling agents.
The level of adhesion between fiber and matrix
greatly affects the mechanical properties of the
composites. The flexural strength of the untreated
composite increases correspondingly with the treat-
ment by KH550, NaOH and NaOH + MPP emul-
sion. Similarly, the tensile strength of the untreated
fibers also increases simultaneously. However, the
impact strength seemed to decrease slightly after
each treatment. These results indicate that surface
modification improved the interfacial adhesion
between fibers and matrix, resulting in the higher
flexural strength and tensile strength as well as the
modulus but slightly lower impact strength. In
other words, the rigidity of the fibers after the treat-
ments increased but their toughness reduced. The
reason why mechanical properties of jute fiber rein-
forced PP are improved may be different in terms
of different treatment. In alkali treatment, reaction
between jute fiber and NaOH can be shown in fol-
lowing ways:

Cell-OH + NaOH — Cell-O"Na* + H2O + impurity

Natural fiber is hydrophilic due to large number of
hydroxyl groups in their structure, which makes it
incompatible with PP that is hydrophobic. In this
reaction, a number of hydroxyl groups can be elim-
inated, which decreases the tendency of water
absorption and improves the compatibility between
jute fiber and PP. Besides, the mechanical proper-
ties of jute fiber are improved through alkali treat-
ment, which has been proved above. Since the
mechanical properties of the reinforcing materials
play an important role in composite properties,

3H,O0 —a=| — 2ROH
RSI(OH);
2Si(OH), _...i -,

R R R
I I I
HO — Si— O — Si— O — S — OH
l I I
OH OH OH
+
OH OH OH
1 1 |
Substrate
R =} R

HO — Si— O — S — 0 — 8 — OH

Bond formation A\ — - Substrate
/  2H,0
R R R
HO — S5i— O — 5 — 0 — Si — OH
l | |
0] o] (l) ..... T
I

Figure 7. Scheme of reaction between coupling agent and
jute fiber

increasing tensile strength of jute fiber contributes
to the improvement of mechanical properties of the
composite. As to KH550 and MPP, they play a role
like a bridge between jute fiber and PP. The reac-
tion between coupling agent and jute fiber can be
displayed in Figure 7, where hydrogen bond is

305



Liu and Dai — eXPRESS Polymer Letters Vol.1, No.5 (2007) 299-307

formed. Thus the adhesion between jute fiber and
PP is improved, which can contribute to the
improving properties of the composite. In reaction
between jute fiber and MPP, both chemical (ester
bond) and physical interactions (hydrogen bond)
are formed. The PP chain of MPP diffuses into the
PP matrix through interchain entanglement. The
kind of entanglement should be stronger than most
of MPP because we applied MPP particles on the
surface of the jute fiber through coating of MPP
water emulsion and this kind of MPP has a much
smaller molecular weight and much higher content
of MAH. On the other hand, the maleic anhydride
group forms both covalent and hydrogen bonds
with the hydroxyl groups of the fiber. These cause
better adhesion between the fiber and the matrix.
Therefore, the transfer of stress from the matrix to
the fibers is improved and lead to highest flexural
and tensile properties of PP reinforced with NaOH
and MPP emulsion treated jute fiber from among
all composites.

The reason why IFSS is in inverse ratio with impact
strength of the composites may be speculated as
follows: Firstly, the interfacial adhesion is weak
before surface modification, which results in a
number of voids around fiber surfaces that can be
seen from Figure 8. The main reason might be huge
difference of surface energy between untreated
fiber and matrix. When PP melt reaches fiber sur-
face, some small defects on fiber surface can’t be
surrounded by matrix, which leads to formation of
voids. After an impact force is applied to the com-
posite, the stress is transferred from the matrix to
the fiber surfaces, which causes these voids to
become a number of micro crackles. Then absorp-
tion of a significant amount of energy by these
crackles takes place around the interface of the
composites, which consequently exhibits relatively
higher impact strength. Although adhesion between
fibers and matrix could be greatly strengthened
after the fibers are treated, the decrease in size of
the pores leads to formation of fewer micro crack-

Figure 8. Cross section of untreated jute reinforced PP

les. Under these circumstances, an impact force
could cause the composite to crumble as few
energy is absorbed by the micro crackles. More-
over, significant stress concentration might exist at
the end of a fiber, where the stress concentration
could not be dissipated in this area due to its strong
adhesion with matrix. With decline of the IFSS,
slipping on the interface was possible, which could
consume energy and prevent stress concentration.
Thus, the impact strength is improved and the elon-
gation of the material is increased at the same time.
It is worth mentioning that the composite with bal-
anced rigidity and toughness or with different com-
bination of mechanical properties could be
tailor-made, which remains to be proved in future
works.

4. Conclusions

Treatment of jute fibers with alkali treatment and
MPP emulsion has been found to be very efficient
in improving the fiber-matrix adhesion in jute fiber
mat reinforced PP composites. NaOH treatment
removed wax and fatty substances and changed
surface topography of the jute fibers through SEM
observations and FT-IR spectra. Consequently, the
diameter distribution for the fibers changed dramat-
ically after treatment with coupling agent or NaOH.
The distribution of strength for untreated and
treated jute fiber fits well with Weibull distribution
and difference of fiber strength can be explained by
Weibull modulus and characteristic strength. There
was a strong connection between the interfacial
shear strength and the mechanical properties of the
jute/PP composites, including flexural strength,
tensile strength and impact strength, and the results
also showed that combination of NaOH and MPP
emulsion is a good adhesion promoter in manufac-
turing jute fiber mat reinforced PP and controlling
interfacial shear strength can be an effective strat-
egy to balance the mechanical properties of the
composites.
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Abstract. A mucopolysaccharide, chitosan was grafted with polyaniline through oxidative-radical copolymerization using
ammonium persulfate in acidic medium. The grafting conditions were extensively studied by varying grafting parameters.
All the findings have been discussed and proposed a plausible mechanism for the graft copolymerization. The representa-
tive chitosan-graft-polyaniline (Ch-g-PANI) was characterized using UV-vis, FTIR, TGA, X-ray diffraction and Scanning
electron microscopy taking chitosan as reference. Ch-g-PANI exhibited electrical conductivity, which increases with the
extent of grafting onto chitosan backbone. Its electrical conductivity is further influenced by pH and showed pH switching
electrical conduction behavior when exposed to NN3/HCI vapors. The application of conducting biomaterial such as Ch-g-
PANI in the electronic devices especially for the fabrication of sensor devices would be attractive not only in terms of prod-

uct cost and environmental safety but also from a materials science point of view.

Keywords: biopolymers, biocomposites, material testing, thermal properties, industrial applications

1. Introduction

Polyaniline (PANI) being most promising organic
conducting polymer finds wide applications, such
as in rechargeable batteries, corrosion protection of
metals, gas-separation membranes, and molecular
sensors [1—4]. It bears good environmental, thermal
and chemical stability, electrical and optical prop-
erties, facile redox and pH-switching behavior [5].
It can be rapidly ‘switched’ with the addition of
acids (protonation) and bases (deprotonation). The
acid doped PANI yields conducting emeraldine
salt, and is dedoped to form the insulator emeral-
dine base [6]. The electrical conductivity of PANI
is enhanced by simple change of pH conditions.
Recently, conducting polymers, such as PANI,
have been considered for microelectronics applica-
tions. The combination of tunable chemical proper-
ties with the electronic properties of conducting

*Corresponding author, e-mail: ashunpl @ gmail.com
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polymer has also a tremendous impact on the
development of new sensors. The use of conducting
polymers in sensors has recently been reviewed [7].
However, PANI has limitations in solubility and
mechanical properties [8]. In general, incorporation
of PANI into flexible matrix could result in good
processability with the electrical conductivity hav-
ing the requisite properties like chemical stability
toward dopants, thermal stability, and insolubility
under readily accessible conditions [9, 10]. Chi-
tosan has gained growing interest to prepare semi-
interpenetrating chitosan/polyaniline [11-13],
because of its excellent film-forming ability, good
adhesion, biocompatibility, and high mechanical
strength.

