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a b s t r a c t

Epoxy resin nanocomposites suspended with carbon nanofibers (CNFs) have been prepared. A bifunc-
tional coupling agent, 3-aminopropyltriethoxysilane, is used to treat the acid oxidized fibers. The
dispersion quality of the CNFs with and without surface modification is monitored by an oscillatory
rheological investigation. The addition of fibers is observed to influence the rheological behaviors of the
suspensions drastically. Newtonian fluid behavior disappears as the fiber loading increases. A significant
increase of the complex viscosity and storage modulus is observed, especially when the temperature
increases to 50 �C and 75 �C. In-situ reaction between the amine-terminated functional groups on the
silanized fibers and the resin, is justified by the FT-IR analysis and is responsible for the improved fiber
dispersion and network formation. A decreased rheological percolation is observed after silanization due
to the improved fiber dispersion quality. The electrical conductivity percolation is well correlated to the
rheological percolation for the as-received fiber resin suspensions. However, with an insulating organic
coating on the fiber surface, the conductivity increases slightly and lacks the correlation to the rheo-
logical percolation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanocomposites (PNCs) have aroused great interest in
materials science and engineering for their wide potential applica-
tions such as energy storage devices [1,2], electronics [3e6], sensors
[7e11], and aerospace vehicles [12e15]. Among all the species of
carbon-based nanomaterials, carbon nanotubes (CNTs) are obvi-
ously favored by most of the researchers owing to their unique
mechanical and electrical properties [16e19]. However, carbon
nanofibers (CNFs) with relatively lower manufacturing cost and
fairly good electrical conductivity are promising fillers for fabri-
cating structural PNCs [20]. The inert surface and large aspect ratio
of CNFs and CNTs challenge the uniform dispersion. Various physi-
cochemical methods have been used to introduce functional groups
with an aim to improve their interfacial compatibility with polymer
matrix [21e23]. For example, carboxylic acid group is formed as
a result of the oxidation by strong nitric or sulfuric acid, and allows
further surface functionalitymanipulationwith either surfactants or
coupling agents [21,24]. Unique properties are observed. For
example, lower electrical percolation is observed for graphite-poly
(methyl methacrylate) [25] and CNTs-epoxy composites [26].
: þ1 409 880 7283.

All rights reserved.
Rheology is mostly oriented for better understanding of the fluid
dynamics of the confined polymers [27,28]. Researchers recognize
the rheologicalmeasurement as themost sensitivemethod for PNCs
characterization over the most commonly used transmission elec-
tron microscopy and X-ray diffraction [29]. Dynamic rheology has
beenused to estimate the dispersion quality of CNTs in a polystyrene
matrix [30]. Lozano et al. [31] observed a rheological threshold
between 10 and 20 wt% for the melted CNFs/polypropylene PNCs.
The rheological percolation has been correlated to the electrical
percolation in the CNTs/polystyrene PNCs [16,32], mechanical
properties of copper nanowire/polystyrene PNCs [33,34], and
microwave properties in acrylic, polyurethane, and epoxy compos-
ites [35]. A gelation of 1.6 wt% CNTs in polycarbonate coincides with
both the electrical percolation and the highest strength [36]. Until
now, most of the reported researches focus on the study of ther-
moplastic PNCs [37e44]. And less work had been reported on the
thermosetting PNCs [45,46]. Kotsilkova et al. introduce two critical
concentrations [47,48]. The first (flocculation) depicts the critical
concentration of local percolation and formation of fractal flocs. The
second represents the formation of a continuous structural network
of fractural flocs. Both are determined from the rheology data
obtained from the low amplitude oscillatory shear flow test [49].

