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a b s t r a c t

In this paper, the mechanical properties of vapor grown carbon nanofiber (VGCNF)/polymer composites
are reviewed. The paper starts with the structural and intrinsic mechanical properties of VGCNFs. Then
the major factors (filler dispersion and distribution, filler aspect ratio, adhesion and interface between fil-
ler and polymer matrix) affecting the mechanical properties of VGCNF/polymer composites are pre-
sented. After that, VGCNF/polymer composite mechanical properties are discussed in terms of
nanofibers dispersion and alignment, adhesion between the nanofiber and polymer matrix, and other fac-
tors. The influence of processing methods and processing conditions on the properties of VGCNF/polymer
composite is also considered. At the end, the possible future challenges for VGCNF and VGCNF/polymer
composites are highlighted.

� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer composites are attractive for variety of applications
due to many features including low weight, low cost, ease of pro-
cessing and shaping, and corrosion resistance. Fillers are typically
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Abbreviations

ABS acrylonitrile–butadiene–styrene
CB carbon black
CF carbon fiber
CNT carbon nanotubes
CNF carbon nanofiber
DR draw ratio
EFF extrusion freeform fabrication
EMI electromagnetic interference
ESD electrostatic discharge
HDPE high density polyethylene
HIPS high impact polystyrene
HRTEM high resolution transmission electron microscopy
VGCF vapor grown carbon fiber
VGCNF vapor grown carbon nanofibers
MNW metal nanowire
MWCNT Multi-walled carbon nanotubes

PE polyethylene
PEEK poly(ether ether ketone)
PES poly(ether sulfone)
PET poly(ethylene terephthalate)
PMMA poly(methyl methacrylate)
PP polypropylene
PS Polystyrene
PVA poly(vinyl alcohol)
PVDF poly(vinylidene fluoride)
SEM scanning electron microscope
s-VGCF sub-micron-vapor grown carbon fiber
SWCNT single wall carbon nanotube
Tg glass transition temperature
TEM transmission electron microscopy

Fig. 1. Proposed mechanism for the growth in VGCNF diameter and length [7].
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added to enhance chemical and/or physical properties of polymers.
Of these properties, optimizing the mechanical properties has been
the most desired objective. Inorganic fibers (glass and carbon fi-
bers) and aromatic organic fibers (Aramid) are the traditional fill-
ers used to boost the mechanical properties of polymers. Since
the reinforcing capabilities of fibers increases with decrease in
their diameter [1], nanofibers have higher reinforcing capabilities
than microfibers. With decreasing fiber diameter: the ultimate ten-
sile strength of fiber increases due to a decrease in number of de-
fects; the contact area between filler and polymer matrix increases
due to an increase in fiber surface area/volume ratio; and the fiber
flexibility increases. The increase in fiber flexibility allows the fiber
to retain its aspect ratio because the fiber can bent without break-
ing and it is well known that higher aspect ratio leads to better
mechanical properties. Moreover, polymers filled with nanofillers
have better surface finish than those filled with microfiller because
of the smaller size of filler [2].

Therefore, there is increasing interest to replace traditional
microfiber/polymer composites with nanofiber/polymer compos-
ites. Thus, nanostructured polymeric materials based on carbon
nanotubes (CNTs) and clay platelets, and to a lesser extent on va-
por grown carbon nanofibers (VGCNFs), have been the subject of
intense investigation [2–10]. When a material with multifunc-
tional properties (mechanical, electrical, thermal, etc.) is required,
carbon based nanostructured polymeric materials are favored over
those based on the relatively cheaper and higher aspect ratio clay
platelets. The mechanical properties of VGCNFs and their compos-
ites are the focus of this review. It is out of the scope of this paper
to review mechanical properties of CNTs and their composites.
However, we have summarized some of the most significant con-
tributions attained using CNTs for purposes of comparison.

Even though VGCNFs were introduced few years before CNTs,
they have received less research interest than CNTs. The major rea-
sons are that single-wall carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs) produced by arc discharge
and laser ablation have better mechanical properties than VGCNFs,
and CNTs have smaller diameter and lower density than VGCNFs.
However, because of their much lower price, VGCNFs are an excel-
lent alternative for CNTs. VGCNFs could also be used for research
purposes to build knowledge that might be transferable to more
expensive CNTs, or used in combination with CNTs to create bi-
filler composites with synergistic properties. Furthermore, the un-
ique structure of the most common type of VGCNFs, which is the
cup-stacked, contains more reactive carbon edges that can be
functionalized to interact with the matrix, and thereby facilitate
VGCNFs dispersion and enhance stress transfer from the polymer
matrix to the nanofiller. VGCNFs are expected to be economically
viable for many applications as a replacement for conventional car-
bon fibers (CFs) [7,11].

In addition to the applications that utilize VGCNFs as reinforcer,
VGCNFs/polymer composite materials can be used in electromag-
netic interference (EMI) shielding and electrostatic discharge
(ESD) protection markets. A level of EMI shielding (�42 dB) can
be obtained using a 2 mm plate made of a polymer composite con-
taining 7.5 vol% VGCNF [12–14]. For ESD applications, because of
the high aspect ratio of VGCNF, 0.5 vol% VGCNF was found enough
to create a conductive network in an insulating polypropylene (PP)
matrix [8]. It has also been reported that VGCNF/polymer compos-
ites can be used as sensors for organic vapors [15]. VGCNFs are
promising materials for batteries, where multifunctional carbon
materials are used as electrodes or as support materials [1]. For
this application, carbon materials have many advantages over
other materials such as metal oxides and sulfides in terms of cost,
thermal and chemical stability, types of possible shapes and envi-
ronmental impact [16]. VGCNFs have been investigated in the field
of heterogeneous catalysis as a catalyst and/or catalyst support
[17]. Polymers filled with VGCNFs have potential biological appli-
cations that require incorporation of biological components such



Table 1
Typical properties of VGCNF, SWCNT, MWCNT and CF.

Property VGCNFa SWCNTb MWCNTb CFc

Diameter (nm) 50–200 0.6–0.8 5–50 7300
Aspect ratio 250–2000 100–10,000 100–10,000 440
Density (g/cm3) 2 �1.3d �1.75e 1.74
Thermal conductivity (W/m K) 1950 3000–6000f 3000–6000f 20
Electrical resistivity (X cm) 1 � 10�4 1 � 10�3–1 � 10�4 2 � 10�3–1 � 10�4 1.7 � 10�3

Tensile strength (GPa) 2.92 50–500g 10–60g 3.8
Tensile modulus (GPa) 240 1500 1000 227

a From Refs. [3,8,22].
b From Ref. [5].
c Properties of Akzo nobel Fortafil 243 PAN-based fibers [23].
d From Ref. [24].
e From Ref. [25].
f From Ref. [26].
g From Ref. [27].
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as proteins and DNAs in the hollow core of the fiber [18]. In addi-
tion to the above mentioned applications, VGCNFs could be used in
many applications currently using conventional CFs and carbon
black (CB).
Fig. 2. SEM micrograph shows the agglomeration and entanglements of as-grown
VGCNF.
2. VGCNF

VGCNFs are typically produced by pyrolysis of a hydrocarbon
feedstock (natural gas, acetylene, etc.) or carbon monoxide on a
metal catalyst such as iron. This process is considered the most
promising technique for mass production of VGCNF of well defined
diameter at relatively low cost [7,8]. The iron catalyst nanoparti-
cles are produced by pyrolysis of organometallic compounds, such
as ferrocene Fe(C5H5)2 and iron pentacarbonyl Fe(CO)5 [19]. The
decomposition of the hydrocarbon grows the nanofibers. Fiber
thickness depends on the catalyst size, operating conditions and
catalyst activity [7]. In the reactor, growth in VGCNF thickness
and length is not a simultaneous process, as illustrated in Fig. 1
[7]. Thickening of the fiber starts when the catalyst activity de-
creases and reaction temperature increases [7].