Chitosan is a high molecular weight polysaccharide
[14] composed of PB(1—4) linked 2-deoxy-2-
amino-D-glucopyranose units and B(1—4) linked
2-deoxy-2-acetamido-D-glucopyranose units. Chi-
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tosan has found potential use in many areas, it is a
brittle material and tends to absorb a quantity of
moisture and to improve its toughness, solubility
and rheological properties, graft copolymerization
of a vinyl monomer onto chitosan chains is com-
monly employed for several applications.
Therefore, chitosan as a low cost, degradable, bio-
compatible, high molecular weight, branched
biopolymer with unique physiochemical properties
[15] (presence of —OH and —NH> groups offers self
doping) is a good candidate to introduce functional
groups in PANI, and enhance its selectivity for
chemical sensors. In the present study, PANI was
grafted on to chitosan in order to synthesize electri-
cally conducting tailor-made material having good
pH-switching properties. In the accomplished stud-
ies, the reaction mechanism, crystallinty, morphol-
ogy, thermal and electrical properties were
extensively investigated. It was expected that the
results would be promising for biomaterial based
sensors fabrication and it may be used either in vivo
or in vitro.

2. Experimental section

2.1. Materials

Chitosan (Aldrich; M,, 1.86-105) and aniline (E.
Merck) were used after purification. Ammonium
persulfate (Aldrich) was used without further
purification.

2.2. Synthesis of PANI

PANI was synthesized by oxidative polymerization
[16] of doubly distilled aniline dissolved in aque-
ous HCI (1 M), using ammonium persulfate (APS)
in aqueous HCI (1 M) as an oxidant at 4°C. Aniline
(0.5 M) was dissolved in 200 ml of aqueous solu-
tion of HCI (1 M) and APS (0.54 M) was dissolved
in 200 ml HCI (1 M). The oxidant solution was then
added slowly to the aniline solution with continu-
ous stirring at 4°C. The reaction mixture was kept
under continuous stirring for two hours and then
kept in a refrigerator overnight. The reaction mix-
ture was filtered and washed with HCI (1 M) till the
filtrate became colorless and then washed with
doubly distilled water until the filtrate became acid
free. The polymer was ground to a fine powder and
low molecular weight oligomers were removed
from polyaniline by acetone extraction. The result-

ing PANI was dried at 60°C in an air oven for 48 h
and stored in a desiccator.

2.3. Synthesis of Ch-g-PANI

Chitosan-graft-polyaniline (Ch-g-PANI) was syn-
thesized by a calculated amount of the chitosan dis-
solved in the minimum or required amount of
acidic water in a 150 ml flask. To this solution, a
calculated amount of the aniline and hydrochloric
acid (HCl) was added and the total volume was
made up to 25 ml the flask being thermostated at
25+0.2°C and the contents continuously stirred.
After 30 minutes a definite amount of ammonium
persulfate was added and this was taken as zero
time. Grafting was allowed to proceed for 1 h. The
reaction mixture was neutralized by 5% aqueous
NaOH and the graft copolymer was precipitated
with absolute ethanol. The resulting precipitate was
washed with N-methyl pyrrolidinone (NMP) in
order to separate PANI (homopolymer) from the
copolymer. The material was ground to a fine pow-
der and low molecular weight PANI oligomers
were removed from Ch-g-PANI via acetone extrac-
tion (Figure 1). Finally, the products were dried for
4 days in a vacuum oven at 50°C.

The percentage and efficiency of grafting were cal-
calculated by the Equations (1) and (2) [17]:

% Grafting [%G |= M=W2 100 (1)
WO
% Efficiency [%E |= % -100 2)

2

where Wi, Wy and W> denote, respectively, the
weights of Ch-g-PANI, chitosan and aniline
monomer.

2.4. Electrical conductivity measurement

The surface DC electrical conductivity of the Ch-g-
PANI rectangular pressed pallets (pressure
4 tons/cm?) was measured by the four-probe
method [18].

The resistivity can be calculated by Equation (3):

_ v
p—ZRS(I) 3)

where, S is the probe spacing [mm], which was kept
constant, / is the supplied current in [mA], and the
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Figure 1. Chitosan-graft-polyaniline synthesized through the oxidative-radical graft copolymerization

corresponding voltage was measured in [mV]. Con-
ductivity can be computed using the Equation (4):

4

c=—

p
where ¢ and p are conductivity [S cm~!] and resis-
tivity [Q cm] respectively. The electrical conduc-
tivity measurements were carried out at intervals of
20 min. The effect of pH on the electrical conduc-
tivity of Ch-g-PANI was studied. All the measure-
ments were repeated three times at intervals of
20 min.

2.5. Characterization of chitosan-g-PANI

The UV-vis spectra were recorded on an Ocean
Optics HR 4000 High Resolution Spectrophotome-
ter, using aqueous solution of the samples. FTIR
spectra were recorded on a Perkin-Elmer instru-
ment (PK11310), using a pellet made with dehy-
drated KBr and instrument in the reflectance mode.
X-ray diffractogram was taken by Rigaku Rotaflex,
RAD/Max-B, Rigaku Corporation, Japan instru-
ment with a scanning speed of 1° per minute. TGA
was recorded on Rigaku Thermoflex, PTC-10A,
Rigaku Corporation, Japan with 10°C per minute
heating rate and Alumina as the reference material.
Scanning electron microscope (SEM) was done on

a JEOL-840, JEOL Corporation, Japan by making a
film of desirable size and coated with gold. The DC
electrical conductivity of the samples was meas-
ured by making rectangular pressed pallets (pres-
sure 4 tons/cm?) and using the Keithley four-probe
system, having a 224 programmable current source,
181 nano voltameter and 195A digital multimeter.

3. Results and discussion

3.1. Determination of optimal grafting
conditions

To optimize the condition for grafting of PANI on
to the chitosan, ammonium persulfate/hydrochloric
acid/aniline monomer/chitosan concentrations,
reaction temperature and reaction time were varied
and keeping total volume of the reaction mixture
fixed at 25 ml. It was observed that (NH4)2S,0s/
hydrochloric acid system can be efficiently used in
the graft copolymerization of polyaniline on to chi-
tosan, where maximum 91.40 %E could be
achieved.

3.1.1. Effect of ammonium persulfate
concentration

The %G increased with an increase in initiator/oxi-
dant concentration, reaching a maximum value at
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Figure 2. Effect of ammonium persulfate concentration at
fixed concentration of [aniline] 1.5-10-2,
[HCI] 0.3 and [Ch] 1 g/l at 25£0.2°C for 1 h

12.5-10-2M of ammonium persulfate (APS) at
fixed concentrations of 1.5-10-2 M aniline, 0.3 M
hydrochloric acid and 1 g/l Chitosan (Ch) at
25+0.2°C for 1 h (Figure 2). It was observed that
%G increased within the APS concentration range
from 2.5-10-2-12.5-10-2 M. It may be due to the
fact that at this concentration range, the produced
sulfate ion radical moieties activate the backbone
of chitosan and simultaneously produced the PANI
ion radical, which takes place immediately fol-
lowed by the graft copolymerization of the
monomer onto the chitosan backbone. Therefore,
%E increased with an increase in the concentration
of persulfate.

3.1.2. Effect of HCI concentration

The effect of acid was studied in the range
0.1-0.5 M at a fixed concentration of 12.5-102 M
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Figure 3. Effect of HCI concentration at fixed concentra-
tion of [(NH4)2S20sg] 12.5-10-2, [aniline]
1.5-10-2 and [Ch] 1 g/l at 25+0-2°C for 1 h

ammonium persulfate, 1.5-10-2 M aniline and 1 g/
chitosan at 25+0.2°C for 1 h (Figure 3). It was
observed that both %G and %E increases with an
increase in the acid concentration, which may be
due to a higher degree of protonation of the aniline
monomer and acceleration of the propagation of
aniline, which can generate more PANI ion radi-
cals.

3.1.3. Effect of aniline concentration

The increase in the concentration of monomer from
1-102-3-10-2 M, resulted in the increase of %G
and %E (up to 1.5-10-2 M), under the fixed concen-
tration of 12.5-10-2 M persulfate, 0.5 M HCI and
1 g/l chitosan at 25+0.2°C for 1 h (Figure 4). The
increase in %G and %E may be due to the forma-
tion of more PANI radical ions, while generating
more grafting sites and availability of extra aniline
monomer for grafting. With an increasing concen-
tration beyond 1.5-102M the %E decreases
slightly, which is probably due to formation of
PANI homopolymer.

3.1.4. Effect of chitosan concentration

The effect of chitosan concentration was studied in
the range of 1-5 g/l with the constant concentration
of [persulfate] 12.5-10-2, [HCI] 0.5, [aniline]
1.5-10-2 at 25+0.2°C for 1 h (Figure 5). It was
found that the %G and %E decreased with increas-
ing the concentration of chitosan, which may be
due to the increase in the viscosity of the reaction
medium causing hindrance in the normal reaction.