The present work reports on the investigation of the rheological
and electrical conductive behaviors of resin nanocomposite
suspensions with CNFs. The amine groups, introduced through the
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silanization between carboxylic acid groups on the CNFs and
3-aminopropyltriethoxysilane (APTES), in-situ react with resin,
which favors fiber dispersion and improves the interfacial interac-
tion between fibers and resin. The surface functionality of the fibers
is investigated by FT-IR spectroscopy. The effects of particle loading,
surface treatment and operating temperatures on the complex
viscosity, storage modulus and loss modulus are systematically
studied. Both the rheological and electrical percolation values of the
resin nanocomposite suspensions with the as-received and silan-
ized fibers are comparatively studied.
2. Experimental

2.1. Materials

The epoxy resin used is Epon 862 (bisphenol F epoxy, Miller-
Stephenson Chemical Company, Inc.). Vapor grown carbon nano-
fibers (CNFs, grade PR-24-XT-LHT, Pyrograf Products, Inc.) are heat
treated at about 1500 �C to convert the deposited carbon present on
the fiber surface to a short range ordered structure, aiming to
provide higher electrical conductivity. The CNFs are reported to
have an average diameter of 150 nm and length of 50e200 mm. The
coupling agent, 3-aminopropyltriethoxysilane (APTES, 99%), is
purchased from SigmaeAldrich. Concentrated nitric acid and
ethanol are provided from Thermo Fisher Scientific Inc. All the
chemicals are used as-received without any further treatment.
2.2. Functionalization and characterization of carbon nanofibers

2.2.1. Oxidation
CNFs are oxidized in concentrated nitric acid under mechanical

stirring at room temperature for half an hour. De-ionized water is
used to wash the filtrate until it has a pH value of approximately 7.
Then the obtained CNFs are dried in a vacuum oven at 80 �C over
night and ready for silanization [50].

2.2.2. Silanization
The oxidized CNFs are dispersed in toluene rather than water

under sonication for 1 h to prevent the loss of the APTES function
[51]. APTES (1 wt%) is subsequently added into the above solution.
The mixture is heated to 110 �C and refluxed for 8 h. The silanized
CNFs are then filtrated and washed with DI water, ethanol and
acetone in sequence for several times. The final product is dried in
vacuum oven at 80 �C over night.

To investigate the surface functionalities of the CNFs after
oxidation and silanization processes, Fourier transform infrared
spectroscopy (FT-IR, Bruker Inc. Vector 22 FT-IR spectrometer,
coupled with an ATR accessory) is used to characterize the
as-received, oxidized and silanized CNFs in the range of
500e4000 cm�1 at a resolution of 4 cm�1. The surface structure of
the CNFs is investigated by scanning electron microscopy (Hitachi
S-3400 scanning electron microscopy).
2.3. Preparation of CNFs-epoxy suspension and dispersion quality
examination

Epoxy resin suspensions are prepared by incorporating 0.1, 0.3,
0.5, 1.0, 1.5, 2.0, and 2.5 wt% of the as-received and silanized CNFs
into the liquid epoxy resin, respectively. The mixture is kept over
night without stirring to wet the CNFs surface completely by
monomers. High-speed (600 rpm) mechanical stirring is then
performed at room temperature and followed by sonification for
1 h at room temperature.
The dispersion quality of the CNFs with and without surface
treatment in the resin is monitored bymicroscopes (Olympus SZX 7
and Leitz wetzlar).

2.4. Rheological and electrical conductivity exploration of the
nanocomposite suspensions

Dynamic rheological measurements are performed using an AR
2000ex Rheometer with an environmental test chamber (ETC,
�160 �C to 600 �C, TA Instrumental Company). A series of
measurements are performed in a cone-plate geometry with
a diameter of 40 mm and a truncation of 64 mm. The measurements
are done at 25 �C, 50 �C and 75 �C, respectively. Frequency
sweeping between 0.1 and 100 rad/s is carried out at a low strain
(1%), which is justified to be within the linear viscoelastic (LVE)
range. The LVE range is determined by the strain-storage modulus
(G0) curvewithin 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 about 2 min prior to each frequency
sweeping.

The electrical conductivity of each suspension is measured by
a four-probe technique in a Keithley 2400 SourceMeter under
voltage-source testing mode. The measured voltage is adjusted in
the range of �10 V to 10 V. The corresponding current is measured
and recorded across the two outer probes.