Properties of a VGCNF depends on its structure which in turn is
a function of the production technique (feedstock, catalysts, etc.)
and post-treatment methods [20]. In our previous review paper
[13], we described in some detail the structure and the electrical
and thermal properties of VGCNFs. In this work, we place emphasis
on the mechanical properties and other related interesting features
of the VGCNFs structure. Readers are advised to refer to our previ-
ous work and the work of Uchida and coworkers [21] for detailed
information about VGCNF structures. Table 1 summaries some of
the major properties of VGCNF, SWCNT, MWCNT and CF. Electrical
resistivity of heat treated VGCNF is similar to that of CNTs, app.
1 � 10�4 X cm [13]. Thermal conductivity of VGCNF (1950 W/
m K) is close to that of CNTs (�3000–6000 W/m K) and 2 orders
of magnitude higher than conventional carbon fibers (CFs).

2.1. Dimensions and structure

VGCNFs have high aspect ratio. They have larger diameters than
CNTs. Their typical diameter is in the range of 50–200 nm. The
length of a VGCNF can be up to 100 lm. In our lab, we measured
the length and diameter of Pyrograf III™ (PR-24-LHT) which is a
low heat treated (LHT) carbon nanofiber produced by Applied Sci-
ences, Inc., Ohio – USA. The dimensions of the (PR-24-LHT) VGCNF
was characterized by analyzing scanning electron microscope
(SEM) micrographs of well dispersed nanofibers on Isopore™
polycarbonate film membrane having an average pore diameter
of 0.4 lm (Isopore™, Fisher Scientific) [28]. The well dispersed
nanofibers on the Isopore™ membrane was prepared by first
dispersing a small amount of the as-received LHT-VGCNF by soni-
cation in methanol. The sonication was carried out for 20 s in a
sonicator having an output power of 120 W, or for 1–2 min in a
sonicator having an output power of 20 W. A few droplets of the
sonicated VGCNF/methanol solution were then filtered on the Iso-
pore membrane. It is very difficult to characterize the length of the
as-grown VGCNF without sonication since as-received fibers are
agglomerated and highly entangled as shown in Fig. 2.

The length of nanofibers is a crucial parameter that has a signif-
icant influence on the composites properties. We found that the
(PR-24-LHT) VGCNF has a number average length and a diameter
of 4.2 ± 4.0 lm and 110 ± 27 nm, respectively [28]. These numbers
give nanofiber with an average aspect ratio of 38. Fig. 3 is a histo-
gram showing the length distribution of (PR-24-LHT) VGCNF. It is
apparent that the length of most nanofibers is in the range of 2–
6 lm. Jimenez and Jana [29] found that almost 60% of Pyrograf III™
(PR-24-PS) after compounding with PMMA in a low shear Chaotic
mixer have an average length between 2–6 lm. The PMMA matrix
was removed by extraction and no sonication was used. Moreover,
Uchida and coworkers [21] reported that the number and weight
average length of Pyrograph III™ (PR-24-HT) are 2 lm and 8 lm,
respectively.

VGCNFs are hollow core nanofibers consisting of a single graph-
ite layer or double graphite layers that are stacked parallel or at a
certain angle from the fiber axis [21,30]. The stacked layer are
nested with each other and have different structures including



Fig. 3. Length distribution of Pyrograph III™ (PR-24-HT) VGCNF [28]. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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bamboo-like, parallel and cup-stacked [30–33]. Fig. 4 is a high res-
olution transmission electron microscopy (HRTEM) image of a
side-wall of VGCNF (the inset is a schematic illustrating the struc-
ture of cup-stacked VGCNF). The nanofiber is clearly seen to have a
hollow core surrounded by concentric cup-stacked planes. This
functional structure has a large number of reactive edges both
inside and outside the nanofiber [33,34]. Parallel layers in single
layer VGCNFs were also observed using High resolution transmis-
sion electron microscopy (HRTEM) [30]. The d-spacing of the
graphene sheets was reported as 0.34 nm (the same as that in
MWCNTs and graphite platelets [35]).

As-produced VGCNFs are often formed of disordered graphene
planes. Crystallinity of VGCNF can be enhanced by heat treatment
of VGCNFs. Heat treatment enhances the nanofibers crystallinity
Fig. 4. HRTEM images shows a side-wall of a VGCNF having a cup-stacked
structure. The inset is a schematic illustrates the cup-stacked structure [34].
by moving and re-arranging the carbon planes [1]. Optimum heat
treatment conditions depend on the final desired properties. While
graphitization (heat treatment at 2800 �C) of VGCNF having a
stacked-cup morphology enhances the nanofiber crystallinity, it
was found to degrade the nanofiber electrical and mechanical
properties by changing the nanofiber morphology into discontinu-
ous conical crystallite [8]. However, graphitization of VGCNF hav-
ing a relatively disordered planes that are parallel to the fiber
axis was found to enhance the nanofiber crystallinity and straight-
en the nanofiber planes along the fiber axis, as shown in Fig. 5 [1].
This morphology enhances the nanofiber mechanical properties
due to the absence of grain boundaries. For the graphitized nanofi-
ber Fig. 5b, a thin layer of amorphous carbon can be observed at the
nanofiber surface as a result of the graphitization process.

2.2. Mechanical properties

Direct measurement of mechanical properties of nanofibers and
nanotubes is technically difficult because of their small diameter
[8]. Therefore, there are limited experimental data on the mechan-
ical properties of nanofillers. Endo and coworkers [1] reported the
mechanical tensile properties of sub-micron vapor grown carbon
fiber (s-VGCF). The results showed that the tensile strength of
graphitized s-VGCF increases with decreasing the fiber diameter,
as shown in Fig. 6. For example, tensile strength of s-VGCF having
a diameter of 100 and 300 nm were 2.2 GPa and 1.77 GPa, respec-
tively. Fig. 7 shows tensile strength and tensile modulus of s-VGCF
compared to different types of carbon fibers. It is apparent that the
tensile strength and tensile modulus of s-VGCF is higher than that
of general grade CF. On average, the tensile strength and tensile
modulus of the s-VGCF are 2 and 200 GPa, respectively.

Tibbetts and Beetz [36] grew large diameter VGCFs and directly
measured their tensile properties. Effect of fiber diameter on
tensile properties was studied for the diameter range of
6.5–31.5 lm as shown in Fig. 8. One can clearly see that tensile
properties decrease with increasing VGCF diameter. For a 7.5 lm
diameter VGCF, the tensile strength and tensile modulus were
2.92 GPa and 237 GPa, respectively. However for a 31.5 lm in
diameter VGCF, the tensile strength and tensile modulus decreased
to 0.73 GPa and 120 GPa, respectively. Patton and coworkers [37]
estimated the lower limit of the tensile modulus and tensile
strength of Pyrograf� III VGCNF based on the rule of mixtures



Fig. 5. TEM of a side wall of (a) as-grown VGCNF and (b) graphitized VGCNF [1].

Fig. 6. Tensile strength of s-VGCF, SiN, SiC as function of diameter [1].

