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In situ stabilized carbon nanofiber (CNF) reinforced epoxy nanocomposites
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Carbon nanofibers (CNFs) suspended epoxy resin nanocomposites and the corresponding polymer
nanocomposites are fabricated. The surface of CNFs is introduced a functional amine terminated
groups via silanization, which in situ react with epoxy monomers. This in situ reaction favors the
CNFs dispersion and improves the interfacial interaction between CNFs and monomers. Effects of
particle loading, surface treatment and operating temperatures of rheological tests on the complex
viscosity, storage modulus and loss modulus are systematically studied. Unique rheological
phenomena “a decreased viscosity with a better dispersion” are observed and explained in terms of the
improved filler dispersion quality. Meanwhile, significant increase in the tensile property and storage
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modulus is observed and related to the better dispersion and the introduced strong interfacial
interaction as revealed by SEM imaging. Finally, electrical conductivity is investigated and an
unusual deficiency of surface treatment to improve the electrical conductivity is explained by an

insulating coating layer.

1. Introduction

Incorporation of inorganic fillers, such as fibers, particles with
micrometric or nanometric dimensions, into polymeric materials
has been a common way to fabricate high-performance materials
in modern industries."” Polymer nanocomposites (PNCs)
concentrate on the fabrication of advanced materials, which
combine the advantages of both polymer and nanomaterials.
Such materials have attracted considerable attention in both
academic and industrial fields in recent years for their diverse
potential applications such as energy storage devices,®® elec-
tronics,'®*? sensors,"*'¢ and bio-applications.'”!®

Epoxy represents one of the most important engineering
polymers and has found wide applications such as adhesives'®
and electronics encapsulation materials.?® It has also replaced
steels as structural parts in airplanes and satellites owing to its
high mechanical strength.*® In most of the applications, for
example additives, carbon fibers, graphites, carbon blacks and
carbon nanotubes (CNTs) are often used to improve the
mechanical properties and electrical conductivity.?*?* Other
composites containing silicate*® or clays***’ have attracted
tremendous interest due to the improved thermal stability, which
is essential in fire retardant materials. However, the properties of
inorganic—-organic composites greatly depend on the interfacial
interaction between the reinforcing materials and the polymer
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matrices.?®3° In other words, all the high-quality PNCs will
definitely have to solve two common challenges: (1) uniform
dispersion of the nanomaterials in a polymer matrix, and (2)
interfacial compatibility of the nanofillers with the polymer
matrix. These challenges are much more obviously encountered
in carbon based nanomaterials, such as carbon nanofibers
(CNFs) and CNTs, which show inert characteristics because of
the graphite structure on the surface.®® As a result, various
methods have been conducted to tailor the surface properties of
CNFs and CNTs.*

Among the various methods which had been studied until
now, chemical approach is positioned in the most active area due
to its easy design of the surface properties and other physico-
chemical properties.?**® Wong et al. reported covalent chemical
strategies for the functionalization of CNTs from the structural
perspective, and proposed that the reaction on CNTSs can
proceed not only at the tube ends and defect sites but also along
the side walls. Ultimately, the electronic and mechanical prop-
erties can be tailored in a determinable manner.** Various other
methods of chemical modification on CNTs are summarized by
Tasis et al.*® Though CNTs have been widely studied, CNFs
possess lower manufacturing costs relative to CNTs while
maintaining large aspect ratio and high mechanical and electrical
properties, which make CNFs promising candidates for the
development of novel PNCs in large quantities.

The rheological property is essentially important for the pro-
cessing of PNCs. Meanwhile, it provides a convenient way to
evaluate the dispersion state of the nanofillers in the polymer
matrix.*** The shear response of the PNCs is one of the most
important characteristics of the rheological properties, which
provides essential parameters of the PNCs processability. The
dispersion of the nanofillers in the epoxy resin is hard to control
during the curing process because of the increased viscosity as the
polymerization proceeds between the monomers and the curing
agent. Therefore, researchers turn to study the dispersion of the
nanofillers in the precursor instead of the sample after curing for

This journal is © The Royal Society of Chemistry 2010

J. Mater. Chem., 2010, 20, 4937-4948 | 4937


http://dx.doi.org/10.1039/c0jm00063a
http://pubs.rsc.org/en/journals/journal/JM
http://pubs.rsc.org/en/journals/journal/JM?issueid=JM020023

Published on 10 May 2010. Downloaded by University of Tennessee at Knoxville on 10/06/2016 01:57:01.

View Article Online

such materials.***> However, relatively few works have been
reported until now.

In the previous studies, the dispersion and interfacial
compatibility of CNFs are either separately investigated or are
achieved by more complicated steps. However, the enhancements
of both dispersion and interfacial interaction through one step
are in great demand. To the best of our knowledge, there have
been few preceding reports on CNF dispersion in an epoxy
matrix via covalent bonding to enhance the dispersion and
interfacial interaction simultaneously through a one step facile in
situ reaction. In the present work, a bifunctional silane agent,
3-aminopropyltriethoxysilane (APTES), is used to engineering
the CNFs (s-CNFs), which are then processed into epoxy resin
nanocomposites. The PNCs filled with as-received CNFs
(u-CNFs) are also obtained for comparison. The rheological,
mechanical and thermal properties of the two types of PNCs are
comparatively investigated and detailed in the following.