Electrical resistivity (r, U cm) is calculated according to Equation
(1) [52e54]

r ¼ V � 2p
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where, V is the potential difference between the two inner probes
(V), I is the electrical current (A) that flows through the outer pairs
of probes, Sn represents the distance (cm) between the two adja-
cent probes and CF is the correction factor that depends on sample
thickness (W, cm) and Sn. In this case, r is measured after placing
the solution in a non-conducting container with a fixed thickness.
This corresponds to the seventh case reported by Valdes [52], for
which the CF is shown in Equation (2).
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where, S is the average distance among the probes, and W is the
thickness of the solution. Thus, the electrical conductivity (s, S/cm)
is obtained by Equation (3):

s ¼ 1=r (3)

3. Results and discussion

The surface functionalities of the CNFs before and after treat-
ment are investigated by FT-IR. Fig. 1(A) shows the FT-IR spectra of
the as-received, oxidized and silanized CNFs. The CeH stretching
bands in the region of 3000e2800 cm�1 and the double CO2 bands
around 2350 cm�1 are observed in all the three samples. Due to the
hydrogen bonding, carboxylic acid groups in the solid phase exhibit
a broad band atw3300 cm�1 corresponding to OeH stretching. The
carboxylic acid group, C]O stretching band at 1678 cm�1 and the
broad carboxylic acid OH deformation band at around 890 cm�1

verify the successful carboxylation/oxidation of the fibers. The band
at 1585 cm�1 represents the primary amine of APTES [24].



Fig. 1. FT-IR spectra of (A) (a) as-received, (b) oxidized and (c) silanized CNFs; and (B)
(a) pure resin and (b) silanized fibers after 2-h reaction with resin at 120 �C.
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Additional CH band at around 2987 cm�1 and weak NeH bending
bonds [55] at 671 cm�1, observed in the silanized rather than in the
as-received and oxidized fibers, indicate that APTES has been
covalently linked to the fibers. In summary, the carboxylic acid
groups (eCOOH) on the fiber surface after oxidation react with the
ethoxyl groups of APTES to introduce amine groups on the fiber
surface through the refluxing silanization process [39].

Fig. 2 (aec) shows the microstructure of the as-received,
oxidized and silanized fibers. The surfaces of the as-received CNFs
are smooth, Fig. 2(a), and become relatively rough after acid
treatment, Fig. 2(b) due to the strong acid etching. After acid
oxidation and silanization, CNFs are observed to be wrapped with
a thin layer and small pallet-like particles of the hydrolyzed APTES,
Fig. 2(c). The fiber dimensions are observed unchanged under
extensive SEM observations. The ultrasonic bath with a low power
is able to disperse the CNFs without shortening the fiber length,
which is consistent with the unchanged dimensions of the CNTs
after the oxidation and silanization [56] and different from the
shortening of the CNFs with the powerful ultrasonication horn
[57,58].

The introduced carboxylic groups after acid oxidation are inert
to the resin, and the only possible bonding is from weak hydrogen
rather than strong chemical bonding between resin and oxidized
CNFs, which is similar to ceramic nanoparticles filled vinyl ester
resin PNCs [59e61]. Considering the nature of the hydroxyl groups
of nanoparticles and the curing requirement of the carbonecarbon
double bond in the vinyl ester resin, (3-methacryloxypropyl) tri-
methoxysilane (MPS) is used as a coupling agent to introduce the
double bonds on the nanoparticle surface through the silanization
reaction while the other side forms chemical bonding with the
nanoparticles. The double bonds on the nanoparticle surface thus
react with the vinyl ester upon catalysis to form the PNCs with an
improved mechanical, optical and photoluminescent properties
[59e61]. Similarly, APTES with bifunctional groups of hydrolysable
group (eSi(OCH3)3) and amine group has been used as a coupling
agent for functionalization of different nanomaterials such as TiO2
[62,63], Fe3O4 [64], and CNTs [56] to introduce amine functional
groups. The first functional group can be hydrolyzed and chemi-
cally bound to the oxidized fiber surface while the latter can serve
as catalyst and be copolymerized with the resin to form a nano-
composite. Fig. 1(B) shows the FT-IR spectra of pure resin and the
silanized fibers after reaction with resin at 120 �C for 5 h. The extra
physical attached resin is removed by washing with acetone and
dried in vacuum over night at 60 �C. The peaks at 3216 and
1573 cm�1 represent OeH and NeH groups, respectively. Mean-
while, the peaks at 1029 and 833 cm�1 are from the stretching of
methyl groups and vibration of the benzene structure in both
curves. These confirm the interfacial reaction between the amine
group on the silanized fiber and epoxide group in resin during
heating. Scheme 1 illustrates the oxidation, silanization of fibers,
and in-situ reaction between the silanized fibers and the epoxy
resin. Thus, only the silanized and as-received CNFs are used and
compared for the subsequent tests.