Fig. 7. Tensile properties of s-VGCF compared to those of various carbon fibers [1].
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and experimentally measured mechanical properties of 15.5 vol%
VGCNF reinforced epoxy. Their calculations revealed that the lower
limit of tensile modulus and tensile strength are in the range of 88–
166 GPa and 1.7–3.38 GPa, respectively.
Great efforts have been made to characterize the mechanical
properties of CNTs [6,38]. Elastic modulus of CNTs have been
mainly estimated by measuring intrinsic thermal vibration of the
free ends of CNT using a TEM assuming that CNTs are clamped can-
tilever [39,40] and measuring load–displacement of cramped
nanotube cantilever using AFM [41–43]. Using those techniques,
elastic modulus values greater than that of graphite (1.02 TPa)
have been reported for both SWCNT and MWCNT [39–43]. Such
finding revealed that the current widely-accepted elastic modulus
of graphite is underestimated [6]. Nevertheless, direct measure-
ment of tensile properties of individual MWCNT prepared by
non-catalytic arc evaporation showed that those nanotubes exhibit
a tensile modulus in the range of 0.27–0.95 TPa [44]. The MWCNTs
tested had an outer diameter, inner diameter and length in the
range of 13–40 nm, 4–10 nm and 1.04–11.0 lm, respectively. No
significant influence of the diameter on the elastic properties was
reported. In the same study, MWCNT showed a fracture at strain
and tensile strength of 12% and 11–63 GPa. Mechanical properties
of chemical vapor deposition (CVD)-MWCNT, and consequently
mechanical properties of VGCNF, are significantly lower than those
of CNTs by the non-catalytic techniques because they have more
defects. CVD-MWCNT may be considered a VGCNF with small
diameter and a concentric perfect cylindrical graphene planes.
Xie and coworkers measured the tensile properties of bundles of
CVD-MWCNTs [45]. The average elastic modulus and tensile
strength of CVD-MWCNT was estimated as 0.45 TPa and
0.36 GPa, respectively.
3. Mechanical properties

3.1. Background

In the previous section, the mechanical properties of VGCNF
were presented. Tensile strength and tensile modulus of VGCNF
were estimated to be at least two orders of magnitude higher
than that of polymers. Thus, VGCNFs are promising mechanical
reinforcement filler for polymers. Besides the filler intrinsic
properties, mechanical properties of a polymeric composite
material depend on many factors, including dispersion and dis-
tribution of filler, adhesion between filler and polymer matrix,
filler aspect ratio and orientation of filler within the polymer
matrix [46]. These factors are discussed in detail in the following
sections.

3.1.1. Dispersion and distribution
Enhancing the mechanical properties of VGCNF composites re-

quires good dispersion and distribution of nanofibers in the poly-
mer matrix while maintaining the aspect ratio of nanofibers



Fig. 8. Tensile strength and modulus of VGCF as function of diameter [36].
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[24,47]. For a given polymer and filler, if the filler is not well dis-
persed within the polymer matrix, the composite will fail because
of the separation of the filler bundle or agglomerate rather than the
failure of the filler itself [48,49]. Excellent dispersion of filler min-
imizes the stress concentration centers and improves the unifor-
mity of stress distribution [24]. Nanofiller can be dispersed and/
or aligned in a polymer matrix using different techniques including
in situ polymerization [50,51], solution processing [52,53], spin
casting [54] and melt spinning [55,56]. In addition, some process-
ing aids can be used to enhance the dispersion and/or alignment of
VGCNFs such as sonication [57], surfactants [58], nanofiller func-
tionalization or grafting [59,60] and magnetic fields [61]. In this
section, we will only discuss the attempts that have been made
to disperse VGCNFs in thermoplastic matrices using melt mixing
techniques. Other techniques are discussed in the following sec-
tions along with their effects on the composites final properties.

Melt mixing is a simple and widely used composite compound-
ing technique. Several reports have addressed VGCNF dispersion in
thermoplastics by melt mixing [28,62–65]. However, this tech-
nique greatly reduces the filler aspect ratio especially in cases
when high shear conditions are required to get adequate level of
filler dispersion. For example, we found that melt mixing VGCNF
with high density polyethylene (HDPE) in a HAAKE mixer at a
moderate shear conditions (Torque 10 Nm, 50 rpm for 5 min) de-
creased VGCNF aspect ratio by 40% from 38 to 23 [28]. The average
length of VGCNF 200 nm in diameter was reduced from 20–80 lm
to 10.4 lm after melt mixing with PP in an extruder at 80 rpm and
at a barrel temperature of 280–290 �C [66].

The severity of the mixing conditions that are required to
disperse filler particles well in a polymer matrix depends mainly
on the compatibility between the filler and polymer matrix. For
example, VGCNF was dispersed in different polymer matrices (PP,
polystyrene (PS), high impact polystyrene (HIPS) and acryloni-
trile–butadiene–styrene (ABS)) using a Haake batch mixer [63].
Mixing at 80 rpm for 30 min was required to get good dispersion.
However, we found that good dispersion of VGCNF (PR-24-LHT)
in polyethylene (PE) can be achieved using a Haake batch mixer
operated at 20 rpm for 15 min [12]. The reason for this difference
can be related to the compatibility between the filler and polymer
matrix (factors such as surface chemistry of VGCNF, polarity of the
polymer matrix, surface tension of the filler and polymer influence
the filler/polymer compatibility).

Grafting of fibers before melt mixing is a very promising modi-
fication process that can enhance the compatibility between the fi-
ber and polymer matrix, and thus facilitating the dispersion of
fibers in polymer matrix without implementing destructive shear
mixing conditions. This process enhances the level of interaction
between filler and polymer that consequently can improve the
dispersion and distribution during mixing. CNTs dispersion in PP
matrix was enhanced by using maleic anhydride grafted styrene-
(ethylene-co-butylene)-styrene copolymer as a compatibilizer
[27], and in poly(methyl methacrylate) (PMMA) by first coating
CNTs with poly(vinylidene fluoride) (PVDF) before melt mixing
[67]. It is out of the scope of this report to discuss the grafting tech-
niques. Therefore, readers are referred to a recent review by Tsu-
bokawa regarding polymer grafted carbon materials [68].

3.1.2. Adhesion and interface
To take full advantage of the superior tensile properties of rein-

forcement, such as VGCNFs and CNTs, requires excellent adhesion
between the filler and polymer matrix to ensure adequate stress
transfer [69,70]. Weak interfacial adhesion between the filler and
polymer matrix increases the stress concentration at the filler/
polymer interface leading to composite failure [71]. Stress transfer
from a polymer matrix to filler might be directly from polymer to
filler, or through an interfacial layer of polymer that has different
characteristics than the bulk polymer (i.e. the matrix). Existence
of such a layer complicates the analysis of composite fracture be-
cause of the introduction of new interfaces.

Many researchers reported the existence of such interfacial lay-
ers in composites [35,72,73]. In polycarbonate (PC)/MWCNT com-
posites, MWCNTs sticking out from the fracture surface of a PC/
MWCNT composite are covered with layers of PC in the range of
20–48 nm in thickness [72,73]. Coleman et al. [74] reported that



Fig. 9. SEM micrograph shows VGCNF coated with thick layers of HDPE. The scale
bar is 100 nm [12].

Fig. 11. SEM micrograph shows the poor adhesion between HDPE-coated-VGCNF
and the HDPE matrix.
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the enhancement of tensile modulus of CNT/Polyvinyl alcohol
(PVOH) composites exceeds that predicted by the parallel rule of
mixtures (i.e. upper predicted bound). This unexpected result
was attributed to the existence of ordered PVOH layer at the CNT
surface that has better mechanical properties than the PVOH ma-
trix [74]. According to a model developed in the same study, the
tensile modulus of this interfacial layer is 46 GPa compared to
1.9 GPa for the pure polymer.