2. Experimental
2.1 Materials

The epoxies used are Epon 862 (bisphenol F epoxy) and EpiCure
curing agent W, which are purchased from Miller-Stephenson
Chemical Company, Inc. 3-Aminopropyltriethoxysilane
(APTES) coupling agent with purity of 99% is purchased from
Aldrich. The molecular structures of these chemicals are shown
in Fig. 1. Vapor grown carbon nanofibers (CNFs, grade PR-24-
XT-LHT) with an average diameter of 150 nm and a length of
50-200 pm are obtained from Pyrograf Products, Inc. According
to the data from the manufacturer, the CNFs are produced by
a chemical vapor deposition (CVD) process and further heated to
1500 °C to convert deposited amorphous carbon present on the
surface of the fiber to a short range ordered structure. Concen-
trated nitric acid (HNOj3) and ethanol are provided by Fisher
Scientific.

2.2 Okxidation and silanization of carbon nanofibers

Oxidation. Carbon nanofibers are oxidized in a concentrated
nitric acid via mechanical stirring at room temperature for half
an hour. Deionized (DI) water is used to wash the filtrate until it
has a pH value of approximately 7. Then the CNFs obtained are
dried in a vacuum oven at 80 °C overnight.

Silanization. The oxidized CNFs are added to toluene and
ultrasonically stirred for one hour. APTES (1 wt% of CNFs) is
subsequently added into the mixture and then refluxed at 110 °C
for 8 h. The silanized CNFs are then filtered and washed several
times with DI water, ethanol and acetone in sequence. The final
product is dried in a vacuum oven at 80 °C overnight.

OEt

EtO*Sr\/\

NH
OEt 2

Epon 862 EpiCure W APTES

Fig. 1 Molecular structure of chemicals used in this work.

2.3 Preparation of CNF/epoxy nanocomposites

2.3.1 CNFlepoxy resin nanocomposite suspension. Epoxy
resin solutions suspended with 0.1, 0.3, 0.5, 1.0 and 2.0 wt% of
CNFs are prepared. Both the as-received and chemically treated
CNFs are dispersed into the epoxy resin monomers, which are
allowed to completely wet the CNFs overnight without any
disturbance. Then the wet solution is mechanically stirred for one
hour (600 rpm, Heidolph, RZR 2041) followed by sonication for
one additional hour. All operations are carried out at room
temperature.

2.3.2 Cured CNF/epoxy nanocomposites. The curing agent W
is added to pure epoxy monomers or the above prepared CNF
suspended resin solutions with a monomer/curing agent weight
ratio of 100/26.5, as recommended by the Miller-Stephenson
Chemical Company. High-speed (600 rpm) mechanical stirring is
conducted for one hour at room temperature followed by soni-
cation at 60 °C for one additional hour to disperse the CNFs.
Then, low-speed (200 rpm) mechanical stirring is performed at 70
°C for 3-4 h in a water bath, which is essential to remove the
bubbles in the solution and also to prevent the settlement of
CNFs during the curing process. Finally, the solutions are
poured into silicon molds and cured at 120 °C for 5 h and then
cooled to room temperature naturally. Chart 1 shows the scheme
of formation of s-CNF/epoxy nanocomposites.

2.4 Characterization

Rheological characterization of liquid epoxy suspensions.
Dynamic rheological measurements are performed in an AR
2000ex Rheometer from TA Instrumental Company (ETC
system). A series of measurements are performed in a cone-plate
geometry with a diameter of 40 mm and a truncation of 64 um.
The measurements are done at 25, 50C, 75 and 120 °C, respec-
tively. Frequency sweeping between 0.1 and 1000 1/s is carried
out at a low strain (1%), which is justified to be within the linear
viscoelastic (LVE) range for these materials. The LVE range is
determined by the strain-storage modulus (G’) curve within the
strain range from 0.01% to 100% at a frequency of 1 rad/s.
Specimens placed between the cone and plate are allowed to
equilibrate for approximately two minutes prior to each
frequency sweeping.

Mechanical characterization of cured epoxy nanocomposites.
Dynamic mechanical analyses are carried out in the torsion
rectangular mode using an AR 2000ex (TA Instrumental
Company) with a strain of 0.05%, a frequency of 1 Hz and
a heating rate of 2 °C/min in the range of 30-200 °C. The sample
dimensions are 12 x 3 x 40 mm?®. Tensile tests are carried out
following the American Society for Testing and Materials
(ASTM, 2002, standard D 412-98a) standard in a unidirectional
tensile testing machine (COMTEN Industries, Model No.
945KRC0300; Loading unit, PSB5000). The parameters
(displacement and force) are controlled by a digital controller
(COMTEM, DMC 026S) with C-TAP 3.0 software from
National Instruments with the Lab Windows working station.
The samples are prepared as described for PNC fabrication in
molds, which are designed according to the standard ASTM
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Chart 1 Schematic illustration of the in situ reinforcement of functionalized CNFs in an epoxy matrix, the bottom symbols represent the chemical

structures.

requirement. A crosshead speed of 1.52 mm/min is used and the
strain (mm/mm) is calculated by dividing the crosshead
displacement by the original gage length.

Morphological characterization of cured epoxy nanocomposites.
The dispersion quality of the CNFs with and without surface
treatment in epoxy resin is monitored by microscopes Olympus
SZX 7 and Leitz wetzlar for higher magnification. The
morphology of the fracture surface is characterized with a scan-
ning electron microscope (SEM, JEOL field emission scanning
electron microscope, JSM-6700F). The SEM specimens are
prepared by sputter coating a thin gold layer approximately 3 nm
thick.

Curing extent of epoxy nanocomposites. The particle loading
and functionalization effect on the curing is investigated by
differential scanning calorimetry (DSC, Perkin Elmer Instru-
ments) under 10 cm*min nitrogen flow conditions. The testing
temperature is from 25 to 300 °C with a heating rate of 20 °C/min.
The reaction enthalpy (J/g) and residual heat of the reaction are
measured from the area under the DSC peaks.