3.1. Complex viscosity

3.1.1. Effect of fiber loading
Fig. 3 shows the complex viscosity (h*) of the pure resin and

CNFs-resin suspensions. In the suspensions with both the
as-received and surface-treated CNFs, the increase of h* with an
increase of the CNFs loading especially at low frequencies is
observed and is primarily due to the significant increase of the
storage modulus G0 and loss modulus G00 (h* ¼ h0 � ih00, where
h0 ¼ G00/u, h00 ¼ G0/u. u is angular frequency, rad/s) [65]. G0 and G00

are discussed in Section 3.2.
Pure resin is observed to have frequency independent fluid

properties, i.e., Newtonian-type flow. Shear thinning (viscosity
decreases with an increase of shear rate/frequency) is observed in
all the suspensions [66,67]. As the frequency becomes larger, the
difference of h* between the suspensions with the as-received and
silanized fibers becomes diminished due tomore similar dispersion
quality from high-frequency shear stirring [48,68,69]. In the
suspensions with a fiber loading of 0.5%, h* decreases sharply with
the increase of the frequency and reaches a value equal to that of
pure resin. This indicates a Newtonian behavior of the suspension
at higher frequency and a fluid rather than filler dominating fluid
dynamics. The suspensions with a fiber loading higher than 0.5 wt%
are orders of magnitude more viscous than that of the pure resin at
lower frequency and exhibit stronger shear thinning behavior.
These observations are in good agreement with the theoretical
expectations for fiber reinforced composites [70] and the experi-
mental observations in CNTs/polycarbonate PNCs [71]. However, no
Newtonian plateau is observed in the resin suspensions with fiber
loading higher than 0.5%. In the suspensions with loading above
1.5 wt%, the viscosity curves are almost linear over the whole
frequency range. The initiating frequency to show the shear thin-
ning increases with the increase of the CNFs loading (0.1 rad/s for
pure monomers, 1.1 rad/s for solution suspended with 0.5 wt%, and
even higher for solutions with higher loadings).



Fig. 2. SEM images of the (a) as-received, (b) oxidized and (c) silanized CNFs.
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3.1.2. Effect of fiber surface modification
h* of the resin suspensions with the as-received and modified

fibers is comparatively studied at 25 �C with different frequencies,
Fig. 3. The modified fibers exhibit a slightly decreased h* under
almost all the tested frequencies. After silanization, the anchored
APTES on the fiber surface introduce an additional “soft layer”,
which prevents the agglomeration of fibers and subsequently
improves the dispersion quality, Fig. 4. An increased viscosity with
an improved dispersion quality by further exfoliation of
Scheme 1. Schemes of oxidation, silanization an
organoclays is observed and is due to the increased 2-dimensional
confinement of polymer chains [72,73]. Recently, a reduced
viscosity with a better nanoparticle dispersion is reported in the
fullerene and magnetite nanoparticles in polystyrene [68] and
polystyrene nanoparticles in a linear polystyrene [74]. These
reduced viscosity observations are due to the slip and or inhomo-
geneous flow [68,74] and higher viscosity is due to the nanoparticle
agglomerates [68,74]. Meanwhile, a reduced viscosity is observed
in the Fe3O4 nanoparticles suspended in polyacrylonitrile DMF
d in-situ reaction stabilization mechanisms.



Fig. 3. Complex viscosity versus frequency of resin suspension with CNFs at 25 �C
(Solid symbols: as-received CNFs; Open symbols: silane modified CNFs).