180
160
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S 1404
o
EO 4
s 1204
=
c 1
=
© 1004
[u]
Pl 4
80
604
L v T L] T . L]
1.0 1.5 2.0 25 3.0
Aniline-1072

Figure 4. Effect of aniline concentration under the fixed
concentration of [(NH4)2S,0)] 1.2-10-2,
[HCI] 0.5 and [Ch] 1 g/l at 25+0.2°C for 1 h
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Figure 5. Effect of chitosan concentration with the con-
stant concentration of [(NH4)2S,0s] 1.2-10-2,
[HCI] 0.5 and [aniline] 1.5-10-2 at 25+0-2°C
for 1 h

3.1.5. Effect of temperature

The grafting reaction was carried out at different
temperatures (10-30°C), while keeping other vari-
ables constant; [persulfate] 12.5-10-2, [HCI] 0.5,
[aniline] 1.5-10-2 and [Ch] 1.0 g/l for 2 h (Fig-
ure 6). Maximum %G was obtained at 25°C. The
observed increase in %G may be attributed to the
increase in the number of collisions between the
monomer and the chitosan molecules that results in
a decrease of the viscosity of the medium at higher
temperature. Beyond 25°C, %G, the slight decrease
may be due to an increase in ionic mobility of the
PANI ion radical and formation of more homopoly-
mer.
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Figure 6. Effect of temperature keeping other variables
constant; [(NH4)2S)O)] 1.2 -10-2, [HCI] 0.5,
[aniline] 1.5-10-2 and [Ch] 1 g/l for 1 h
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Figure 7. Effect of grafting time keeping other variables
constant; [(NH4)2S20s] 1.2:10-2, [HCI] 0.5,
[aniline] 1.5-10-2 and [Ch] 1 g/l at 25+0.2°C

3.1.6. Effect of grafting time

The grafting reaction was carried out at different
times (20-100 min) keeping other variables con-
stant; [persulfate] 12.5-10-2, [HCI] 0.5, [aniline]
1.5-102 and [Ch] 1.0 g/1 at 25+0.2°C (Figure 7).
Maximum %G was obtained at 100 min. The %G
increased rapidly with increase in time up to
100 min, after which it levels off. Finding could be
attributed to a decrease in concentration for both
initiator and monomer, thereby a reduction in the
number of sites on the backbone accessible for
grafting as the reaction procedure.

3.2. Mechanism for graft copolymerization

Other researchers [19-21] have exploited free radi-
cal copolymerization of vinyl monomers on to chi-
tosan using persulfate. A chain mechanism [22] is
involved due to formation of sulphate ion radicals
(SO47"), which are well-known ion chain carriers
for graft copolymerization. At the same time per-
sulfate stimulates the oxidative polymerization
reaction of aniline [23] via a medium of cationic
radicals and form PANI and PANI radicals. Finally
chitosan macro radicals and PANI cation radicals
are combined to form Ch-g-PANI graft copolymer.
Mechanism may be written as shown by Figure 8.

SO4™ is the primary radicals, generated from the
ammonium persulfate (APS) by the reduction of
one electron, expressed as R° in the Figure 8.
Simultaneously, APS generates SO4~ ions by the
reduction of two electrons and act as oxidant. They
initiate the oxidative polymerization of aniline, as
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— —| (Where ChOH/ChNH,
i > ) Initiation represents chitosan, R
ChOH +R ChO" + RH is primery radicals generated from
initiator (APS) and PANI
ChNH, + R’ ——————p» ChNH +RH represents polyaniline cation radicals)
ChOH + PANI ib ChO" + PANI
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Figure 8. Graft copolymerization of polyaniline on to chitosan

the polymerization of monomer is reported to be
faster than the H abstraction from the biopolymer -5
backbone [24]. The macro radicals ChO" and Ch- - 2
HN" may be generated by the abstraction of H by ; 1.0
the growing polyaniline ion radical (PANI') in the g -
medium of acid, which may add onto the ChO" and g -
Ch-HN' macro radicals generating new radical 2
ChO-PANI" and Ch-NH-PANI" and these chains ] ™
will grow and combined with other ChO-PANI" or o9 S
Ch-NH-PANTI' chains to give a graft copolymer.
05

3.3. Characterization of the grafted chitosan

A representative Ch-g-PANI sample (173 %G) was
characterized by UV-vis, FTIR, XRD, TGA and
SEM analysis.

3.3.1. UV-vis spectra

The UV-vis spectra of Ch-g-PANI at pH 1
(Figure 9a) showed a broad absorption band at
300-350 nm due to overlapping of glucopyranose
components of chitosan and ©-t* transition of ben-
zenoid rings of grafted PANI with bands at 430 nm
(due to polaronic peak of grafted PANI) and at
800 nm (assigned bipolaronic transitions of grafted

L T T ¥ T v T ¥ T
500 600 700 800 900
Wavelength [nm]

T T
300 400

Figure 9. UV-vis spectra of (a) Ch-g-PANI at pH 1,
(b) Ch-g-PANI at pH 10, (c) chitosan at pH 3

PANI), while Ch-g-PANI at pH 10 (Figure 9b)
clearly showed the dedoping effect (emeraldine
base form of grafted PANI) and peak suppressed at
430 nm but appeared a new peak at 620 nm (due to
the m-1* transition of quinoid rings on the grafted
PANI). These curves (Figure 9a and 9b) indicating
that the grafted PANI showed transition ‘emeral-
dine salt-emeraldine base’ (protonation-deprotona-
tion or doping-dedoping) and bears emeraldine
oxidation state in the media of different pH, which
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affects its electronic absorption spectra [23]. Chi-
tosan showed (Figure 9c) a broad absorption band
at 300 nm (due to glucopyranose components).
Furthermore, the characteristric peaks of glucopy-
ranose and PANI was significantly observed and it
supports the grafting of PANI on to chitosan.
Therefore, UV-vis spectra confirmed the chemical
structure, conjugation, electronic transition and
doping-dedoping behavior of Ch-g-PANI.

3.3.2. FTIR spectra

FTIR spectra of Ch-g-PANI (Figure 10) showed
characteristic peaks of PANI as well as chitosan.
The infrared band at 3040-3266 cm~! corresponds
to N-H stretching with hydrogen bonded 20 amino
groups and free O-H stretching vibration,
3024 cm! corresponds to aromatic C—H stretching,
2930 and 2864 cm-! (due to aliphatic C—H stretch-
ing), 1632 cm! (due to C=0 stretching of carbonyl
group, typical saccharide absorption), 1526 cm™!
(due to C=C stretching of quinoid rings),
1462 cm~! (due to C=C stretching vibration of ben-
zenoid rings), at 1284 cm=! (due to C-N stretch-
ing). The absorption band at 1110 cm~! was
assigned to N=Q=N bending vibration shift
towards the lower wave number correspond to the
PANI. The shift of 1130 cm~! band to lower wave
number could be attributed to the hydrogen bond-
ing between chitosan and imine group of the
grafted chain of PANI. The absorption band at
1030 cm~! (due to O-H bending), at 1076 cm-!
(characteristic peaks of a saccharide structure; C—O

Ch-g-PANI

Transmittance [%]

Ch

T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber [cm™]

Figure 10. FTIR spectra of Ch-g-PANI and Ch
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stretching) and at 830 cm~! was assigned to aro-
matic C—H bending vibration band due to the 1, 4-
disubstituted benzene ring, chitosan showed
characteristic peaks of mucopolysaccharide [15].
Hence, FTIR studies clearly suggested the graft
copolymerization of polyaniline on to chitosan.

3.3.3. TGA

The thermal resistance of Ch-g-PANI was deter-
mined by thermogravimetric analysis (TGA) taking
chitosan as reference. TGA indicates that the
decomposition of the graft copolymer onsets at
176°C and 52% weight loss up to 700°C and the
graft copolymer slowly degrades, while decompo-
sition onsets of the chitosan was 145°C and showed
weight loss of 61% up to 700°C. It indicates that
Ch-g-PANI is more thermally stable than the chi-
tosan (Figure 11).

3.3.4. XRD spectra

XRD of the Ch-g-PANI further supported the graft-
ing (Figure 12). XRD spectra of the grafted chi-
tosan showed a crystallinity area in the region of
20 18-24° due to the grafting of PANI onto the chi-
tosan backbone, while XRD of the chitosan showed
amorphous patterns.