Thermal characterization of cured epoxy nanocomposites. The
thermal stability of the cured epoxy nanocomposites with
different CNFs loadings is studied with thermogravimetric
analysis (TGA, TA instruments TGA Q-500). TGA is conducted
on the cured pure epoxy and u-CNF/epoxy and s-CNF/epoxy
nanocomposites from 25 °C to 800 °C with a nitrogen flow rate of
60 ml/min and a heating rate of 10 °C/min.

Electrical conductivity measurement. The volume resistivity is
determined by measuring the DC resistance along the length
direction of rectangular bars (approximately 40 mm). An Agilent
4339B high resistance meter is used to measure the samples. This
equipment allows resistivity measurement up to 10'® Q. The
source voltage is adjusted according to the resistivity and it is
100 V for pristine epoxy and nanocomposites with s-CNFs.
However, it is set to 10 V for nanocomposites with loadings up to
0.3 wt% u-CNFs and 0.1 V for nanocomposites with loadings of
0.5 wt% and even higher CNFs. The resistivity is then converted
to volume resistivity, py, using the following equation

py = WDR,/L (1)

where W is the width, D is the thickness, L is the length of the
sample, and R, is the measured resistance. The reported values

represent the mean value of eight measurements with a deviation
less than 10%.

3. Results and discussion
3.1 Surface treatment of CNFs and the curing process

To improve the interfacial interaction between CNFs and epoxy
matrix, CNFs are firstly oxidized with nitric acid and then
functionalized with APTES to introduce active amine groups on
the CNF surface. The microstructure of the as-received and
surface treated CNFs are shown in Fig. 2. Fig. 2(a) shows the
smooth surface of the as-received CNFs. After oxidation with
nitric acid, the surface becomes relatively rough, which is
attributed to the etching of CNFs by strong acid, Fig. 2(b). After
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Fig.2 SEM microstructures of (a) as-received, (b) oxidized, (c) silanized
CNFs, (d) FT-IR spectra of the corresponding CNFs, and high resolu-
tion Si2p XPS spectra of (e) silanized and (f) as-received CNFs.
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silanization, CNFs seem to be wrapped with a thin layer and
some small pallet-like particles are observed, which are formed
from the hydrolyzed APTES, Fig. 2(c). Surface modification
successfully changes the surface properties of CNFs while the
fiber dimensions remain unchanged.

The surface functional groups are verified by FTIR-ATR
analysis. All three spectra exhibit the C—H stretching bands in the
region of 3000-2800 cm™' and the double CO, bands around
2350 cm™!, Fig. 2(d). Due to the hydrogen bonding, carboxylic
acid groups (-COOH) in the solid phase exhibit a broad band at
~3300 cm™! corresponding to O-H stretching. This obvious
characteristic band in the oxidized CNFs confirms the successful
oxidation of the CNFs. The carboxylic acid C=O stretching
band at 1678 cm~' and the broad carboxylic acid OH deforma-
tion band at around 890 cm™' further verify the successful
carboxylation process. In the silanized CNFs, the band at 1585
cm™! arises from the primary amine of APTES introduced during
silanization.** An additional CH band at around 2987 cm~' and
weak N-H bending bonds** at 671 cm™!, observed in the silanized
rather than in the as-received and oxidized fibers, indicate that
APTES has been successfully covalently linked to fibers.

APTES with bi-functional groups of hydrolysable groups
(-Si(OCH3;)3) and amine groups has been used as a coupling
agent for the functionalization of different nanomaterials such as
Ti0,,%4 Fe;0,4,% and CNTs*® to introduce amine functional
groups. The first functional group can be hydrolyzed and
chemically bound to the oxidized fiber surface while the latter can
serve as catalyst and be copolymerized with the resin to form
a nanocomposite. XPS is further used to characterize the sila-
nization of CNTs. Fig. 2(e, f) show XPS data to confirm the
success of silanization on the s-CNF sample. Elemental silicon is
observed in the XPS spectrum, and deconvolution is done on the
high-resolution Si2p spectra of both u-CNF and s-CNF with the
xpspeak4l program. A new peak is observed in the s-CNF
spectrum around 103.7 eV, which is attributed to the formed
network of O=C-O-Si-R on the s-CNF surface due to the
silanization with APTES. This is a similar network to the Si-O—
Si-R as reported on the APTES modified silica surfaces. It

appears at relatively higher binding energy (103.7 eV compared
to 102.4 eV),* because the electron-withdrawing carbonyl group
reduced the electron density on the Si atom. In summary, the
curing processes of pure epoxy resin and the surface treated
CNFs with epoxy monomers are presented in Chart 2. Each
amine group in EpiCure W will react with two epoxy monomers,
which means that the two components will cross-link to form
a network structure. For the s-CNFs, the CNFs surface is
functionalized with amine groups after oxidation and silaniza-
tion, which react with epoxy monomers. Finally, the CNFs are
strongly linked with the epoxy matrix through covalent bonds.