For HDPE filled with VGCNF, we observed interfacial layers of
polymer covering VGCNFs extending out from the fracture surface
of composite, as shown in Fig. 9 [12]. Fig. 10 is a histogram that
shows the comparison of VGCNF diameters before and after mixing
with HDPE. Details on the procedure followed to measure the
nanofibers diameter before and after mixing can be found in refer-
ence [12]. The distribution shows that before mixing, 90% of
VGCNF had a diameter below 150 nm, whereas after mixing 70%
of the fibers had a diameter larger than 150 nm. Interestingly,
the SEM observations illustrated that HDPE-coated-VGCNF has
poor adhesion with the HDPE matrix as the gaps between the
coated-fibers and the HDPE matrix can be clearly seen (see
Fig. 11). Such observation reveals that the HDPE layers coating
the VGCNF has different characteristics than the HDPE matrix.
Fig. 10. Diameter size distribution of as-received VGCNF compared to that after
processing with HDPE. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Adhesion between filler and polymer matrix could by physical,
chemical and/or mechanical. Other forms of adhesion are diffusive
and electrostatic but these are not common in polymer compos-
ites. Physical adhesion refers to the intermolecular forces, such as
van der Waals forces, between filler and polymer matrix, which
is the most common type of adhesion in polymer composites.
Chemical adhesion represents chemical bonding, such as covalent
bond, between the matrix and filler, which is typically the stron-
gest form of adhesion. Filler particles are typically functionalized
with certain chemical group in order to achieve good bonding with
the polymer matrix. Mechanical adhesion represents the interlock-
ing and entanglement of polymer chains within the filler structural
voids and entanglement between filler functional chains and poly-
mer matrix. Nanotubes and nanofibers with perfect cylinders of
smooth surfaces exhibit insignificant mechanical interlocking with
polymer matrix.

Adhesion between filler and polymer matrix can be quantified
by measuring the interfacial shear strength (IFSS). Direct measure-
ment of IFSS is not easy for nanofibers because of their small size.
Nevertheless, Barber et al. [75] attached a single MWCNT on an
AFM tip then embedded it into a molten polyethylene–butane.
After solidifying the polymer, the MWCNT was pull-out using the
AFM tip. The MWCNT used were 32–136 nm in diameter, which
is comparable to the diameter range of VGCNF. The average IFSS
was 47 MPa. This relatively high IFSS value revealed that there
must be of covalent bonding between the filler and the polyethyl-
ene–butane matrix because molecular dynamics simulations by
Frankland et al. [76] of ISFF between polyethylene and MWCNT
showed an ISFF of 2 MPa. Fig. 12A shows a typical force vs. time
curve for the pullout of a nanotube from a polymer matrix.
Fig. 12B shows the geometry of the pullout area. Cooper et al.
[77] used a scanning probe microscope (SPM) to pull-out single
MWCNT extended from holes of MWCNT/epoxy film. IFSS up to
400 MPa was measured for MWCNT embedded (embedding
length < 500 nm) in epoxy matrix. However, for MWCNT embed-
ded to more than 500 nm, IFSS was in the range of 35–90 MPa.
3.1.3. Aspect ratio
Stress transfer from the polymer matrix to the filler increases

with increase in the aspect ratio of filler [24,78]. Both Young’s
modulus and yield stress of clay/PA-6 composite was reported to
increase with increase in the aspect ratio of clay [79]. Young’s mod-
ulus estimation models for unidirectional short-fiber composites
also predict increase in the modulus with increase in filler aspect



Fig. 12. (A) A typical figure shows the pullout force vs. pull out time as taken from
the AFM cantilever deflection. (a) The nanotube is embedded in the polymer. As the
nanotube is pulled away from the polymer, the cantilever bends away (b) until the
maximum force, corresponding to the maximum cantilever bending deflection, is
achieved (c). Pullout then occurs (d), resulting in the eventual complete separation
of the nanotube from the polymer (e). (B) The geometry of the pullout area, clearly
showing the hole previously containing the nanotube, is displayed from the AFM
height data [75].

Fig. 13. Cox model predictions for the Young’s modulus of VGCNF/polymer
composites. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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ratio [78]. When stress is imposed on a composite specimen, the
stress will transfer to the fiber and build-up until it reaches the fi-
ber tensile strength, at some critical distance xc from the fiber end,
where the fiber breaks. Thus, fibers shorter than the critical length
(lc = 2xc carry less stress than what they are supposed to based on
their inherent mechanical properties. This means that their effec-
tive mechanical properties are lower than the inherent ones.

For hollow-core cylinders, such as the VGCNFs, the critical
length is [35]:

lc ¼
rf D
2s 1� D2

i

D2

" #
ð1Þ

where rf is the fiber tensile strength, s is the interfacial shear stress
(IFSS), D and Di are the external and internal diameters, respec-
tively, of fiber. It is apparent that the critical fiber length decreases
with decrease in the filler external diameter and tensile strength,
and increases with decreasing interfacial shear strength and filler
internal diameter. Filler internal and external diameters are typi-
cally characterized by TEM. Tensile strength of filler are either di-
rectly measured or can be estimated. IFSS is the most critical
factor, since it depends on the adhesion between the filler and the
polymer matrix. This level of adhesion can be very low such as
2 MPa between MWCNT and PE and very high such as the
400 MPa between MWCNT and epoxy matrix. For example,
according to Equation 1 for the case of poor adhesion between a
VGCNF (Di = 30 nm, D = 70 nm, rf = 3 GPa) and a polymer
(s = 2 MPa), lc is 43 lm. This length is much higher than the average
length of VGCNF after mixing with a polymer, indicating that the fi-
bers carry less stress than their actual capabilities. However, for the
same fibers with good adhesion lc drops to 0.2 lm (assuming
s = 400 MPa).

3.1.4. Theoretical predictions of tensile properties
Young’s modulus of VGCNF/polymer composite as a function of

VGCNF volume fraction and aspect ratio was estimated using the
Cox model [80,81]:

Ec ¼ ð1� Vf ÞEm þ nVf ðgf Ef Þ ð2Þ

gf ¼ 1� tanh b
b

ð3Þ

b ¼ l
d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Em

ð1þ vÞEf ln
ffiffiffiffiffiffiffiffiffiffiffiffi

p
4Vf

� �r
vuuut ð4Þ

where Ec is the composite Young’s modulus, Vf is the volume frac-
tion of the filler, Em is the Young’s modulus of the polymer matrix,
gf is the filler efficiency factor, Ef is the filler Young’s modulus, n is a
constant related to the orientation of the fibers (n = 1/6 for ran-
domly oriented fibers in 3-D, n = 1/2 for fibers randomly oriented
in 2-D plane and n = 1 for aligned fibers), l is the average fiber
length, d is the fiber diameter, and v is the Poisson’s ratio.

The Cox model is an extension of the parallel model based on
the rule of mixtures. Cox introduced a filler efficiency factor to
the parallel model to account for the effect of filler aspect ratio
on stress transfer [80]. The parallel model was originally developed
for composite specimens in which fibers are aligned in the tension
direction and span the entire length of the specimen, whereas, in
actual composites, fibers are much shorter than the specimens.