3.3.5. SEM

The surface topography of the Ch-g-PANI was
studied by scanning electron microscopy (SEM)
taking chitosan as reference. The exterior surface of
the Ch-g-PANI seems like globules that were accu-
mulated in contrast to the interior structures and
showed a porous surface. This fact can be attributed
to the porosity of the globular surface in the grafted
chitosan, while chitosan showed cotton like accu-
mulation and bears an irregular shape with porous
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50 100 150 200 250 300 350 400 450 500 550 600650~
700

40
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Figure 11. TGA analysis of Ch-g-PANI and Ch
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Figure 12. XRD spectra of Ch-g-PANI and Ch
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Figure 13. SEM pictures of Ch-g-PANI and Ch

surface. Hence, the surface evidence supports the
homogeneity of the uniform grafting of PANI on to
the chitosan (Figure 13).

3.4. Electrical conductivity measurement

The DC electrical conductivity of grafted (sample
of optimum condition; 173 %G) was measured at
laboratory condition with reference to PANI and
chitosan. The results are summarized in the Table 1.
The value of DC electrical conductivity was found
almost 5000 times higher than that of the chitosan
and is attributed to grafting of PANI on to chitosan
backbone. The electrical conductivity was influ-
enced with extent of grafting. The results are sum-
marized in the Table 2. It has been clearly observed
that increasing % grafting, electrical conductivity
simultaneously increased. The finding was attrib-
uted to the electrical conduction in Ch-g-PANI
material, which is purely electronic and occurred
due to the grafting of PANI onto chitosan. The
electrical conductivity pH switching behavior of
the Ch-g-PANI was measured after doping and
dedoping with different concentrations of HCI and
NH3 respectively at a fixed time. The conductivity
of the grafted chitosan was increased with increas-
ing dopant concentration (higher at pH 0 and very
low at pH 10), indicating the formation of emeral-
dine salt to emeraldine base of the grafted PANI

300~
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S 200-
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G 150-
g
=

o M“Ww

10 20 3 40 50 60 70
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Table 1. Conductivity measurement of polyaniline, chi-
tosan and chitosan-graft-polyaniline

SI. No. | Polymer % G pH | Conductivity [S cm-1]
1. |PANI - 1 0.742
. |Chitosan - 7 9.84-10-6
3. |Ch-g-PANI 173 4.03-102

Table 2. Effect of %Grafting on electrical conductivity of
chitosan-graft-polyaniline

SI. No. | Polymer %G pH | Conductivity [S cm-!]
1. |Ch-g-PANI 52.5 1 6.74-104
2. |Ch-g-PANI 91 1 5.19-10-3
3. |Ch-g-PANI 146.5 1 0.96-10-2
4. |Ch-g-PANI 173 1 4.03-102

Table 3. Effect of pH on electrical conductivity of chi-
tosan-graft-polyaniline

SI. No. | Polymer %G pH | Conductivity [S cm-1]
1. |Ch-g-PANI 173 0 9.63-102
2. |Ch-g-PANI 173 1 4.03-102
3. |Ch-g-PANI 173 3 491-103
4.  |Ch-g-PANI 173 8.21-10+4
5. |Ch-g-PANI 173 10 0.53-10-¢

chain in the material [25, 26]. All the results are
summarized in the Table 3. Therefore, grafted chi-
tosan showed inter-conversion of emeraldine salt to
emeraldine base like PANI and hence it could hold
promise for sensor applications.

4. Conclusions

An inherently anisotropic graft copolymer was syn-
thesized by grafting of polyaniline on to chitosan
using persulfate as an initiator in acidic condition.
The optimum grafting efficiency was find at
[(NH4)2S208] 12.5-10-2, [aniline] 1.5-10-2, [hydro-
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chloric acid] 0.5, [chitosan] 1.0 g/I, temperature
25+0.2°C and reaction time 100 min. The grafted
biomaterial exhibited electrical conductivity with
pH switching behavior like PANI. The electrical
conductivity depended on the extent of grafting and
pH of the material. In conclusion, PANI grafted
biopolymer will provide good processability with
improved solubility, mechanical strength and con-
trolled electrical properties. Therefore, Ch-g-PANI
could be exploited for chemical and biosensor
applications.
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Abstract. Pitch-based short-cut carbon fibers were treated by HNOj3 oxidation, thereafter the treated (CFN) and untreated
carbon fibers (CF) were incorporated into polyimide (PI) matrix to form composites. The carbon fibers before and after
treatment were examined by Fourier Transform Infrared Spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS)
and scanning electron microscope (SEM). The friction and wear behaviors of PI composites sliding against GCr15 steel
rings were evaluated on an M-2000 model ring-on-block test rig, which revealed that small incorporation of carbon fibers
can decrease the friction coefficient and improve the wear resistance of PI composites, and that the reinforcement effect of
treated carbon fibers was better than that of the untreated ones. It was found that the optimum content of carbon fibers is
15 wt% when a thin and continuous transfer film was formed on the counterpart surface during the friction process. With
further increasing content of carbon fibers, the friction coefficient increased and the wear resistance reduced owing to the
drop out of carbon fibers from PI matrix. Besides, the friction coefficient of the PI composites decreased and the wear
resistance improved with increasing load, while for the pure PI, its wear resistance decreased drastically owing to the
micro-melting and mechanical deterioration caused by friction heat under a higher load.

Keywords: polymer composites, reinforcement, carbon fiber, surface treatment, friction and wear

1. Introduction tem. Numerous methods concerning surface treat-
ment, such as chemical method [2-4], electrochem-
ical method [5-7], plasma treatment [8, 9], etc.,
have been developed to increase the quantity of sur-
face functional groups and thus enhance the ability
to establish strong interactions between fibers and
matrix.

Polyimide (PI) possesses some extraordinary char-
acteristics, such as excellent mechanical and elec-
trical (insulating) properties, good thermal stability
and chemical inertness, high wear resistance, and
resistance against high energy radiation [10, 11].
The fiber-reinforced polyimide composites with
high performance have especial applications in
aerospace, robots, sports goods, etc. By reinforcing

Carbon fiber reinforced polymer composites have
been widely used in the fields of aerospace and
high technical product. Carbon fibers present
extremely high strength and modulus, good stiff-
ness, and creep resistance etc., and have been
widely employed as the reinforcing materials in the
high performance polymer composites which have
been extensively used in many industrial fields [1].
However, when applied without previous surface
modification, the physical-chemical interaction
between carbon fibers and its reinforced matrix is
not tough enough due to the inert surface property
of carbon fibers, which will directly affect the
degree of interfacial adhesion in the composite sys-

*Corresponding author, e-mail: wanggh@lzb.ac.cn
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PI with carbon fibers of high strength and modulus,
excellent heat stability, and chemical inertness
[12], it might be feasible to develop high perform-
ance Pl-based composites. In the past years, many
researchers have focused on the tribological behav-
iors of carbon fibers filled composites in various
directions. Lu and Friedrich [13, 14] studied sys-
tematically the influence of carbon fibers volume
content on the friction and wear behaviors of their
composites, and declared that an optimum range for
short carbon fibers in PEEK matrix is 15-25%
(volume) according to the improved specific wear
rate.

The objective of this work is to study the friction
and wear behaviors of the modified short-cut car-
bon fibers reinforced polyimide composites. The
surface properties of the carbon fibers before and
after treatment were compared by FTIR, SEM,
XPS. This work is believed to be helpful for the
understanding of the effect of HNOj3 oxidation.

2. Experimental

2.1. Materials

PI(YS-20) powders (<38 wm) were commercially
obtained from Shanghai Synthetic Resin Institute
(Shanghai, China). The short-cut carbon fiber was
about 100 um in length and 7.8 um in diameter,
and the density was about 1.8 g/cm3. HNO3 solu-
tion (AR, with the weight concentration of 65—
68%).

2.2. Preparation of PI composites

The commercial short-cut carbon fibers were
dipped in acetone for 24 h, then cleaned ultrasoni-
cally with acetone for 0.5 h. Finally, they were
dried at 100°C for 5 h before used. The oxidation of
carbon fibers was achieved by heating carbon
fibers in nitric acid (with the weight concentration
of 65-68%) at 90°C for 1.5 h. After the surface oxi-
dation, the modified fibers were thoroughly washed
with distilled water, and dried before used. Such
modified fibers were named as CFN.