3.2 Rheological behavior

3.2.1 Effect of CNFs loading. Fig. 3 shows the viscosity as
a function the filler loading in the CNF suspended epoxy resin
nanocomposite solutions. The viscosity increases with the
increase of the CNFs loading and decreases with the increase of
shear rate, Fig. 3(a). As expected, Newtonian behavior (viscosity
is independent of shear rate) is observed for the pure epoxy resin
with shear rate lower than 400 1/s and decreased viscosity is
observed at the shear rate larger than 400 1/s, which is due to the
increased temperature arising from the viscous heating
phenomenon.**>2 Compared to that of the pristine epoxy resin,
the viscosity of the u-CNFs/epoxy solutions increases slightly as
the filler loading increases to 0.5 wt%, and similar Newtonian
behavior at low shear rate (<500 1/s) and shear thinning
phenomenon (viscosity decreases with the increase of shear rate)
are observed at high shear rate (>500 1/s). As the loading of u-
CNFs further increases to 1 wt% and 2 wt%, the viscosity
increases significantly, which is about 7 (1 wt%) and 50 (2 wt%)
times larger than that of the pristine epoxy resin and the lower-
loaded nanocomposites at the shear rate of 0.3 1/s. Furthermore,
strong shear thinning is observed for the nanocomposites filled
with 1 wt% and 2 wt% u-CNFs, the viscosity decreases linearly
with an increase of the shear rates. This observation is signifi-
cantly different from the nanocomposites filled with nanoclays,
where the viscosity curves possess two distinctive regions:
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Chart 2 Curing mechanisms of (A) pure epoxy and (B) s-CNFs with epoxy monomer.
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Fig. 3 Viscosity vs. shear rate of epoxy nanocomposites filled with different loadings of (a) u-CNFs and (b) s-CNFs at 25 °C.

a Newtonian region followed by a shear-thinning region.*** The
Newtonian region is caused by the confinement effect of the two-
dimensional nanolayers on the polymer molecular chains, which
increase the resistance to external stresses, while the shear thin-
ning is a result of the orientation of the nanoclays parallel to the
flow direction.***

The increased viscosity is mainly induced by the formed
network structure of CNFs within the polymer matrix. Similar
viscosity as the pristine epoxy is observed before the network is
formed at low filler loadings, and the viscosity increases signifi-
cantly once the network is formed at higher fiber loadings. The
nanocomposite solutions suspended with s-CNFs show similar
viscosity curves as compared to that of the u-CNFs filled system,
Fig. 3(b). However, the shear thinning is observed to start at
a lower filler loading of 0.5 wt%, which is due to the better
dispersion of the s-CNFs after surface modification, as evidenced
by the optical images shown in Fig. 4.

3.2.2 Effect of surface modification. Surface modification of
the nanomaterials is widely used to improve the compatibility
and interfacial interaction between nanofillers and polymer
matrix.>® Fig. 5 shows the effect of surface modification on the
viscosity of CNFs suspended epoxy resin solutions. The viscosity
is reported to increase with an increase of the particle loading as
predicted by Mooney’s Equation and MF theory.’”5® More
effective nanofillers are supposed to present in the unit solution

within a more uniformly dispersed s-CNFs epoxy solution, which
is supposed to have higher viscosity. However, the viscosity
observed here is relatively lower in the nanocomposite solutions
filled with s-CNFs than that observed in the nanocomposite
solutions filled with u-CNFs. However, the difference in viscosity
diminishes with the increase of shear rate owing to the orienta-
tion of the CNFs at high shear rate, especially in solutions with
high particle loadings. The surface modification decreases the
affinity and entanglement among CNFs, which lead to a better
dispersion of s-CNFs in the epoxy resin, Fig. 4. The unusually
lowered viscosity observed in s-CNF/epoxy solutions is different
from the regular assumption that the suspension viscosity
increases rapidly with an increase of the particle loading espe-
cially when the particles are in the nanometer range,”** and is
consistent with the recent observations in Fe;O4 nanoparticle
suspended polyacronitrile dimethylformamide solution* and
polyacrylonitrile dispersed 1-butyl-3-methylimidazolium chlo-
ride concentrated solutions.®® The reduced viscosity after surface
treatment is due to the better dispersion, which has also been
observed in the fullerene and magnetite nanoparticles dispersed
in polystyrene®* and polystyrene nanoparticles in a linear poly-
styrene.®® A similar phenomenon is observed in the CaCO;
particles dispersed in a polyethylene matrix®® and a poly-
(dimethyl siloxane) matrix,*” in which agglomerated clusters
increase the viscosity and surface treatment reduces the viscosity
with an improved particle dispersion.5%¢7

Fig.4 Optical micrographs of epoxy resin suspension films filled with s-CNFs (a) 0.1 wt% (b) 0.3 wt% and (c) 0.5 wt%; and u-CNFs (d) 0.1 wt% (e) 0.3

wt% and (f) 0.5 wt%; insets are the images with larger magnification.
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Fig. 5 Effect of surface modification on the viscosity of CNF/epoxy
nanocomposite solutions suspended with different loadings under
different shear rates at 25 °C.

3.2.3 Effect of temperature. The viscosity of melt polymers
and solutions is strongly dependent on the testing tempera-
ture,*®% especially when some reactions occur during the heating
process. The epoxy resin solutions suspended with either 1 wt%
u-CNFs or 1 wt% s-CNFs are conducted at 25 °C, 50 °C, 75 °C
and 120 °C, Fig. 6. It is well known that viscosity decreases with
the increase of temperature due to the relaxation of polymer
chains,*>"*" which is clearly shown in the curves from 25 °C to
50 °C, Fig. 6. The observed unusually lower viscosities for s-CNF
filled solutions compared with those of the u-CNF filled solu-
tions at each specific lower shear rate, Fig. 6, are due to the
improved particle dispersion arising from the surface treatment,
consistent with carbon nanotubes suspended epoxy resin solu-
tions,>>’ magnetic nanoparticles suspended polyurethane resin
solutions” and a-zirconium phosphate (ZrP) nanoplatelets sus-
pended epoxy monomers.*? As the temperature increases to
75 °C, a small difference in viscosity is observed between the two
epoxy resin solutions suspended with s-CNFs and u-CNFs.
Interestingly, the viscosity of s-CNF/epoxy solution at 120 °C
(curing temperature of epoxy) is significantly higher than that of