Fig. 5. Complex viscosity (h*) as a function of frequency at different temperatures
(0.5 wt% CNFs).
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solution, which is interpreted in terms of the enhanced orientated
polymer chains [75,76]. In this work, the better fiber dispersion
promotes the alignment of fibers, which makes resin easier to flow
[75,76] and thus reduces the internal friction between polymer
chains. Similar phenomenon is observed in the CaCO3 particles
dispersed in the polyethylene matrix [77] and poly(dimethyl
siloxane) matrix [69], in which agglomerated clusters increase the
viscosity and surface treatment reduces the viscosity with an
improved particle dispersion [69,77].

3.1.3. Effect of temperature
Fig. 5 shows the temperature effect on h* for the resin

suspensions with both the as-received and silanized fibers. There
is little rheological difference between the suspensions with the
as-received and silanized fibers at 25 �C. h* is observed to decrease
sharply with an increase of the frequency in the lower frequency
range (0.1e1 rad/s) and to decrease slowly in the higher frequency
range (1e100 rad/s). However, h* in the resin suspensions with
silanized fibers at 50 �C and 75 �C is much lower in the lower
frequency range and higher in the high-frequency range than
those with the as-received fibers. h* is observed to decrease with
an initial increase of the frequency within the frequency of
0.1e15 rad/s and to increase significantly when the frequency
exceeds 15 rad/s. The amine group on the silanized fibers in-situ
reacts with the resin and a more rigid network structure is formed
Fig. 4. Optical micrographs of epoxy suspension films filled with silane treated CNFs (a) 0.1
0.5 wt% (The images are taken by Olympus SZX 7 microscope, insets are the images with l
arising from the resin curing between the amine group on the
silanized fibers and the resin at higher temperatures. The formed
network restricts the relative motions of the fibers and resin and is
responsible for the increased h* at relatively high temperature.

The effect of the surface treatment on h* is observed more
significant at 50 �C and 75 �C. In the resin suspensions with the
as-received fibers, h* decreases during the frequency sweeping
range. A higher h* at 75 �C is observed than that at 50 �C in the resin
suspensions with the as-received fibers in all the sweeping
frequency range. However, in the resin suspension with surface-
treated fibers, h* at 75 �C is higher than that at 50 �Cwith frequency
lower than 4 rad/s and then becomes minimum and almost equals
to that at 50 �Cwith frequency larger than 10 rad/s. An almost equal
h* values at 50 �C and 75 �C are observed for resin suspensions with
both the as-received and silanized CNFs in higher frequency range.

3.2. Storage modulus (G0) and loss modulus (G00)

3.2.1. Effect of fiber loading
Fig. 6(a) and (b) shows the storagemodulus (G0, elastic property)

and loss modulus (G00, viscous property) as a function of frequency.
Both G0 and G00 increase with an increase of the frequency. However,
the rate of increase becomes slower in the resin suspensions with
higher fiber loadings. The fiber loading is observed to have more
impact on the modulus at low frequencies than that at high
wt%, (b) 0.3 wt%, and (c) 0.5 wt%; and as-received CNFs (d) 0.1 wt%, (e) 0.3 wt%, and (f)
arger magnification taken by leitz wetzlar microscope).



Fig. 6. (a) Storage modulus (G0) and (b) loss modulus (G00) of resin nanocomposite
suspensions with the as-received CNFs at 25 �C.

Fig. 7. Storage modulus G0 (solid symbols) and loss modulus G00 (open symbols) versus
frequency of resin suspensions with (a) as-received and (b) silanized CNFs at 25 �C.
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frequencies. For pure resin, G0 curve has a much steeper slope in the
whole sweeping frequency range. In the resin suspensions, G0 and
G00 increase significantly with the increase of fiber loading. Though
the polymer chain interaction still exists, the introduced fiberefiber
and fiberemonomer interactions dominate and are responsible for
the enhanced G0 in the resin suspensions, especially with loading
larger than 0.5 wt%. G0 is observed to be almost independent of the
frequency, when the fiber loading is above 2 wt%, which is due to
the formed network structure [48].