In order to investigate the possible change of chem-
ical composition of the carbon fibers treated by
HNOj3 oxidation, Fourier Transform Infrared Spec-
troscopy (FTIR) measurements in the mid infrared
(4000-400 cm-1) were performed, which were
recorded on a Bruker IFS/66v spectrometer. The

specimens for FTIR measurements were prepared
by KBr tabletting method. X-ray photoelectron
spectroscopy (XPS) was used to detect functionali-
ties on activated carbon fibers surfaces. The XPS
measurement was performed using VG Scientific
ESCA LAB 210 spectrometer, the base pressure in
the sample chamber was about 10-7 Pa. The mor-
phologies of the untreated carbon fibers (CF) and
HNO:s treated carbon fibers (CFN) were compared
by SEM observation, before which the tested car-
bon fibers specimens were plated with gold coating
to render them electrically conductive.

The CF and CFN were mixed with Pl powders at
selected mass fractions to prepare mixtures for the
preparation of PI composites. To prepare the PI
composites blocks, the mixtures were compressed
and heated to 380°C in a mould. The pressure was
held at 40 MPa for 75 min to allow full compres-
sion sintering. At the end of each run of compres-
sion sintering, the resulting specimens were cooled
with the stove in air, cut into pre-set sizes for fric-
tion and wear tests.

2.3. Friction and wear test

The friction and wear behaviors of PI composites
sliding against stainless steel were evaluated on an
M-2000 model ring-on-block test rig (made by
Jinan Testing Machine Factory, China).The contact
schematic diagram is shown in Figure 1, the blocks
in a size of 30 mmx7 mmx6 mm were made of the
PI composites, the rings of 40 mmx16 mm were
made of GCrl5 stainless steel, the chemical com-
position of the GCrl15 bearing steel (mass fraction,
%) is shown in Table 1. The tests were carried out

lead

@40 mm

roating rin
@16 mm 9ring

Figurel. The contact schematic diagram for the friction
couple

Table 1. Chemical composition of the GCr15 steel ring

Chemical composition (mass fraction, %)

C Mn Si P S Cr

0.95-1.05/0.25-0.45/0.15-0.35| <0.025 | <0.025 |1.40-1.65
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at a linear velocity of 0.431 m/s in a period of
120 min with the loads ranging from 200 N to
500 N. Before each test, the stainless steel ring and
the PI composite block were polished to a rough-
ness (R,) of about 0.2-0.3um. The block specimen
was static and the GCrl5 bearing was sliding
against the block unidirectionally. The friction
force was measured using a torque shaft equipped
with strain gauges mounted on a vertical arm that
carried the block, which was used to calculate the
friction coefficient by taking into account the nor-
mal load applied. The width of the wear tracks was
measured with a reading microscope to an accuracy
of 0.01 mm. Then the specific wear rate (®) of the
specimen was calculated from Equation (1).

B | wr? (D b |, b* mm?
®=——| ——arcsin| — ——w/r -——
L-P| 180 2r | 2r 2 N-m

(1)

where B is the width of the specimen [mm)], 7 is the
semi diameter of the stainless steel ring [mm], and
b is the width of the wear trace [mm], L is the slid-
ing distance in meter, P is the load in Newton. The
tests were repeated three times, the wear tracks of
the composite and stainless steel specimens were
examined on a JSM-5600LV scanning electron
microscope (SEM). In order to increase the resolu-
tion for the SEM observation, the tested composite
specimens were plated with gold coating to render
them electrically conductive.

3. Results and discussion

3.1. FTIR analysis of CF and CFN

It can be seen from Figure 2 that there were many
active groups on the surface of CFN. The peak in
the 1100-1220 cm-! region is associated with ether
type structures (C—O-C). The peak in the 1350-
1390 cm~! region reveals the existence of C-N
bands. The peak in the 1500-1680 cm~! region is
assigned to aromatic C=C bands and various substi-
tution modes of the aromatic ring. The peak in the
1710 cm~! region reveals evidence of carbonyl
groups on the CFN surface. So it can be concluded
that the structure of carbon fiber had changed and
more polar components were formed.

0.37

0.36 CF

0.35+ /
0.34

CFN
0.33 4

Transmittance

0.32+
0.314
0.304
0.29-

2500 2000 1500 1000 500

Wavenumber [cm™']

Figure 2. FTIR spectra of CF and CFN

4000 3500 3000

3.2. XPS analysis of CF and CFN

The C1s XPS spectra of CF and CFN are shown in
Figure 3. The dominant peak at 284.8 eV was
assigned to graphitic carbon in the fiber [15]. The
peak at 286.2 eV was assigned to the carbon in
—C-O- structures. The binding energy of carbon in
carbonyl groups is 287.5-288.1 eV.

It can be found from Table 2 that the surface C ele-
ment concentration of the untreated, nitric acid
treated carbon fiber samples were 80.2%, 67.4%
respectively. A lower C concentration was found
on the surfaces of the treated carbon fiber samples
compared with that of the untreated ones. The sur-
face O concentration of the untreated, nitric acid
treated carbon fiber samples were 17.7%, 28.3 %,
respectively. The O/C ratio on the surfaces of the
treated carbon fiber samples increased compared
with the untreated ones.

After HNO3 oxidation, there were more active
groups (-O-C- —-C=0 -0O-C=0) on the surfaces
of the carbon fibers, which increased total surface
energy and their polarity and thus enhanced the

4 CF
3000‘ ~
2500
] CFN
200+
g ]
g
£ 1500+
1000
500
04

292 290 288 286 284 282 280
Binding energy [eV]

Figure 3. XPS spectra for Cls states on the CF and CFN
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Table 2. XPS surface element analysis data of CF and CFN

Carbon fibers Cl%] N[%] 0O [%] o/C
Untreated 80.2 2.1 17.7 0.22
Nitric acid treated 67.4 4.3 28.3 0.42

wettability of the carbon fibers with the PI matrix.
Better wetting can improve the adhesive bond
strength by increasing the thermodynamic work of
adhesion or by reducing the number of interfacial
defects [16]. Adhesion between the carbon fibers
and PI matrix improved, which played an important
role on the tribological properties of carbon fibers
reinforced polymer composites.

3.3. Morphology analysis of CF and CFN

The morphologies of CF and CFN are shown in
Figure 4. It can be seen that the surface of the car-
bon fiber after HNO3 oxidation treatment (Fig-
ure 4b) was rougher than that of the untreated one
(Figure 4a). There appeared more defects, closely
spaced grooves, protuberances and dongas on the
surfaces of CFN, which can increase surface rough-
ness of carbon fibers. This would provide more
contacts between the carbon fibers and PI matrix to
ensure a significant level of van der Waals force,
which enhanced the degree of mechanical inter-
locking between the fibers and the PI matrix [17].

Figure 4. SEM morphologies of the CF (a) and CFN (b)

3.4. The friction and wear properties

3.4.1. The influence of content of carbon fibers
on the friction and wear properties of the
PI composites

Figure 5 shows the friction coefficient and specific
wear rate of four PI composites at a sliding speed of
0.431 m/s under 200 N. It was found that the small
incorporation of carbon fibers can decrease the fric-
tion coefficient and improve the wear resistance of
PI composites. Meanwhile, the results revealed that
the reinforcement effect of the treated carbon fibers
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Figure 5. Variation of the friction coefficient and wear

rate of the PI composites. a) friction coefficient
vs. mass content of carbon fiber, b) wear rate vs.
mass content of carbon fiber

was better than that of the untreated ones. The opti-
mum content of carbon fibers is 15 wt% when a
thin and continuous transfer film was formed on the
counterpart surface during the friction process. It
was also found that the friction coefficient of the
CFN-PI composites decreased slightly than that of
the CF-PI composites, though the wear resistance
improved drastically.

With increase in content, it also can be found that
the friction coefficient increased slightly and the
wear resistance reduced. With a high content of
carbon fibers, there appeared more PI debris and
broken carbon fibers fragments on the worn surface
(this was supported by SEM as discussed in the
subsequent section) owing to the drop out of carbon
fibers from PI matrix during the friction process,
which revealed that the adhesion between the car-
bon fibers and PI matrix decreased and there
appeared more defects. This shifted the wear mech-
anisms from adhesive wear to abrasive wear, which
reduced the wear resistance drastically and made
the friction coefficient to have an increasing trend.
However, the high fraction of carbon fibers made
the composites stiffer, the ability of resistance
against cracking improved, which made the friction
coefficient decrease. So the friction coefficient of
the composites increased slightly.
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3.4.2. The influence of load on the friction and
wear properties of the CFN-PI composites

Figure 6 shows the influence of load on the friction
coefficient and specific wear rate of the CFN-PI
composites. It can be seen that the friction coeffi-
cient of the pure PI decreased slightly with increas-
ing load when the load was below 300 N. At the
same time, the specific wear rates of the pure PI
increased slowly. When the load beyond this range,
the friction coefficient decreased drastically and the
specific wear rate increased greatly owing to the
micro-melting and mechanical deterioration caused
by friction heat under a higher load. High tempera-
ture during friction process can cause an increase in
the real contact areas and a decrease in mechanical
strength of the PI composites, now, the latter takes
a dominant place. As for the modified carbon fibers
reinforced PI composites, both the friction coeffi-
cient and the specific wear rates of the CFN-PI
composites decreased because the transfer film can
form easier owing to a gradual increase of the real
contact areas and the increase in adhesive force
between the film and counterpart.