10° .:. Ty ” Solid symbol: u-CNFs
3 Open symbol: s-CNFs

Viscosity (Pa.s)

10° 10
Shear rate (1/s)

Fig. 6 Effect of temperature on the viscosity of epoxy resin solutions
with a CNFs loading of 1 wt%.

the u-CNF/epoxy solution within the whole measured shear rate
range. This distinctive transition of viscosity arises from the in
situ reaction between the attached functional amine groups on
the CNF surface and the epoxy monomer, the reaction mecha-
nism is schematically described in Chart 2. Strong covalent
bonding and interconnected network structure are formed after
reaction, which makes the solution more resistant to external
stresses and thus an increased viscosity was observed.

3.3 Thermal stability of cured epoxy nanocomposites

Fig. 7 shows the effect of CNF loading and surface modification
on the thermal stability of the cured CNF/epoxy nano-
composites. All the samples are observed to have similar
decomposition profiles and the degradation of the nano-
composites takes place in two stages. The first decomposition
temperature (Tq4;) is around 360 °C and the second decomposi-
tion temperature (Ty,) is around 550 °C. T4, and Ty», as well as
the 5 wt% loss temperature (Ts.,), are summarized in Table 1.
There is no report on which parts (bonds) decompose at the two
different stages yet. However, there exists a relationship between
bonding intensity and the decomposition, i.e., a strong bond has
a corresponding higher decomposition temperature, while
a weak bond has a lower decomposition temperature.””> Typical
bond energies of C-C, C-O, C-N and C=C are 349, 370, 308,
614 kJ/mol, respectively.” The single bonds of C-C, C-O, C-N
are susceptible to chain scission during thermal degradation and
act as weak links, which correspond to the decomposition of
epoxy at Ty;. The further decomposition at T, is attributed to
the degradation of benzene rings, where the C—C bonding energy
is between 614 kJ/mol (EC=C) and 698 kJ/mol (2EC-C).”

In the nanocomposites, the CNF loading does not appreciably
affect the T4y and Tg4; of the nanocomposites reinforced with u-
CNPFs, the variation of Ty; and Ty» is less than 2.2 °C and 3.1 °C,
respectively, as compared to those of the pristine epoxy. It is
worth noticing that, except for the samples containing 0.1 wt% of
u-CNFs, Ty, decreases slightly with the increase of CNF loading.
This slight decrease of decomposition temperature is attributed
to the increased free volume of nanocomposites upon the
increased CNF loading, which is consistent with the results of
PVAc/silicate nanocomposites.”” Increased free volume fraction
in polymer nanocomposites has been reported in polystyrene
(PS) nanoparticle/linear PS composites*® and fumed silica parti-
cles in glassy amorphous poly(4-methyl-2-pentyne).®>7® The
segmental motion is less constrained since the increased free
volume provides larger free space between molecular chains.
Thus, a lower decomposition temperature is observed. However,
the decomposition temperatures of epoxy nanocomposites filled
with 0.1 wt% and 0.3 wt% s-CNFs, Table 1, are slightly higher as
compared to those of the nanocomposites filled with same
amount of u-CNFs, and also higher than that of the pristine
epoxy, which is due to an improved interfacial interaction
(Fig. 11) resulting in a lower free volume.

The enhanced thermal stability of these PNCs is more obvi-
ously revealed in the second decomposition temperature (Tg,),
which corresponds to the degradation of the polymer back-
bone.” Different from T4y, T4 is observed to be enhanced
by 0.6-3.1 °C for the cured epoxy nanocomposites reinforced
with different loadings of u-CNFs. This indicates that the
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Fig. 7 TGA curves of (a) u-CNF/epoxy nanocomposites with different loadings and (b) nanocomposites filled with 0.3 wt% u-CNFs and s-CNFs.

cross-linking between epoxy monomers and curing agent is not
affected by the addition of the u-CNFs, due to a complete
wetting of the CNFs surface by the epoxy monomers as described
in the Experimental. The thermal stability of the cured epoxy
nanocomposites filled with s-CNFs is even better than those of
both pristine epoxy and u-CNF/epoxy nanocomposites, as
revealed by a higher Ty,, Table 1. Significant enhancements of
T4z, 7.5°Cand 5.2 °C, are observed in the epoxy nanocomposites
reinforced even with a small amount (0.1 wt%) of s-CNFs as
compared to those of the pristine epoxy and the nanocomposites
filled with 0.1 wt% of u-CNFs. The increased stability is also
clearly shown on the TGA curve of the cured epoxy PNCs filled
with s-CNFs in both stages as compared to u-CNF/epoxy
nanocomposites, Fig. 7(b). Both the improved dispersion of
CNFs in the matrix and the covalent bonding contribute to the
enhanced thermal stability. The initial thermal decomposition
temperature (Tso,) is defined as the temperature at which the total
mass loss of 5% occurs. Compared to Tgq; and Tg,, the
enhancement of the initial degradation temperature for the cured
epoxy nanocomposites filled with both u-CNFs and s-CNFs is
more significant, Table 1. The Ts, increases by 14.4 °C and
11.4 °C for 0.3 wt% s-CNF/epoxy nanocomposites as compared
to those of the pristine epoxy and 0.3 wt% u-CNF/epoxy nano-
composites, respectively.