Fig. 13 depicts the influence of VGCNF aspect ratio and volume
fraction on the Young’s modulus of VGCNF/polymer composite as
predicted by the Cox model. The calculation is for a randomly ori-
ented VGCNF (Ef = 240 GPa) in polymer matrix having a Young’s
modulus of 1 GPa and a Poisson’s ratio of 0.38. It is clear that the
amount of VGCNF required to double the Young’s modulus de-
creases significantly from 10 vol% to 3.5 vol% with increasing the
VGCNF aspect ratio from 20 to 100. In a previous work we found
that the aspect ratio of (PR-24-LHT) VGCNF after mixing at
50 rpm for 5 min is about 20 [28].
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3.2. Tensile properties of VGCNF/polymer composites

Only marginal improvements in tensile properties were
achieved when as-grown VGCNF were incorporated into polymer
matrices when there was no functionalization of nanofibers or
attempts to enhance their dispersion or orientation in the compos-
ites [82,83]. Moreover, at high filler loading, the poor dispersion of
nanofibers deteriorated some composite mechanical properties.
For example, VGCNF/poly(ether ether ketone) (PEEK) composites
prepared by extrusion followed by injection molding showed lin-
ear increase in tensile modulus and yield stress with increasing
VGCNF loading [84]. At 15 wt% VGCNF loading, the tensile modulus
and yield stress of the composite increased by 40% and 15%, respec-
tively, over that of unfilled PEEK. Surprisingly, adding up to 10 wt%
VGCNF to PEEK had very little effect on the strain at break; the
strain at break value only reduced from 22% to 18%. Similar obser-
vations were also found by Shui and Chung [85] for poly(ether sul-
fone) PES filled with carbon filaments filled, where at 5 vol% and
7 vol% VGCNF, strain at break only dropped by 19% and 31%,
Fig. 14. Tensile strength of VGCNF/PP composites obtained by different researchers. (For
the web version of this article.)

Fig. 15. Young’s modulus of PP/VGCNF composites obtained by different researchers. (Fo
to the web version of this article.)
respectively. In contrast to this, Lozano and Barrera reported 60%
and 73% drop in strain at break for 5 and 10 wt% VGCNF filled PP,
respectively [86].

Before going in depth about the tensile properties of VGCNF/
polymer composites, some of the typical tensile strength and ten-
sile modulus properties that have been reported for VGCNF/PP
composites are presented in Figs. 14 and 15, respectively. It is
apparent that for all of the VGCNF/PP composites regardless of
the processing method, there is a linear increase in tensile strength
with increasing VGCNF content up to 5 vol%. Beyond that, adding
VGCNF has little influence on tensile strength. The most remark-
able increase in tensile strength was obtained by Gordeyev and
coworkers [87] who prepared the VGCNF/PP composites by tradi-
tional fiber processing technique. For the Young’s modulus, it can
observed that for most of the studies on VGCNF/PP composites,
7–8 vol% VGCNF were required to double the composite stiffness.

In order to enhance the mechanical properties of VGCNF/poly-
mer composites, different methods have been developed to dis-
perse and distribute VGCNF well in the polymer matrix and to
interpretation of the references to color in this figure legend, the reader is referred to

r interpretation of the references to color in this figure legend, the reader is referred
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enhance the adhesion between nanofibers and polymer matrix.
These methods are reviewed in the following sections.

3.2.1. Ball milling treatment
Remarkable improvement in tensile properties of VGCNF/PP

and Nylon composites compounded in a MiniMax Molder were
reported after ball milling the VGCNF [88]. The Mini-Max molder
(Custom Scientific Instruments, Inc.) is a gram scale mixer. Its mix-
ing efficiency in terms of filler dispersion and distribution is lower
than that of internal mixers and extruders because of its simple
flow patterns [89–93]. Ball milling the VGCNF clumps prior to com-
posite compounding facilitated the infiltration of polymer into
VGCNF agglomerates and consequently enhanced the mechanical
properties of both nylon and PP composites. The Influence of
ball-milling on tensile strength was more pronounced than its
influence on tensile modulus. For example, balling milling in-
creased the tensile strength of 4 vol% VGCNF/PP composite from
28.5 to 47.5 MPa, corresponding to 67% increase, whereas, it in-
creased the tensile modulus from 1900 to 2450 MPa, correspond-
ing to only 29% increase. Data from Tibbetts (1999) in Figs. 14
and 15 are for the tensile strength and tensile modulus, respec-
tively, of ball-milled VGCNF/PP composites.

3.2.2. Surface treatment
Adding oxygen to the surface of VGCNF is an effective method

to enhance the adhesion between the carbon nanofiller and poly-
mer matrix. Oxygen has been added to the surface of VGCNF by
etching the nanofiber in air at about 400–600 �C, soaking the
nanofibers in nitric acid, sulfuric acid or sulfuric/nitric acid mixture
[8,94], and by oxygen plasma treatment [82,95,96]. Adding polar
functional groups to the surface of nanofibers increases the surface
energy (especially the polar part) of the nanofibers. Thus, the de-
gree of functionalization can be simply characterized by water con-
tact angle measurement. The smaller the contact angles the higher
the functionalization [95,96].

Four types of functional groups are generated in oxygen plasma
treatment; namely, carboxylic, carbonylic, phenolic or hydroxylic
groups [95,96]. At a certain surface energy, the ratio of polar to dis-
persive surface energy can be optimized by adjusting the plasma
power and treatment time. Lower plasma power and longer treat-
ment time are needed to increase the value of polar surface energy
[95,96]. At 2.3 vol% VGCNF, tensile properties of plasma-treated
VGCNF/PP composite were marginally higher than the untreated-
VGCNF/PP composite and the neat PP. However, adhesion between
plasma treated nanofibers and PP matrix was better compared to
that between untreated fibers and PP matrix [95,96]. Such low lev-
els of improvement can be ascribed to either the poor dispersion of
nanofillers in the PP matrix or most likely to the low concentration
of VGCNF. Similarly, different levels of HNO3 treatment of VGCNF
did not increase the tensile properties of 2.3 vol% VGCNF filled PP
Fig. 16. SEM micrographs of (a) air-etched VGCNF/PP co
[97]. In addition to adding oxygen functional groups to the surface
of nanofiller, oxidation also reduces the aromatic concentration on
the surface nanofibers. The required degree of oxidation depends
on the hosting polymer. For PP, modest covering of the nanofibers
surface (around 4%) with oxygen gave a composite with optimum
tensile strength [8,98]. However, for epoxy, more highly oxidized
surface of nanofibers is required [8].

VGCNF used in the previous studies are expected to have an as-
pect ratio between 20 and 40. Thus, higher volume fraction of this
filler should be used to enhance the composite mechanical proper-
ties. This conclusion is consistent with the considerable improve-
ments in tensile properties of PP filled with 15 vol% air etched or
CO2 etched VGCNF. For example, tensile strength of air-etched
VGCNF composite was at least two times that of composites pre-
pared using as-grown or graphitized VGCNF [98]. The adhesion be-
tween the air-etched fibers and the PP matrix was better than that
between the graphitized VGCNF and the PP matrix (see Fig. 16).
The figure shows that the pulled-out nanofibers from the fracture
surface of graphitized-VGCNF/PP composite is much longer than
those from the air-etched VGCNF/PP composite indicating better
adhesion between the nanofibers and polymer for the latter
composite.
3.2.3. VGCNF alignment
Alignment of nanofibers in polymer matrix was attempted by

extrusion through a die [66], spinning [65,87,99] and freeform fab-
rication [100,101]. The best reinforcement results were obtained
by Gordeyev and coworkers [87] who addressed the possibility of
incorporating VGCNF into the fibrillar structure of semi crystalline
polymer because of their nanometer-size. Upon stretching at high
temperature, most semicrystalline polymers can form fibrillar
structure to self-reinforce. VGCNF/PP composites samples were
spun and then stretched at different draw ratios. The composite
were prepared by extrusion. For as-spun samples with draw ratio
(DR) of 1–1.5, the relative tensile strength and relative tensile
modulus of the 5 vol% VGCNF composite were 3.1 and 2.9, respec-
tively. Increasing VGCNF content above 5 vol% had a marginal ef-
fect on the as-spun samples drawn at 1–1.5. Fig. 17 shows the
influence of DR and VGCNF loading on the tensile strength and
stiffness of the VGCNF/PP composites. The highest tensile strength
and tensile modulus reported were 720 MPa and 14.9 GPa, respec-
tively, for 5 vol% VGCNF/PP composite spun and then stretched to
total DR of 15. The tensile strength and modulus for unfilled PP
processed under the same conditions were 530 MPa and 8.3 GPa,
respectively.