035
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Figure 6. Variation of the friction coefficient and the wear
rate of the CFN-PI composites under different
load. a) Friction coefficient vs. load, b) wear rate
vs. load

3.4.3. The influence of sliding time on the
friction and wear properties of the
CFN-PI composites

It can be seen from Figure 7 that the frictional
process is composed of two distinct stages: the one
is the running-in period and the other is the steady-
state period. The friction coefficient of the running-
in period was obviously higher than that of the
steady-state period. It took less than 15 min to tran-
sit from the running-in period to the steady-state
period. Because of the ability of self-lubricating of
carbon fibers, the PI matrix transferred to the coun-
terpart surface easier and the transfer film can form
easier. After the formation and the peeling-off of
the transfer film came to a balance, the friction
coefficient became stable [10]. Moreover, it can be
found that the time of running-in period of pure PI
was obviously longer than that of the carbon fibers
reinforced PI composites and the friction curve was
more fluctuant, which corresponded to its poorer
wear resistance under a higher load.
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Figure 7. Typical friction coefficient variation of the
CFN-PI composites with the sliding time
(0.431 m/s and 400 N)

3.5. SEM analysis of the worn surfaces and
the transfer films on the surface of
GCr1S5 steel rings

Figure 8 shows the SEM morphologies of the worn
surfaces of the PI composites sliding against the
GCrl15 steel at a sliding speed of 0.431 m/s under
200 N. The worn surface of the pure PI was charac-
terized by severe plastic deformation and micro-
cracking (Figure 8a), while a large amount of
transferred PI debris were observed on the stainless
steel counterpart surface and the transfer film was
thick and discontinuous (Figure 9a), which corre-
spond to its high friction coefficient of the pure PI.
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Figure 8. SEM morphologies of the worn surface of PI
composites (600x); a) pure PI, b) 10% CF-PI,
¢) 15% CF-PI, d) 20% CF-PI, )10% CFN-PI,
f) 15% CFN-PI, g) 20% CFN-PI (L =200 N,
V =0.431 m/s) (arrow indicates the sliding
direction)

In contrast, the 10 wt% CF-PI composite was char-
acterized by slight scuffing and spalling and there
was no obvious plastic deformation (Figure 8b) and
the transfer film was thick and discontinuous (Fig-
ure 9b). The scuffing and spalling phenomena on
the worn surface was significantly abated when the
content of carbon fibers was 15 wt% (Figure 8c),
meanwhile, the transfer film became thinner and
uniform (Figure 9¢). However, the worn surface of
the PI composite with 20 wt% carbon fibers (Fig-
ure 8d) was characterized by many pulling-out and
exposures of the carbon fibers and there were more
wear debris and carbon fiber fragments, which indi-
cated the poor adhesion between the carbon fibers
and PI matrix. The drop out of the carbon fibers
from PI matrix shifted the wear mechanisms from
adhesive wear to abrasive wear. Meanwhile, the
transfer film (Figure 9d) appeared to be thick,
rough and discontinuous on the GCrl5 steel coun-
terpart surface.

Figure 9. SEM morphologies of the transfer films on the
surface of GCrl15 steel counterpart (600x).
a) pure PI, b) 10% CF-PI, ¢) 15% CF-PI, d) 20%
CF-PL e) 10% CFN-PL f) 15% CFN-PI, g) 20%
CFN-PI (arrow indicates the sliding direction)

It can be seen that the worn surface of thelO wt%
CFN-PI composites (Figure 8e) was characterized
by a few cracks and fibers fragments and the trans-
fer film (Figure 9e) was thick and continuous.
There was no PI debris and fibers fragments on the
worn surface of thel5 wt% CFN-PI composites
(Figure 8f) and the transfer film (Figure 9f) is
thinnest and continuous. It also can be seen that
there were many exposures and wear debris on the
worn surface of 20 wt% CFN-PI composites (Fig-
ure 8g) and the transfer film (Figure 9g) was
thicker and discontinuous on the GCr15 steel coun-
terpart surface. It can be concluded that the worn
surfaces of the CFN-PI composites and the counter-
parts surfaces were smoother than the CF-PI com-
posites with the same carbon fibers content and the
PI matrix combined the carbon fiber better, the
transfer film of 15 wt% CFN-PI composites (Fig-
ure 9f) appeared to be thinner, smoother and much
more continuous, which conformed to the smaller
friction coefficient and better wear resistance of the
CFN-PI composites than CF-PI composites.
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Figure 10. SEM morphologies of the worn surface of pure PI sliding under th

0.431 m/s; a) 300x%, b) 600x, c) 1500x

It can be seen from Figure 10 that the pure PI might
experience melting and many peeling-off on the
worn surface under a higher load. The friction may
produce a great deal of heat and cause the tempera-
ture between the worn surface and the counterpart
increased drastically under a higher load. At a
higher temperature, the pure PI molecular relax-
ation changed and more chains were mobile and
transited from the glassy state (with high strength,
high stiffness) into the rubbery state (with lower
strength and lower stiffness) and easier transferred
to the counterpart surface , thus a smoother worn
surface and high wear rate of pure PI were
observed.

4. Conclusions

(1) The incorporation of the treated and untreated
carbon fibers contributed to the different change
of tribological behaviors of PI composites. In
the tested system regarding the friction and
wear the optimum content of carbon fibers was
about 15 wt%.

(2) The reinforcement of HNOs treated carbon
fibers was better than that of the untreated ones.
After treated by HNOs3, active groups or active
sites for van der Waals and hydrogen bonding
on the surfaces of carbon fibers increased,
which can improve the interfacial adhesion
between the fibers and the surrounding PI
matrix and had a dominant effect on the friction
and wear behaviors of polyimide composites.

(3) With increasing load, both the friction coeffi-
cient and the specific wear rates of the CFN-PI
composites decreased. As for the pure PI, the
friction coefficient decreased greatly, while the
specific wear rate increased drastically owing to
the micro-melting and mechanical deterioration
caused by friction heat under a higher load.
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Abstract. A novel bisphenol 1, 4’-bis{4-[(4-hydroxy) phenyliminomethylidene] phenoxy} benzene (BHPB), which con-
tains azomethine moiety and flexible aromatic ether linkage, was synthesized and introduced into the curing system com-
posed of diglycidyl ether of bisphenol A (DGEBA) and diamine. The curing behavior of DGEBA/diamine changed
dramatically due to the introduction of BHPB. The resultant epoxy thermosets containing BHPB had high T,s
(127-160°C), high T45% (= 330°C) and high integral procedure decomposition temperature (IPDT) values (662—-1230°C)
and good flame retardancy because of their high Limiting Oxygen Index (LOI) values (above 29.5).