3.4 Mechanical properties

3.4.1 DMA properties. Dynamic mechanical analysis (DMA)
provides specific information on the storage modulus (G’), loss
modulus (G”) and tand within the investigated temperature

Table 1 Tensile and thermal properties of CNF/epoxy nanocomposites

range. The storage modulus reflects the elastic modulus of
nanocomposites while the loss modulus is related to the energy
dissipation associated with the motion of polymer chains.®
Fig. 8(a) shows the storage modulus as a function of the
temperature for the pristine epoxy and its cured epoxy nano-
composites with various CNF loadings. G’ for the nano-
composites containing 0.1 wt% u-CNFs (3.17 GPa) is observed
to be 166% larger than that of the cured pristine epoxy (1.19
GPa) within the glassy plateau (at 30 °C) and to be 176% larger
within the rubbery plateau (at 200 °C) from 26.8 MPa to 9.72
MPa. The significant increase in G’ is due to the confinement and
uniform dispersion of the CNFs in the matrix. However, only
a slight change in G’ is observed for the cured epoxy nano-
composites filled with a u-CNF loading over 0.1 wt% as
compared to that of the pristine cured epoxy, which is attributed
to the agglomeration of CNFs (Fig. 4) and the weak interfacial
bonding between CNFs and epoxy matrix (Fig. 10). A similar
trend for G” with the increase of temperature is observed,
Fig. 8(b). The cured epoxy nanocomposites reinforced with 0.1
wt% u-CNFs have the highest G within the whole temperature
range, which is increased by 141% and 189% as compared to
those of the cured pristine epoxy within the glassy and rubbery
plateaux, respectively. The increased G’ is ascribed to the con-
strained friction between polymer molecules after introducing
CNFs in the polymer matrix.®!

The tand is the ratio of the loss modulus to the storage
modulus, and the peak of the tand is often used to determine the
glass transition temperature (T,). As seen in Fig. 8(c), the glass
transition temperature (T,) remains almost unchanged at about
119 °C upon incorporating various loadings of u-CNFs. This

Tensile properties

Thermal properties

Composition Tensile strength (MPa) Young’s modulus (GPa) Elongation to break (%) Ta1 (°C) Tar (°C) Tse, (°C)
Pristine Epoxy 723 +£2.1 2.6 £0.1 43403 364.5 549.8 319.0
Epoxy/0.1 wt% u-CNFs 68.2 + 1.3 2.6 +0.2 6.3+ 0.1 364.8 552.1 328.0
Epoxy/0.3 wt% u-CNFs 76.5 £ 3.2 25+0.3 6.7 +£0.2 364.3 550.4 322.0
Epoxy/0.5 wt% u-CNFs 80.7 £ 1.0 29+0.2 50+0.3 362.3 550.4 320.4
Epoxy/1.0 wt% u-CNFs 769 + 3.4 2.8+0.3 45+04 363.5 552.9 323.2
Epoxy/0.1 wt% s-CNFs 76.8 £ 2.7 22 +0.1 79 +£0.3 365.0 557.3 330.3
Epoxy/0.3 wt% s-CNFs 81.3+£0.8 2.1+0.2 6.8 +0.2 365.5 555.2 3334
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Fig. 8 (a) Storage modulus (G’), (b) loss modulus (G”) and (c) tand vs.
temperature for the cured epoxy and its nanocomposites with different
u-CNF loadings.

phenomenon is well consisted with the results reported in mul-
tiwalled carbon nanotubes reinforced nylon-6 nanocomposites.®!
In this case, the 1-d CNFs perform a similar role as the CNTs,
and less strain is imposed on the polymer chain, thus the T, of the
nanocomposites is almost unchanged. Unlike the 2-d fillers, such
as nanoclay platelets,® the polymer chain is greatly constrained
between the nanolayers and usually increases the T, of the cured
epoXy nanocomposites.

Surface modification effect of CNFs on the DMA properties
of the cured epoxy nanocomposites is also investigated in this
work, Fig. 9. G/, G’ and tand are comparatively studied for the
cured epoxy nanocomposites reinforced with both u-CNFs and
s-CNFs at a filler loading of 0.3 wt% and 0.5 wt%, respectively.

Both G’ and G”’ are observed to significantly increase at around
the glass transition temperature rather than at either low
temperature (<80 °C) or high temperature (>150 °C), Fig. 9(a, b).
Compared to that of the cured epoxy nanocomposites filled with
u-CNFs, the sharp decrease of G’ upon the increase of temper-
ature is delayed by 10 and 20 °C for the cured epoxy nano-
composites filled with 0.5 wt% and 0.3 wt% s-CNFs, respectively.
The improvement of the thermal mechanical properties of epoxy
nanocomposites filled with s-CNFs is attributed to the covalent
bonding between s-CNFs and the epoxy monomers via the in situ
reaction between amine-terminated functional groups on the
wall of s-CNFs and epoxide groups. The covalent bonding thus
restricts the mobility of the main chain of the epoxy resin by the
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Fig. 9 (a) Storage modulus (G’), (b) loss modulus (G”) and (c) tand
vs. temperature curves for nanocomposites with 0.3 wt% and 0.5 wt%
u-CNFs and s-CNFs, respectively.
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adhesive interfacial force between the filler and matrix. There-
fore, the polymer undergoes higher temperature relaxation.
Similar results are also observed in the G”, Fig. 9(b), which is
about 10-20 °C enhancement for the cured epoxy nano-
composites filled with s-CNFs due to the increased adhesion
between s-CNFs and the epoxy matrix.