Poor tensile properties were obtained from spinning 5 wt%
VGCNF/poly(ethylene terephthalate) (PET) composites [99]. The
composites were prepared by melt mixing in an internal mixer
or twin screw extruder. Tensile strength either stayed at the same
value or decreased with addition of VGCNF depending on the type
mposite; (b) graphitized VGCNF/PP composite [98].



Fig. 17. Effect of VGCNF loading and draw ratio on the as-spun (DR = 1–3.5) and drawn (DR = 10) VGCNF/PP composites (a) relative strength and (b) relative modulus [87].
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of VGCNF and processing conditions. However, compressive
strength and torsional modulus of composites were higher than
that of unfilled polymer fiber by up to 50% and 57%, respectively.
Improvement in the tensile modulus of VGCNF/PMMA composite
was obtained by spinning [102]. 0, 5 and 10 wt% VGCNF/PMMA
composite were processed in a piston-driven spinning system hav-
ing an orifice diameter of 4 mm. Fibers with 2 different diameters,
4 mm and 60 lm, were obtained. The 4 mm fibers were collected
as they came from the spinning system (i.e. no drawing), whereas
the 60 lm fibers were collected by drawing the outlet of the spin-
ning system at 150 m/min. The stiffness of the 60 lm fibers was
2–3 times that of the 4 mm fibers. However, the tensile strength
decreased by 25% by introducing the nanofibers. Marginal increase
in tensile strength was found by partial alignment of VGCNF in PP
matrix via extrusion through a converging-annular die [66]. Nano-
fiber alignment in the extrusion direction decreased with increas-
ing fiber content. Enhancing nanofiber alignment was possible by
increasing the residence time in the die channel. The flexural
strength of 15.5 vol% VGCNF/epoxy composite processed in two-
roll mixer after mechanical blending was marginally higher than
that prepared by only mechanical stirring [37]. The two-roll mixer
was found to reduce the void content and it is expected that it pro-
duces a composite with better nanofiber alignment.

Extrusion freeform fabrication (EFF) technique was utilized to
reorient VGCNF and SWCNT in an ABS matrix [101]. The compos-
ites were first prepared by melt mixing in an internal mixer, from
which randomly oriented nanofibers were obtained. Those com-
posites were divided into two parts. The first portion was hot
molded and then cut to obtain dog bone-shaped specimens for ten-
sile testing. The second portion was further processed by EFF to
produce fibers and dog-bone tensile bars for tensile testing. In
the EFF, the part is sliced into layers of finite thickness using a
3D computer program. Then the EFF machine builds the part layer
by layer. This type of fabrication allows the manufacture of com-
plex geometries [100]. After EFF processing, both VGCNF and
SWCNT filled ABS showed some degree of nanofiber alignment.
Tensile testing results illustrated that 5 wt% VGCNF or SWCNT
filled ABS composites prepared by hot molding (the first portion)
have marginally higher tensile strength (9% and 21%, respectively)
Table 2
Best tensile properties results reported for CNT–polymer composites prepared by differen

Polymer Method CNT type CNT

PVA Solution processing MWCNTs 1
PA-6 Melt mixing MWCNTs 2
PP Spinning SWCNT 5
PMMA In situ polymerization MWCNTs 1.5
PEI Layer by layer deposition SWCNTs 50
PA-6 Melt spinning PA6g-SWCNTs 1.5
and modulus of elasticity (22% and 29%, respectively) than unfilled
ABS. For EFF composites having dog-bone shape, no enhancement
in tensile strength was reported and marginal increases in tensile
modulus were found (9% and 26%, respectively). These unexpected
tensile properties after filler alignment were attributed to the in-
layer void and incomplete inlayer fusion in the EFF. Finally, for
the EFF fibers, for both VGCNF and SWCNT composites a significant
improvement in tensile modulus by 44% and 93%, respectively, was
reported.

3.2.4. Processing methods and processing conditions
Processing methods and processing conditions have significant

influence on the parameters (filler distribution, dispersion, orienta-
tion and aspect ratio) that determine the mechanical properties of
a polymer composite. Due to the poor adhesion between VGCNF
and HDPE, changing mixing conditions in an internal batch mixer
has little effect on the mechanical properties of 7.5 vol% VGCNF/
HDPE composite [64]. Similarly, the effect of extrusion condition
on tensile properties of PP filled with 0–12.5 vol% VGCNF was not
significant [103]. The extrusion temperature was varied from 215
to 250 �C and screw speeds were 40 rpm and 120 rpm. The void
content decreased with increasing processing temperature and/or
decreasing filler content. Both tensile modulus and ultimate tensile
strength increased with increasing VGCNF content, except for the
composites prepared at 215 �C, where increasing VGCNF content
from 7.5 to 12.5 vol% did not affect tensile strength. Relative tensile
strength and relative tensile modulus of 12.5 vol% VGCNF rein-
forced PP composite were 1.8 and 2.2, respectively. Tensile proper-
ties of VGCNF/PMMA composites prepared by chaotic mixer and
internal mixer surprisingly showed a marginal decrease in Young’s
modulus and even more disappointing and more remarkable de-
crease in stress at break upon adding only 0.5 wt% VGCNF [29].
For example, the stress at break for the composite prepared in
the internal mixer decrease from 52 MPa for pure polymer to
30 MPa for 0.5 wt% VGCNF filled polymer.

Patton and coworkers [37] studied the mechanical properties of
VGCNF filled epoxy as a function of processing method and pro-
cessing conditions. For 18.2 vol% VGCNF/epoxy composites pre-
pared by acetone/epoxy infusion in a mat of nanofibers under
t methods (adapted from Ref. [24]).

(wt%) Relative modulus Relative strength Ref.

3.6 4.3 [105]
3.1 2.6 [106]
3.5 3.2 [107]

1.75 [108]
36.7 24 [109]

2.7 2.1 [110]
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vacuum followed by curing, increasing curing pressure from 14.7
to 250 psi improved the flexural strength and flexural modulus
by 30% and 5%, respectively. Increasing curing pressure beyond
250 psi negatively influenced the flexural properties.

3.2.5. Tensile properties of CNT/polymer composites
After reviewing the tensile properties of VGCNFs/polymer com-

posites, in Table 2 some of best tensile properties reported so far for
CNTs/polymer composites are summarized. Recently, a more com-
prehensive list was published by Spitalsky and coworkers [104].
The objective from presenting this table is to give the reader a nu-
meric comparison between the tensile properties of VGCNFs/poly-
mer composites to those of CNTs/polymer composites. It is clear
that compared to VGCNFs/polymer composites, CNTs/polymer
composites have better tensile properties at lower filler loading.
This can be attributed to the better tensile properties of CNTs com-
pared to VGCNFs. However, it should be mentioned that CNTs/poly-
mer composites have received much more interest than VGCNFs/
polymer composite and thus much more work has been conducted
to improve CNT/polymer composite properties. For example, the ef-
fect of VGCNF grafting on the tensile properties of VGCNF/polymer
composites has not been studied yet. More studies need to be done
to evaluate the tensile properties of VGCNF. Better understanding of
the effect of VGCNF structure and dimensions on composite proper-
ties also requires study. There also needs to be emphasis on synthe-
sizing nanofibers with better mechanical properties.