It is well known that an inter-connected structure of aniso-
metric fillers results in an apparent yield stress, which is a variable
in dynamic measurements by a plateau of G0 and G00 versus
frequency at low frequencies [71,78]. The structural network is
constructed by the intimate contact of the fillers, which are
wrapped with the absorbed polymer [79]. Compared to the viscous
G00, the elastic G0 is found to be more sensitive to the dispersion
quality of nanofillers, which is strongly dependent on the interfacial
energy [78]. With the increase of the fiber loading, an inter-con-
nected network structure in the solution is formed and this critical
particle loading is regarded as a rheological percolation concen-
tration [71]. In this work, even in the resin suspensions with a fiber
loading of 0.5 wt%, G0 is observed to exhibit a plateau, which
indicates the formation of an inter-connected network structure. As
the fiber loading further increases, the elastic behavior of the
suspension is strengthened owning to the enhanced connectivity of
the network.

3.2.2. Effect of surface modification
Fig. 7 shows the modulus versus frequency of the resin

suspensions with the as-received and silanized fibers, respectively.
The crossing point of the G0 and G00 curves is used as a criteria to
indicate a switch from viscous liquid to elastic solid behavior [80].
The crossing points of resin suspension with 0.5, 1.5 and 2.5 wt% of
the as-received fibers are observed at 0.1, 0.8 and 12.0 rad/s, Fig. 7
(a), respectively. The suspension is observed to switch from viscous
to elastic when the oscillatory frequency exceeds these crossing
points. The crossing points decrease to 0.07, 0.3 and 8.0 rad/s for the
suspensions with silanized fibers with a loading of 0.5, 1.5 and 2.5%,
respectively. This change indicates that the suspensions with
silanized fibers experience an earlier transition from viscous to
elastic state. The plateau at low frequencies for G0 curve indicates an
inter-connected structure of nanofillers [71]. According to the
curves in both Fig. 7(a) and (b), obvious plateaus are observed even
at a low content of 0.5 wt% for the resin suspensions with both the



Fig. 9. Plot of G0 and G00 at a low frequency (u ¼ 1 rad/s) versus fiber loading in the
resin suspension with (a) as-received and (b) silanized CNFs at 25 �C.
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as-received and modified fibers. Therefore, the rheological behav-
iors are dominated by the conformation structures of fibers in the
suspensions. After silanization, the interfiber interaction decreases
[77] and the network structure [48] is more sensitive to the
external forces. And thus the earlier transition is observed and this
result is consistent with the observed reduced h* as discussed
previously.

3.2.3. Effect of temperature
Fig. 8 shows the complex viscosity (h*) versus frequency of the

epoxy resin suspensions with a fiber loading of 1 wt% at different
temperatures. Temperature is observed to have a significant effect
on the modulus, especially the storage modulus (G0). In the epoxy
resin suspensions with 1.0 wt% of the as-received fibers, G0 is lower
at 75 �C than that at 50 �C. As temperature increases, G0 decreases
owning to the polymer chain relaxation at high temperatures [77].
However, G0 for the resin suspensions with the silanized fibers is
much higher at 75 �C than that at 50 �C. With the increase of the
temperature, the in-situ reaction between the silanized fibers and
resin becomes much faster, forming stronger fiberemonomer and
fiberefiber entangling connections, Scheme 1. This formed network
structure directly increases the elastic behavior of the suspension
with an increased G0 [81]. For the silanized fibers, the slope of G0

curve is similar to that of the as-received fiberswithin the frequency
range from 0.1 to 10 rad/s. As the frequency further increases, G0

increases sharply in the resin suspensions with the silanized fibers
at frequency higher than 10 rad/s. At 50 �C, G0 is initially lower in the
resin suspensions with the silanized fibers than that in the resin
suspensions with the as-received fibers. This is due to a better
dispersion arising from the nanofiber surface treatment [69].
However, as the in-situ reaction proceeds, G0 exceeds that in the
resin suspension with the as-received fibers when the frequency is
above 13 rad/s. Themotion of fibers is restricted in the local polymer
domains by the formed rigid network structure after the in-situ
reaction at higher temperatures [48,77].

3.3. Rheological percolation characterization

Kotsilkova et al. have introduced two critical concentrations,
called the first and second percolation thresholds [47,48]. The first
percolation threshold (flocculation, C*) depicts the critical concen-
tration of local percolation and formation of fractal flocs. The second
rheological threshold (percolation, C**) represents the formation of
Fig. 8. Storage modulus G0 of 1 wt% CNFs filled epoxy at 50 and 75 �C.
Fig. 10. Effect of CNFs loading on the electrical conductivity of epoxy resin
nanocomposites.