Both an increase of storage modulus at high temperature,
Fig. 8(a) and Fig. 9(a), and a second peak observed in the loss
modulus, Fig. 8(b) and Fig. 9(b), have been used to study the
curing extent.®? Similar phenomena have been observed in silica
particle (~5.5 um) reinforced epoxy composites and explained in
terms of curing conditions.?* DSC is used to investigate the
curing extent. The residue heat of the pure epoxy is measured to
be 370 J/g. However, after the aforementioned curing process,
the measured residue heat is negligible, 2.55 J/g (pure epoxy),
1.61 J/g (0.1 wt% u-CNFs), 0.22 J/g (0.3 wt% u-CNFs), 2.74 J/g
(0.5 wt% u-CNFs), 2.84 J/g (0.1 wt% s-CNFs), 5.02 J/g (0.3 wt%
s-CNFs) and 4.96 J/g (0.5 wt% s-CNFs), Fig. S1 (ESIf. The
fraction of uncured epoxy in each sample is calculated to be
0.69% (pure epoxy), 0.44% (0.1 u-CNFs), 0.06% (0.3 u-CNFs),
0.74% (0.5 u-CNFs), 0.77% (0.1 s-CNFs), 1.4% (0.3 s-CNFs) and
1.3% (0.5 s-CNFs). The negligible uncured portion can not be
fully responsible for the observed increase storage modulus at
high temperature and the second peak in the loss modulus. This
could be due to an inhomogeneous formation of epoxy
networks 328486

The peak of tand (T,) shifts significantly to higher temperature
for the cured epoxy nanocomposites filled with s-CNFs as
compared to those of cured epoxy nanocomposites filled with u-
CNFs, Fig. 9(c). This observation can be interpreted in the term
of the interaction between s-CNFs and the epoxy matrix. It is
well known that the T, of a polymer depends on the mobility of
the chain segment of the macromolecules in the polymer matrix.
In the present case, the in situ reinforcement of CNFs on epoxy
matrix restricts the motions of macromolecular chains and thus
the glass transition temperatures of nanocomposites are
increased.

3.4.2 Tensile properties. Fig. 10 shows the typical stress-
strain curve of the cured epoxy nanocomposites as a function of
CNF loading and the tensile properties are summarized in Table
1. The tensile strength increases as the u-CNFs loading increases
up to 0.5 wt%, and experiences a slight decrease as the loading
reaches 1wt%. This is due to the poor interaction between fibers
and the polymer matrix (Fig. 11) and the agglomeration of u-
CNFs owing to the high length-diameter (aspect) ratio and
affinity. The highest tensile strength for the cured u-CNF/epoxy
nanocomposites is 80.7 MPa at the loading of 0.5 wt%, which
shows 11.5% increment as compared to that of the cured pristine
epoxy (72.3 MPa). The tensile strength of the cured epoxy
nanocomposites filled with s-CNF shows the favorable effects of
the CNF surface treatment on the reinforcement of the epoxy
resin. With the loadings of 0.1 wt% and 0.3 wt% of CNFs, the
cured epoxy nanocomposites filled with s-CNFs show significant
improvement in both tensile strength (12.6% and 6.3%) and
elongation to break (25.4 and 1.5%) as compared to those of the
cured epoxy nanocomposites filled with u-CNFs. The in situ
reaction between the s-CNFs and epoxy matrix provides a strong
covalent bonding, which not only promotes the compatibility
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Fig. 10 Stress-strain curve of cured epoxy nanocomposites filled with
different loadings of u-CNFs and s-CNFs.

between fibers and polymer but also increases the interfacial
adhesion between these two phases. Therefore, the tensile
strength increases in the cured epoxy nanocomposites. However,
the Young’s modulus of the s-CNF/epoxy nanocomposites is
lower than that of the corresponding cured epoxy nano-
composites filled with u-CNFs, even lower than the pristine
epoxy, Table 1. This indicates that the surface treated CNFs
form an elastic interfacial layer between the CNFs and epoxy
matrix, which is more sensitive to a large strain as reflected in the

I.)el_mmling"

1 pm

Fig. 11 SEM micrographs of (a) the cured pristine epoxy, and the
nanocomposites filled with (b) 0.1 wt% u-CNFs and (c) 0.1 wt% s-CNFs;
(d)—(f) show the enlarged fracture surfaces of (a)-(c), respectively.

This journal is © The Royal Society of Chemistry 2010

J. Mater. Chem., 2010, 20, 4937-4948 | 4945


http://dx.doi.org/10.1039/c0jm00063a

Published on 10 May 2010. Downloaded by University of Tennessee at Knoxville on 10/06/2016 01:57:01.

View Article Online

increased elongation to break. The Young’s modulus is calcu-
lated in the linear elastic region of the composites in the low
strain region. Within this small strain, the stress is not high
enough to break down the interfacial bonding, and the intro-
duced “elastic layer” is easy to deform when a small stress is
applied, thus a decreased Young’s modulus is observed.