Keywords: thermosetting resins, thermal stability, flame retardancy, epoxy, bisphenol

1. Introduction liquid-crystalline epoxy themosets (LCTs) [5-7],

DlglyCIdyl ether of blphenyl A (DGEBA) is Wldely can Strengthen the thermal Stablhty and increase the
used for its versatile properties and low cost. How- char residue when the thermosets containing of

ever, it is thermally unstable and flammable when th?m decompose. However, the yield O.f azome-
used in insulation materials. Introducing phospho- thine-containing epoxy monomers from bisphenols

rus element [1, 2], which is more environmental is very low [7], which limited their applications.
friendly than halogens, into the main chain of Furthermore, rigid azomethine moiety may result in
DGEBA via chain extension reaction is a good way brittleness of the resultant thermosets if no flexible

to improve the flame retardancy of the resultant structures were introduced. Herein, we synthesized
thermoset. But the higher the phosphorus content, ¢ b1spher%ol, 1, 47-bis{4-[(4-hydroxy) phenyhrm—
the lower the thermal stability [2—4]. Nitrogen-con- nome.thyhdene] phenoxy} l.)enzenf? (BHPB), W}?wh
taining epoxy thermosets are gradually attracting contam's both th.e azometh1n§ moiety anFl fl.ex1ble
more attention because they exhibit good flame aromatic ether linkage, and introduced it directly

retardancy, thermal properties, as well as more into the backbone of epoxy-amine thermosets as a
environmental friendly ‘modifier’ to improve the thermal stability and

It is well known that bisphenols containing azome- flame retardancy.
thine group (Ar—~CH=N-Ar), which is a rigid struc-
ture, frequently used as the mesogenic unit for

“Corresponding author, e-mail: xhzhang @zju.edu.cn
© BME-PT and GTE
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2. Materials and methods

Hydroquinone, p-chloronitrobenzene, 4-hydroxy-
benzaldehyde, hydrazine hydrate (85 wt% water
solution), potassium carbonate and Iron (III) chlo-
ride (FeCl3-6H20) and ZnCl, were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China) and used without purification. Ethanol,
dimethylformamide (DMF) were purchased from
Hangzhou Shuanglin Chemical Reagent Co., Ltd.
(Hangzhou, China), ethanol was used as received,
and DMF was purified by distillation under
reduced pressure over calcium hydride before use.
Diglycidyl ether of biphenyl A (DGEBA, NPEL-
127E) was granted kindly from Nan Ya plastics of
China with an equivalent epoxy molecular weight
of 180 g/eq.

Infrared spectra were recorded by using a Vector 22
FTIR spectrophotometer (400-4000 cm~!, KBr pel-
let). 'H NMR and 3C NMR were obtained with an
Avance DMX500 NMR spectrometer (Bruker,
Darmstadt, Germany) at 35°C using de-DMSO as a
solvent. Elemental analysis was performed on a
Flash EA1112 CHN-O-Rapid elemental analyzer
using acetanilide as a standard. Curing behavior of
BAPB/BHPB/DGEBA system was carried out on a
Perkin-Elmer DSC 7 thermal analyzer at a heating
rate of 10°C/min at a flow rate of 40 ml/min under
N»>. The temperature calculation was regularly
made using In and Zn standards at each scanning
rate being used. T determination was carried out in
DSC at a heating rate of 20°C/min under N». Ther-
mogravimetric analyses (TGA) were carried out on
a Perkin-Elmer Pyris 1 at a heating rate of

HO-@—OH + 20|—©—

O @ p Ul

10°C/min from 50°C to 850°C under N> atmos-
phere. LOI values were measured on a HC-2 LOI
tester according to ASTM D-2863-77. The percent-
age in the O>—N, mixture deemed sufficient to sus-
tain the flame was taken as the LOL.

3. Experimental

3.1. Synthesis

The synthesis of 1, 4’-bis{4-[(4-hydroxy) phenylim-
inomethylidene] phenoxy} benzene (BHPB) is
shown in Figure 1.

1, 4’-bis(4-nitrophenoxy) benzene, [BNPB, Fig-
ure 1, (1)] was synthesized by the reaction of
hydroquinone (0.10 mol) and p-chloronitrobenzene
(0.22 mol) in DMF (150 ml) in the presence of
potassium carbonate (0.22 mol). The mixture was
heated to 145-150°C under N, atmosphere, and
then kept about 8—10 h. After cooled to the room
temperature, the mixture was poured into the mix-
ture of water/ethanol (1/1, v/v) and filtered to give
solid product and then recrystallized from ethanol.
Yield: 92%.

BNPB (0.10 mol), 1.50 g FeCl3-6H,0O, 1.50 g
active carbon and 300 ml ethanol were introduced
into a 1000 ml three-necked flask to which
hydrazine hydrate (85 wt%, 60 ml) was added
dropwise over a period of 1 h at reflux temperature,
after the addition was complete, the reaction con-
tinued for about 5 h. The mixture was then filtered
to remove the catalysts, after cooled to the room
temperature; the product [Figure 1, (2)] was precip-
itated from the filter to obtain 1, 4’-bis(4-amine-
phenoxy) benzene (BAPB). Yield: 95 %.

_KCO/OMF

140°C 8-10h

NH,~NH,/FeCl..-H,O/active-C
C,HsOH, reflux, 6 h
reduction

HO-@-CHO zncl,

cz <OH, reflux, 6 h

Figure 1. Synthesis routes of bisphenol BHPB. (1) 1, 4’-bis(4-nitrophenoxy)benzene (BNPB); (2) 1, 4’-bis(4-amine-
phenoxy)benzene (BAPB); (3) 1, 4’-bis{4-[(4-hydroxy)phenyliminomethylidene]phenoxy }benzene BHPB)
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BAPB  (0.10 mol), 4-hydroxybenzaldehyde
(0.20 mol) and a catalytic amount of ZnCl, were
dissolved in 300 ml of dry ethanol. The reaction
mixture was stirred at reflux temperature for 6 h,
and then was poured into water/ethanol (1/1, v/v).
The product [BHPP, Figure 1, (3)] was collected by
filtration and washed by deionized water and
ethanol thoroughly. Yield: 97%, m.p. 278-280°C.

BHPB: IR (KBr, cm™!): 3368 (Ar—OH), 1605
(HC=N), 1245 (Ar-O-Ar). 'H NMR (500 MHz,
ppm, DMSO-de): 10.10 (-OH), 8.47 (CH=N), 7.76,
7.78 (d, 4H), 7.26, 7.27 (d, 4H), 7.01, 7.08 (m 8H),
6.87-6.89 (d, 4H). 13C NMR (500 MHz, ppm,
DMSO-ds): 116.20, 119.38, 110.16, 122.96,
128.08, 130.97, 147.81, 152.92, 155.41, 159.82,
161.06 (C=N). Elemental Analysis: C32H24N204
(500.55): Cal: C, 76.79%; H, 4.86%, N, 5.60%;
Found: C, 76.64%; H, 4.98%, N, 5.63%. (The IR,
NMR and Elemental Analysis data of BNPA and
BAPB were omitted here for the sake of brevity.)

3.2. Preparation of epoxy thermosets

BAPB was mixed with DGEBA at an equivalent
molar ratio, as BHPB could not dissolve into
DGEBA very well. The hybrid curing agents
BHPB/BAPB were prepared in various molar ratios
(2, 1.5, 0.3 and 0.125, and denoted as B1, B2, B3
and B4, respectively), and then mixed with
DGEBA at an equivalent molar ratio in DMF
(weight ratio of sample/DMF is about 1:1) under
60°C, and then the mixture was vacuum dried at
ambient temperature to obtain ternary systems.
These samples were kept in the refrigerator
(-10°C) for DSC test.

For preparing epoxy thermosets containing BHPB
for LOI test, prepolymerization of samples is neces-
sary. The procedure is as following: the sample was
dissolved in a small quantity of DMF (weight ratio
of sample/DMF is about 1:1), heated to 120°C
under stirring. With the evaporation of DMF, the
transparent sample was obtained. The thermosets
for TGA measurement were prepared by curing the
samples at 160°C for 1 h and 180°C for 2 h. Speci-
mens for LOI test were obtained from the prepreg
which needs pre-curing process (160°C/10 min),
and then heat curing in a heat-press with the proce-
dure of 130-160°C/0.5 h and 180°C/2 h for com-
plete curing of the samples.

4. Results and Discussion

4.1. Synthesis

A novel bisphenol, 1, 4’-bis {4-[(4-hydroxy)
phenyliminomethylidene] phenoxy} benzene
(BHPB) containing rigid azomethine moiety
(Ar—-CH=N-Ar) and flexible aromatic ether linkage
(Ar—O-Ar), was synthesized by the nucleophilic
addition reaction of BAPB [Figure 1, (2)] with 4-
hydroxybenzaldehyde in the presence of ZnCl,
respectively. Figure 2 shows the 'H NMR and
I3C NMR spectra of BHPB respectively (The IR
and MS spectrum of BHPB is omitted for brevity).
The chemical shifts of all protons and carbons have
been labeled in Figure 2 clearly. The proton of
CH=N in 'H NMR is at 8.47 ppm, the chemical
shift of Ar—OH shifts to lower field and is at
10.10 ppm due to introduction of azomethine moi-
ety, and the carbon of CH=N in 13C NMR is in
161.06 ppm. In the next, BHPB was used as a mod-
ifier for the BAPB/DGEBA system for improve-
ment of the heat- and flame-resistance.