3.3. Fracture toughness

Miyagawa and Drzal [111] studied the fracture toughness
of plasma-treated-VGCNF/epoxy and untreated-VGCNF/epoxy
Fig. 18. Propagation of crack model for VGCNF/epoxy compos

Fig. 19. DMTA of (a) VGCNF/epoxy composites [47] and (b) VGCNF/PC composite [112
referred to the web version of this article.)
composites. It was found that the fracture toughness of untreated
VGCNF/epoxy increased remarkably with increasing filler loading,
and at any filler loading, it was higher than that of plasma trea-
ted-VGCNF/epoxy. This was attributed the poor adhesion between
the untreated fibers and epoxy matrix which dissipated larger en-
ergy during the fibers pull out process. However, for treated
VGCNF/epoxy composites, the good adhesion between the fibers
and epoxy matrix resulted in failure due to fiber breaking. Thus,
the energy absorbed during breaking was smaller than that re-
quired for pull out of the fibers [111]. The model is schematically
described in Fig. 18.

3.4. Dynamic mechanical properties

Incorporating VGCNF into epoxy matrix was found to enhance
the storage modulus of the composites [111] around and above
the Tg [47], as shown in Fig. 19a. More interestingly, storage mod-
ulus of a composite prepared using low viscosity epoxy was higher
than that of a composite prepared using high viscosity epoxy, be-
cause of the better dispersion of VGCNF and less void volume frac-
tion in the low viscosity epoxy composite [47]. Increasing VGCNF
loading in PC matrix was found to increase the storage modulus
below the Tg, as shown in Fig. 19b. For PMMA/VGCNF composites
prepared at low temperatures by a chaotic mixer, a remarkable in-
crease in storage modulus was found by increasing VGCNF from 0
to 1 wt% [29]. However, the storage modulus deteriorated when
VGCNF loading increased from 1 to 4 wt%. At 4 wt% VGCNF, the
composite storage modulus was below that of unfilled PMMA.
For PMMA/VGCNF composites prepared by internal mixer, a minor
influence on storage modulus by changing VGCNF loading from 0
to 4 wt% was reported. Such observations for VGCNF/PMMA
ites with: (a) poor adhesion and (b) good adhesion [111].

]. (For interpretation of the references to color in this figure legend, the reader is
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composites might be due to a state of poor dispersion of nanofiber
within the polymer matrix.
Fig. 21. (a) tan d curves as a function of frequency and temperature of 20 wt%
MCNF/EP composite. Gel point is indicated by the arrow. (b) tan d curves at the gel
point for various MCNF/EP composites as a function of filler concentration [122].
4. Rheological properties

Rheological analysis of polymer composites is an efficient meth-
od to predict the processing behavior and microstructure (disper-
sion, distribution, concentration of filler and adhesion between
filler and polymer matrix) of composites [72,113–121]. Many poly-
mer composites showed transition in rheological behavior from li-
quid-like to pseudo-solid-like or solid-like with increasing filler
concentration. The transition concentration is called the rheologi-
cal percolation threshold. In the liquid-like region, the rheological
properties are dominated by the polymer–polymer entanglements
and characterized by storage modulus (G0) proportional to the
square of angular frequency, i.e. (G0ax2). In the solid-like region,
the rheological properties are a response to a combination of poly-
mer–polymer entanglements, polymer–filler interactions and fil-
ler–filler interactions. The solid-like region is characterized by G0

of x, and G0 remarkably higher than the loss modulus G00

[122,123]. For the pseudo-solid-like region, the system is similar
to but does not completely fulfill the solid-like behavior. For exam-
ple G0 may be independent of x but not remarkably higher than G00

[122].
The rheological percolation is fundamentally different than the

electrical percolation threshold. Electrical percolation is the con-
centration at which conductive filler particles form a continuous
filler network in the polymer matrix, such that, at the electrical
percolation threshold, the composite electrical conductivity sud-
denly increases by several orders of magnitude (up to
1015 S m�1). However, for the rheological percolation threshold
no dramatic increase in G0 or complex viscosity g⁄ occurs. The onset
of rheological percolation can be characterized, for example, by
significant change in the slope of the G0 vs. concentration or in
the slope of g⁄ vs. concentration curves. Fig. 20 shows the electrical
and rheological behavior of MWCNT/PC composite. It is apparent
that at the electrical percolation threshold, between 1 and 2 wt%,
the electrical resistivity decreased by several orders in magnitude.
However, for the rheological percolation threshold, which can be
identified at low frequencies, the significant change in g⁄ slope
starts �1 wt%. From 1 to 5 wt% MWCNT, there is a linear increase
in the log (g⁄) with increase in concentration.

The rheological percolation threshold concentration depends on
the measurement temperature. Thus, it can be higher, equal to or
lower than the electrical percolation threshold. Generally speaking,
the rheological percolation threshold decreases with increase in
temperature indicating that not only the filler–filler interaction
but also combination of polymer–filler and polymer–polymer net-
works determine the rheological properties [114]. Kelarakis et al.
[122] characterized the critical gel point (system transition from
pseudo-solid-like to liquid-like behavior), i.e. the rheological
Fig. 20. (a) Electrical percolation threshold and (b) rheologic
percolation threshold temperature, of modified carbon nanofiber
(MCNF)/ethylene–propylene (EP) copolymer composite using the
Winter–Chambon criterion [124,125]. The criterion suggests that
the critical gel point is the temperature at which the tan d vs. x
curve exhibit a zero-slope at low frequency [122]. Fig. 21a shows
the temperature dependence of the slope of the tan d curves of
20 wt% MCNF composite at low frequencies. It is apparent that
tan d curve exhibits a zero-slope at 60 �C. Above 60 �C, the compos-
ite is clearly seen to exhibit a pseudo like-solid behavior, where the
slope of the tan d curves at low frequencies is positive. Fig. 21b
al percolation threshold of MWCNT/PC composite [72].
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shows the gel point curves at various filler concentrations. It can be
clearly seen that gel point significantly decreases with increase in
filler concentration.

Very few studies have been performed on the rheological
behavior of VGCNF/polymer composites. VGCNF/PE composites
exhibited increase in storage modulus and loss modulus with in-
crease in VGCNF loading [126]. The increase in storage modulus
was more significant than that in loss modulus. Both unfilled-PE
and VGCNF/PE composites showed typical shear thinning behavior.
At high frequencies, the difference in viscosity between neat and
highly filled composites was very small. Similar observation was
reported for VGCNF/PP composites [62]. For PC composites, at
shear rates less than 0.1 s�1, adding 10 wt% VGCNF had very small
influence on complex viscosity of VGCNF/PC composites [127].
However, at shear rates greater than 0.1 s�1, the complex viscosity
of the composites decreased with increasing VGCNF loading and
was lower than that of neat PC. This phenomenon was also re-
ported in CB filled PS systems characterized at 230 �C [128]. At high
temperatures, PS is Newtonian over a wide range of frequencies.
This implies that the polymer chains are not entangled. Therefore,
adding CB facilitates the chains movements by acting as ball-bear-
ings [129]. We believe that same analysis applies for VGCNF/PC
composites, since PC is nearly Newtonian at shear rate up to
100 s�1. For MWCNT filled PC, it has been reported that melt vis-
cosity increases with increasing MWCNT loading. Composites with
lower viscosity than neat polymer were not noticed [72,130].