3.5 Microstructure of the fracture surface

Fig. 11 shows the SEM micrographs of fracture surfaces for
cured pristine epoxy resin and nanocomposites filled with 0.1
wt% u-CNFs and s-CNFs. In micron scale, the cured neat epoxy
shows a smooth fracture surface while the PNCs show a rough
fracture surface, Fig. 11(a—c). The rough surface can be attrib-
uted to the matrix shear yielding or the polymer deformation
between the CNFs, similar to the alumina nanoparticles rein-
forced vinyl ester resin nanocomposites.*® Owning to the high
mechanical strength and large aspect ratio of CNFs, it is
considered to be one of the best materials to reinforce polymers
with high load transfer efficiency. In this respect, the CNFs
improve the toughness of the nanocomposites with the result that
the matrix is amenable to a larger local plastic deformation. The
enlarged SEM image of the cure pristine epoxy shows that the
structural deformation is aligned in the same direction,
Fig. 11(d). However, the cracking direction is interrupted by the
addition of the CNFs, indicating that the stress is randomly
distributed with the aid of CNFs. In addition, the mechanical
properties of PNCs are strongly related to the interfacial prop-
erties between the matrix and fillers.?**” In this work, owning to
the weak interfacial interaction between the epoxy matrix and
u-CNFs, the u-CNFs are easily peeled off from the matrix,
Fig. 11(e). However, strong interfacial interaction is observed in
the case of the surface treated CNFs owning to the covalent
bonding, Fig. 11(f). The strong interfacial interaction prevents
the debonding of the fibers from the polymer matrix. Instead, the
deformation is performed between the matrix and modifier layer
on the CNF surface. Therefore, the local stress can be more
efficiently transferred into the tougher CNFs, which results in
a higher mechanical strength when the CNFs are in intimate
contact with the epoxy matrix.

3.6 Electrical conductivity

Fig. 12 depicts the comparison of the volume resistivity of the
cured epoxy nanocomposites filled with u-CNFs and s-CNFs.
Generally, the resistivity is significantly higher for the cured
epoxy nanocomposites filled with s-CNFs, an increased resis-
tivity is also observed in polystyrene nanocomposites containing
copper nanowires functionalized with 1-octanethiol.®® However,
the resistivity decreases slightly when the u-CNF loading is 0.1
wt%, Fig. 12. A further decrease of about eight orders of
magnitude in the resistivity appears for u-CNF/epoxy nano-
composites with loadings varying from 0.1 wt% to 1 wt%.
However, the resistivity does not change significantly when the
loading is above 1 wt%, only a slight decrease of less than one
order of magnitude is observed. This decrease in resistivity
indicates an infinite network structure of percolated CNFs begins
forming above 0.1 wt%. However, it is interesting to notice that
the resistivity is above 10" Q cm when the loading increases to
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Fig. 12 Volume resistivities of the cured pure epoxy and cured epoxy
nanocomposites filled with u-CNFs and s-CNFs.

0.5 wt% for s-CNF/epoxy nanocomposites. A sharp decrease in
resistivity is observed from 0.5 wt% to 1 wt% for s-CNF/epoxy
nanocomposites, but it is still two orders of magnitude larger as
compared to u-CNF/epoxy nanocomposites at the loading of
1 wt%.

The effect of oxidation on the electrical conductivity of CNTs
is still controversial. Kim er al reported that the crystalline
structure of multiwalled carbon nanotubes (MWNTs) is partially
damaged after oxidation, which leads to the reduction of elec-
trical conductivity of chemically modified MWNT/epoxy
composites.?” However, Li et al. reported an increased conduc-
tivity of CNT fibers after oxidation and suggested that the
enhanced conductivity is arising from the induced defects on the
CNT surface.® In this work, a further step of modification is
introduced through the reaction between silane and oxidized
CNFs, and the decreased conductivity is observed as compared
to that of the as-received CNFs, Fig. 12. This indicates that an
organo-layer is formed on CNF surface after silanization, which
serves as an insulating layer and partially blocks the effective
electron transportation among CNFs, the schematic mechanism
of electron transfer behavior between CNFs before and after
surface modification is presented in Fig. 13. Fewer electrons are
able to cross the organo-layer and thus a higher resistivity is
observed.

4. Conclusions

Dynamic rheological measurements of epoxy resin nano-
composite suspensions filled with different loadings of u-CNFs

(a) (b)

- Epoxy monomer

Silane treated
CNFs

As-received
CNFs

=

Fig. 13 Contact model of CNFs in epoxy solutions suspended with (a)
as-received CNFs and (b) silane treated CNFs.

o —
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and s-CNFs are performed at different shear rates. Results have
demonstrated that the suspensions exhibit a transition from
Newtonian behavior to shear thinning behavior with the increase
of the CNF loadings, and shear thinning behavior is observed at
a lower loading for s-CNFs. The change of complex viscosity at
different temperatures (25, 50, 75 and 120 °C) reveals that the
interfacial reaction is strongly temperature dependent and is
accelerated at higher temperatures. The resulting tensile
properties of both the u-CNF/epoxy and s-CNF/epoxy
nanocomposites indicate a more efficient load transfer between
the s-CNFs and epoxy matrix. The tensile strength and elonga-
tion-to-break of 0.1 wt% s-CNF/epoxy nanocomposites are
12.6% and 25.4% higher than those of the 0.1 wt% u-CNF/epoxy
nanocomposites. Dynamic mechanical properties show that the
CNF loading does not affect the glass transition temperature.
However, with surface modification, the glass transition
temperature shifted to higher temperature by 10-20 °C owing to
the introduced interfacial interaction. TGA analysis further
indicates a better thermal stability for the s-CNF/epoxy nano-
composites. The interfacial interaction between s-CNFs and
epoxy matrix is clearly presented by SEM images and the rough
surface morphology of nanocomposites represents the effective
load transfer of the CNFs within the matrix. The electrical
resistance decreases by 7 orders of magnitude with the addition
of 1 wt% u-CNFs. However, the resistivity is a hundred times
higher with the same loading after modification of the CNFs
surface due to the introduced insulating layer.
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