Fig. 11. Contact model of CNFs in epoxy solutions suspended with (a) as-received CNFs and (b) silane treated CNFs.
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a continuous structural network of fractural flocs. Rheologymethod
proposes an approach to determine the two thresholds using
rheological data from the low amplitude oscillatory shear flow [49].
Most of the publications on the rheology of PNCs report on the
percolation superstructure of the nanofillers and the construction of
a relationship between the sharp change of the rheological prop-
erties and the percolation transitions [71,80]. In order to investigate
the fiber surface modification effect on the percolation properties,
the curves of low frequency G0 and G00 at u¼ 1 rad/s for both the as-
received and modified fibers are plotted and compared. C* is
determined by the crossing point of the two distinctive slopes of G0.
And the crossing point ofG0 andG00 determines C**. FromFig. 9(a), C*
and C** of the suspensions with the as-received fibers are 0.5 wt%
and 1.6e1.7 wt%, respectively. However, the two thresholds reduce
to 0.3 wt% and 1.3e1.4 wt% after fiber silanization, Fig. 9(b). This is
attributed to the enhanced dispersion quality of the modified fibers
in the resin, which enhances the formation of the fiber interconnect
and continuous network structure.

3.4. Electrical conductivity

Rheological transitions (percolation) are reported to be strongly
related to other physical properties [32e35]. However, most of the
physical properties are measured in the solid states, while rheo-
logical properties are conducted in the melt state of the thermo-
plastics [16,32,34]. In this work, both rheological property and
electrical conductivity (s) are tested in the resin suspensions. s is
observed lower for the resin suspensionwith the as-received fibers
than that for the resin suspensionwith silanized fiber loading lower
than 1.5 wt%. s is observed to increase rapidly for the resin
suspension with the as-received fibers with loadings higher than
1.5%, which is coincided with the second percolation threshold,
Fig. 10. The sharply increase of s is due to the formation of the inter-
connected network among fibers. Once the network formed,
a pathway is created to facilitate the electron transportation among
fibers. Similar results have been reported on CNTs/polycarbonate
composites [36]. However, s changes slightly with the increase of
the fiber loading for the resin suspensions with the silanized fibers.
Ma et al. [82] also found a decreased s for the CNT/epoxy PNCs after
CNT functionalization with organic agent. After surface modifica-
tion, the fibers are coated with an organic layer, which prevents the
direct contact between nanofibers. Therefore, the electron trans-
port is blocked by the organic layer, schematically shown in Fig. 11.
Thus, s increases slightly (2.5%) even though the silanized fiber
loading is much higher than the percolation concentration
(1.3e1.4 wt%).

4. Conclusion

The complex viscosity increases significantly with the increase
of the fiber loading. The viscosity increase is accompanied by an
increase of the storage modulus. Surface modification with APTES
improves the dispersion quality of CNFs in the resin. At high
temperatures, the amine groups on the silanized CNFs in-situ react
with resin and form a rigid network structure. The observed
sharply increased complex viscosity and storage modulus indicate
a dominating elastic rheological behavior at relative high oscilla-
tory frequency. Lower rheological percolations, 0.3 wt% and
1.3e1.4 wt%, of the modified CNFs-epoxy resin suspensions are
obtained as compared to 0.5 wt% and 1.6e1.7 wt% for the
as-received CNFs-epoxy resin nanocomposites. The reported
rheological investigation provides important information to control
the film thickness for the epoxy nanocomposites fabrication by
using especially the spin coating method [83e86]. The sharp
increase of the electrical conductivity in the epoxy resin suspension
with 1.5 wt% of the as-received CNFs well corresponds to the
second rheological percolation value of 1.6e1.7 wt%. However, no
electrical transition is observed for the resin suspensions with
silanized fibers. Surface treatment improves the dispersion quality
and stability of fibers in epoxy resin. However, the lower electrical
conductivity in the silanized suspensions is due to the coated
insulating organic layer.
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