4.2. Curing behavior

The curing behavior of the ternary curing system
containing BAPB, BHPB and DGEBA was studied
by dynamic DSC method. As shown in Figure 3
curve a, the temperature at which the maximum
conversion rate occurs in the DSC curve (7)) of the
BHPB/DGEBA system is about 213°C and higher
than that of BAPB/DGEBA system (curve f,
184°C). This indicates that BHPB is difficult to
react with oxirane group compared with BAPB. A
small endothermic peak at about 275°C in curve a
is found which is close to the melting point of
BHPB. Moreover, curve b (the molar ratio of
BHPB/BAPB is 2) exhibits no significant change
compared with curve a. These indicate that more
BHPB in the curing system may be not favorable
for complete curing. When the molar ratios of
BHPB/BAPB are 1.5 and 0.33 (curve ¢ and d), two
obvious exothermal peaks are found in their curves
and the area of the first peak increases and their 7,s
shift to higher temperature with increasing molar
content of BAPB, while the endothermic peak
around 275°C becomes smaller gradually, and no
endothermic peak is found when the molar ratio of
BHPB/BAPB is 0.125 (curve e). Although curves d
and e are unsymmetrical, it can be seen that their
Tps are 154°C and 162°C for B3 and B4/DGEBA
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Figure 2. 'H NMR (a) and '3C NMR (b) spectra of BHPB

system respectively, which are obviously lower
than those of BHPB/DGEBA system (213°C) and
BAPB/DGEBA system (184°C). Thus, introduc-
tion of the suitable amounts of BHPB (BHPB/
BAPB is about less than 0.33) into the BAPB/
DGEBA system made the curing reaction of BAPB
and DGEBA easier to occur.

4.3. Thermal stability and flame retardancy

The glass transition temperatures (7%s) of all epoxy
thermosets were measured by a second heating
trace with DSC (Figure 4). These thermosets
exhibit high T,s in the range of 127°C to 160°C.
The difference on 7, of the BAPB/DGEBA ther-

Chemical shift [ppm]

moset (160°C) and the BHPB/DGEBA thermoset
(132°C) could be attributed to the reaction nature of
amino and phenolic hydroxyl group towards oxi-
rane group and molecular size of BHPB and BAPB
[8, 9]. On the other hand, the chain segment
between the crosslink points of the BHPB/DGEBA
thermoset is longer on the average than those of the
BAPB/DGEBA thermoset.

For the ternary thermosets (B1-B4/DGEBA), T,s
are in the range of 127-147°C and close to the T of
the BHPB/DGEBA thermoset (132°C). Moreover,
Tgs of these ternary thermosets are not all in the
range of T, of the BAPB/DGEBA thermoset and
the BHPB/DGEBA thermoset as our original
expectation. This reveals that BHPB with longer

329



Zhang et al. — eXPRESS Polymer Letters Vol.1, No.5 (2007) 326-332

molecules may have more impact on the chain
structure of the thermoset. Moreover, the non-sen-
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Figure 3. The DSC thermograms of DGEBA cured with a)
BHPB; b) Bl (BHPB/BAPB = 2); c) B2 (BHPB/
BAPB = 1.5), d) B3 (BHPB/BAPB = 0.33); ¢) B4
(BHPB/BAPB = (0.125) and f) BAPB under N; at a
heating rate of 10°C/min
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Figure 4. The T, of BHPB/BAPB/DGEBA thermosets
from a second DSC trace under N> at a heating
rate of 20°C/min. a) BHPB/DGEBA; b) B1/
DGEBA; ¢) B2/DGEBA; d) B3/DGEBA; e) B4/
DGEBA and f) BAPB/DGEBA

sitive relationship of Ty¢s towards the networking
structure of these thermosets might stem from the
imperfect curing technique because all samples
were cured under the same conditions, which may
not be the optimum condition for the realization of
their potential effect.

Although BAPB and BHPB contain flexible aro-
matic ether bond, they still exhibit relatively high
T,s. So these epoxy thermosets containing azome-
thine moiety were potentially useful as advanced
composite matrices because of high 7, as well as
excellent thermal stability, which will be discussed
in detail in the following.

Figure 5 shows the TGA thermograms of the
BHPB/BAPB/DGEBA thermosets. The thermal
parameters (74 5%, and IPDT) of these ternary ther-
mosets are listed in Table 1. It can be seen that the
Tasa% of these thermosets are all above 330°C and
higher than that of DGEBA/dicyandiamide ther-
moset (about 290°C from our experiment). This
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Figure 5. TGA thermograms of the ternary cured poly-

mers, in N2, 10°C/min. a) BHPB/DGEBA;

b) BI/DGEBA; ¢) B2/DGEBA; d) B3/DGEBA;
¢) B4/DGEBA and f) BAPB/DGEBA

Table 1. Thermal stability parameters and LOI values of the epoxy thermosets

The epoxy thermosets T [°C] Tas%! [°C] | Y% (850°C) A* K* IPDT [°C]? LOI3
BAPB/DGEBA 160 357 18.61 0.574 1.347 662 26.0
B4/DGEBA 146 331 22.94 0.595 1.466 743 29.5
B3/DGEBA 130 350 27.70 0.634 1.734 919 31.0
B2/DGEBA 131 347 29.82 0.638 1.759 948 32.9
B1/DGEBA 127 357 35.90 0.681 2.138 1202 -
BHPB/DGEBA 132 350 37.54 0.686 2.181 1230 -

15 wt% decomposition temperature (7,5%), indicates the apparent thermal stability of the epoxy thermosets;

2Integral procedure decomposition temperature (IPDT), proposed earlier by Doyle [13] can be discussed in a quantitative thermal analy-
sis containing the char residue of the resulting thermosets at high temperature. From the TGA results, the /PDT is calculated by the fol-
lowing equation: IPDT(°C) = A*K*(Ty— Ti) + T;, where A™ is the area ratio of total experimental curve divided by total TGA thermogram,
K" is the coefficient of A*, T; and T are the initial and final experimental temperature respectively;

3the BI/DGEBA and BHPB/DGEBA thermosets were not cured to that extent that the LOI measurement could be carried out.
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Figure 6. The relationship of char yield () and content of
azomethine in the BAPB/BHPB/DGEBA ther-
mosets. Diamine: bisphenol = (a, a') 0:1; (b, b")
2; (c, c") 1.5; (d, d") 0.33; (e) 0.125 and (f) 1:0

indicates that they all have excellent thermal stabil-
ity and can meet the requirement of ‘lead-free’ cop-
per clad laminate (7459 = 330°C). The char yields
(Ye, wt%) of these thermosets increase with
increasing molar content of BHPB for the introduc-
tion of azomethine moiety which had been proved
to facilitate formation of char residue during
decomposition [10, 11]. As shown in Figure 6, Y.
increases with increasing Wx (Wa, the weight per-
centage of azomethine in a sample) and exhibits
good linearity (R = 0.98). According to Van Kreve-
len’s theory [12], increase of the char formation
will depress the flammability of the materials.
Thus, it is rational to assess flame retardancy of
these thermosets via char residue. The integral pro-
cedure decomposition temperatures (/PDT) of
these thermosets increase dramatically with
increasing molar content of BHPB from Table 1.
This means that the inherent thermal stability of
these thermosets was improved due to the introduc-
tion of azomethine moiety, which may be useful for
improving the flame retardancy.

Limited oxygen index (LOI) measures the mini-
mum oxygen concentration (in a flowing mixture
of oxygen-nitrogen gas) required to support candle-
like downward flame combustion [2]. A material
with LOI of 26 or higher is rated as a flame-retar-
dant material. It is strongly dependent on the char
residue for halogen-free polymers [12] and is suit-
able as a semi-qualitative indicator of the effective-
ness of the flame retardants in the laboratory.
Herein, we found that LOI values (26.0-32.9) of
these thermosets are beyond 26 and higher than that
of the common epoxy thermoset (LOI of DGEBA/

dicyandiamide thermoset is about 19.8) and
increase linearly with increasing the content of
azomethine moiety (Figure 6, line 2). This shows
that the resultant thermosets were endowed with
flame retardancy due to the introduction of azome-
thine moiety.

5. Conclusions

In summary, a novel bisphenol BHPB, which con-
tains azomethine moiety and flexible aromatic
ether linkage, was synthesized and introduced into
the curing system composed of diglycidyl ether of
biphenyl A (DGEBA) and diamine. The resultant
epoxy thermosets containing BHPB had high ther-
mal stability and good flame retardancy, and can be
potentially applied in the electrical/electronic
industries, especially can be used as the environ-
ment friendly ‘green’ materials.
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