Carneiro and Maia [127] compared the rheological properties of
sub-micron VGCF/PP and CF/PP composites. At low shear rates, the
complex viscosity of 30 wt% VGCF/PP was two orders of magnitude
higher than that of 30 wt% CF/PP. 30 wt% VGCNF/PP composite ex-
hibit a typical shear thinning behavior over the entire range of
shear rates studied (0.001–10,000 s�1); whereas, both unfilled PP
and 30% CF filled PP exhibited a Newtonian plateau at shear rates
below 0.1–1 s�1. The strong shear thinning behavior of VGCNF/PP
composites was attributed to the existence of fiber–fiber interac-
tions. In the same study, it was found that increasing mixing inten-
sity, by changing screw configuration caused a very small decrease
in the composite viscosity. The decrease was clearly seen only at
low shear rates and the decrease was mainly because of the de-
crease in nanofiber length. Increasing composites viscosity with
increasing filler aspect ratio was reported for both GF and CF filled
composites [129]. The higher the aspect ratio, the more pro-
nounced is the interaction between fibers.
5. Crystallinity and Tg

Depending on the type of polymer matrix and filler concentra-
tion, addition of nanofiller can either increase or decrease the crys-
tallinity [46]. For VGCNF/PE composite, a reduction in PE
crystallinity was reported by adding VGCNF [46]. However, an in-
crease in PP crystallinity, crystallization temperature and crystalli-
zation rate were reported with increasing VGCNF content. Even
though PC has a very slow crystallization rate, Takahashi and
coworkers [131] reported that addition of graphitized-VGCNF to
PC accelerates the crystallization of PC. From DSC analysis of
VGCNF/PC composite annealed at 200 �C for 2 h, an endothermic
peak was observed at 234.6 �C. Under the same annealing condi-
tion, no signs of crystallinity were observed when non-graphitized
VGCNF were used. Zhang and coworkers [132] found that addition
of 1.5 phr VGCF to HDPE or (50/50) HDPE/PMMA blend reduces the
Ozawa’s exponent.

Effect of VGCNF addition on glass transition temperature of
polymers was found to be dependent on the interaction between
the nanofiller and the polymer matrix [2]. No influence on the Tg

of VGCNF/PS was observed with addition of up to 10.6 wt% of
VGCNF [133]. Similar observation was also noted for MWCNT/Poly
(styrene-co-butyl acrylate) filled with up to 15 wt% MWCNT [134].
Both of the aforementioned composites were prepared by hetero-
coagulation. Similar observations were reported for VGCNF/PEEK
composite prepared by melt mixing [84], and VGCNF/PC composite
prepared by melt mixing [112]. However, the tan d peak decreased
with increasing VGCNF content due to reduction of polymer con-
centration [112]. However, Zeng and coworkers [102] found that
glass transition temperature of VGCNF/PMMA spun fibers is 5 �C
higher than that of a controlled PMMA sample (PMMA processed
under similar conditions before testing). Similar observations were
reported for VGCNF/epoxy composites [47,135,136]. Introducing
5 wt% VGCNF to epoxy has small effect on the Tg and the tan d peak.
However, by increasing VGCNF loading to 10 wt%, a significant in-
crease in Tg (Tg increased from 80 to 100 �C) and decrease in the
height of tan d peak was noticed [47]. The presence of VGCNF re-
stricts the segmental movement of the polymer chains, and thus
results in an increase in Tg.

6. Summary and conclusions

VGCNFs are promising nanofillers for several applications due
to their multifunctional characteristics. VGCNFs are produced by
chemical vapor decomposition of a hydrocarbon feedstock on a
metal catalyst. VGCNFs are typically 50–200 nm in diameter and
up to 100 lm in length. The nanofiber has a hollow core compro-
mised of single or double layers of graphene planes stacked parallel
or at a certain angle from the nanofiber axis. The low price of
VGCNFs compared to competitive fillers such as CNTs will be one
of the major determinants of their widespread commercial use in
the polymer industry. VGCNF/polymer composites have potential
applications in many fields including: structural, EMI SE, ESD pro-
tection, batteries, sensors and automotive industry. In addition,
VGCNF are good substitute of CFs and CB in many applications.

Good dispersion, uniform distribution, high VGCNF aspect ratio
and strong adhesion between VGCNF and polymer matrix are they
key factors for producing multifunctional VGCNF reinforced poly-
mer composites with outstanding mechanical properties. Since
melt mixing is the most favored method for composites com-
pounding, functionalizing nanofibers, feeding nanofibers after the
polymer pellets have melted, avoiding high-shear mixing condi-
tions and/or using a compatibilizer are essential approaches to
facilitate the dispersion and distribution of nanofibers and to retain
the high aspect ratio of VGCNF.

Mechanical properties of VGCNF/polymer composites are lower
than those of CNT/polymer composites. One reason is the better
intrinsic mechanical properties of CNTs over VGCNFs. This clearly
indicates that producing VGCNFs with better mechanical proper-
ties is required to formulate a multifunctional VGCNF/polymer
composite at lower filler loading. The best tensile properties of
VGCNF/polymer composites reported so far were for VGCNF/PP
composites obtained by melt spinning. For composites prepared
by melt mixing and many other techniques, 10 vol% of VGCNF were
required to double the tensile strength and tensile modulus. Be-
cause of the incompatibility between VGCNF and polymer matri-
ces, functionalization of VGCNF is an effective and required
methodology to enhance the interaction between the nanofiller
and polymer matrix. There is very little of literature on VGCNF/
polymer composites prepared by in situ polymerization, coagula-
tion, solution processing, grafted-VGCNF, and melt spinning.
Studying the properties of VGCNF/polymer composite from these
processes is essential in order to reveal the reinforcement effect
of VGCNF and the ultimate properties that can be expected from
their composites. Fortunately, much work has been done using
CNTs and can be used as a guide for further development with
VGCNFs.
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Rheological properties of VGCNF/polymer composites showed
that in most cases addition of VGCNF increases the complex viscos-
ity and storage modulus. At high shear rate, viscosity of highly
filled VGCNF/polymer composites is close to that of neat polymer
because of the strong shear thinning behavior of the composites.
Rheological percolation threshold was observed in some VGCNF/
polymer composites. For VGCNF/PC composites, because of the
poor adhesion between PC and VGCNF, VGCNF was found to act
as ball-bearings that facilitate the movement of PC chains. Critical
studies that need to be performed are studies comparing the rheo-
logical behavior of VGCNF/polymer composites to that of CNT/
polymer composites, and studies on the rheological behavior of
VGCNF/immiscible polymer blends. Since characterization of nano-
filler aspect ratio is difficult and rheological properties of filled
polymers are very sensitive to the filler dispersion and aspect ratio,
the rheological properties might be used to estimate the dispersion
and aspect ratio of nanofiller.

Depending on the polymer type, adding VGCNF could increase
or decrease the level and the type of the host polymer’s crystallin-
ity, and thus affect the melting/crystallization temperature. The
glass transition temperature was not affected for many polymers
as a result of VGCNF addition. However, for epoxy and PMMA, an
increase in Tg with increasing VGCNF content was found. The in-
crease in Tg was due to the presence of nanofiber that restricted
the segmental movements of polymer chains.
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