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Polymer nanofibers are being increasingly used for a wide range of applications owing to their high specific surface
area. The electrospinning process, as a novel and effective method for producing nanofibers from various materials, has
been utilized to fabricate nanofibrous membranes. Carbon nanotubes (CNTs) have a number of outstanding
mechanical, electrical, and thermal properties, which make them attractive as reinforcement in a polymer matrix. The
incorporation of CNT into polymer nanofibers can improve the properties of electrospun nanofibrous composites. This
paper provides a comprehensive review of current research and development in the field of electrospun CNT-polymer
composite nanofiber with emphasis on the processing, properties, and application of composite nanofiber, as well as the
theoretical approaches to predicting the mechanical behavior of CNT-polymer composites. The current limitations,
research challenges, and future trends in modeling and simulation of electrospun polymer composite nanofibers are also
discussed.
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INTRODUCTION

With the rapid development and growing role
of nanoscience and nanotechnology in recent
years, considerable research efforts have been
directed towards the development and
characterization of fibrous materials with a
diameter in the range of tens to hundreds of
nanometers.'™

Electrospinning, as a simple and powerful
technique for producing ultrafine fibers, has
evinced more interest and attention in recent
years.”'" In this process, the nanofibers are
generated by the application of a strong electric
field on a polymer solution or melt. The sub-
micron-range spun fibers produced by this
technique possess high specific surface area, high
porosity, and small pore size.""" Electrospun
polymer nanofibers are very  attractive
multifunctional nanostructures due to their
versatility and potential for diverse applications.
Some of these notable applications include tissue
engineering scaffolds,'®"® biomedical agents,"

protective clothing,”® drug delivery,”’ super
capacitors,”>* and energy storage.**
Carbon nanotubes (CNTs) are highly desirable

materials possessing unique structural,
mechanical, thermal, and electrical properties.”>
Electrospun nanotube-polymer composite

nanofibers are very attractive materials for a wide
range of applications. This is due to the fact that
the use of the electrospinning technique to
incorporate CNTs in polymer nanofibers induces
the alignment of nanotubes within the nanofiber
structure, which could greatly enhance the
mechanical, electrical and thermal properties of
composite fibers.*'**

Numerous  studies have focused on
understanding and improving the structure and
properties ~ of  electrospun =~ CNT-polymer
composites.”'45 However, due to the difficulties
encountered in the experimental characterization
of nanomaterials, the simulation and theoretical
approaches play a significant role in understan-
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ding the properties and mechanical behavior of
CNT-reinforced polymer nanofibers.*°

The current review summarizes the recent
progress made in electrospun CNT-polymer
composite nanofibers, along with their processing,
characterization, mechanical properties, and
applications.  Theoretical  investigations on
mechanical properties of CNT and CNT-based
polymer composites are also addressed. Finally,
research challenges and future trends in modeling
and simulation of electrospun polymer composite
nanofibers are discussed.

FUNDAMENTALS OF ELECTROSPINNING
Concepts and mechanism

Electrospinning, as a straightforward, simple
and effective method for the preparation of
nanofibrous materials, has attracted increasing
attention during the last two decades.”'® The
electrospinning process, unlike the conventional
fiber spinning systems (melt spinning, wet
spinning, etc.), uses electric field force instead of
mechanical force to draw and stretch a polymer
jet.*”  This process involves three main
components, including a syringe filled with a
polymer solution, a high voltage supplier to
provide the required electric force for stretching
the liquid jet, and a grounded collection plate to
hold the nanofiber mat. A  schematic
representation of the electrospinning setup is
shown in Figure 1. In the electrospinning process,
when the electric field overcomes the surface
tension force of the droplet of the polymer
solution formed on the tip of the syringe, the
charged polymer solution forms a liquid jet and
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Figure 1: Schematic drawing of the electrospinning
process
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travels towards the collection plate. The ejected
polymer solution forms a conical shape known as
the “Taylor cone” and is drawn towards a
grounded collection plate.***

The electrospinning process can be explained
by four major regions, including the Taylor cone
region, the stable jet region, the instability region,
and the base region. Once the electric field
reaches a critical value, a charged jet of the
solution is ejected from the tip of the Taylor cone
and will begin to thin due to the forces acting on
it. The thinning of the jet can be divided into two
different stages. The initial stage is a period of
thinning as a straight jet and the later stage is a
period of thinning due to the bending/whipping
instability. Typically, the electrospinning process
has four types of physical instability: the classical
Rayleigh instability, the axisymmetric instability,
the bending instability, which results in whipping,
and the whipping instability. These instabilities
influence the morphology and the structure of the
deposited fibers.”" > Figure 2 illustrates the four
types of instability of the jet.

Rayleigh instability is axisymmetric and is
commonly observed in low electric field strength
(low charge densities) or when the viscosity of the
solution is below the optimum value. This
instability causes the liquid jet to break up due to
the surface tension force. At high electric fields,
the Rayleigh instability disappears and is replaced
by a bending instability. Both the bending and
whipping (non-axisymmetric) instabilities occur
owing to the charge-charge repulsion between the
excess charges present in the jet.

(b) © (d

Figure 2: Instabilities in the jet (a) Rayleigh instability, (b)
axisymmetric conducting instability, (c) bending
instability and (d) whipping instability
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Figure 3: Electrospinning parameters known to affect the resultant nanofiber morphology
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Figure 4: Momentum balance on a short section of the jet; adapted from Feng

The bending instability produces oscillations
in the diameter of the jet in the axial direction
caused by electrical forces (see Figure 2).The
non-axisymmetric  instability = replaces the
axisymmetric (i.e., Rayleigh and bending)
instabilities at higher electric fields and produces
a bending and stretching force on the jet.*’

The morphology and the structure of the
electrospun nanofibers are dependent upon many
parameters, which are mainly divided into three
categories:  solution  properties, processing
parameters, and ambient conditions, as illustrated
in Figure 3.°°%

Governing equations

The analysis of the electrospinning process is
based on the slender-body theory. It is widely
used in fiber spinning of viscoelastic liquid. To
simplify the mathematical description, a few
idealizing assumptions are made. The jet radius R
decreases slowly along the axial direction
Z:|dR(Z)/dZ|0 1. Furthermore, it is assumed
that the fluid velocity v is uniform in the cross
section of the jet.

The basic governing equations for the stable
jet region are the equation of continuity,
conservation of electric charges, linear
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momentum balance, and electric field equation.
As main sources for these flow equations, we
refer to Haghi et al.; Feng; Carroll et al."*>%

The most important and the simplest relation is
the equation of continuity; it describes the
conservation of mass in electrospinning:
ﬂRZUZQ (1)
where Q is a constant volume flow rate. The

conservation of electric charge may be expressed
by:

ZR’KE +27Rvo =1 )
where K is the electrical conductivity of the liquid
jet, E is the axial component of the electric field,
o is the surface charge density, and [ is the
constant total current in the jet. The conservation
of momentum for the fluid is formulated by the
relation: (see Figure 4)

d d
—(nRzpvz) = ﬂRng + L 2R cp ) +L 27RR + 2ZR(tf 14 R')
dz dz e R

where pis the fluid density, g is the acceleration

due to gravity, p is the pressure, 7,,is the axial
viscous normal stress, y is the surface tension, and
t/ and ¢ are the tangential and normal tractions,

respectively, on the surface of the jet due to
electricity. The prime indicates a derivative with
respect to z, and R is the slope of the jet surface.
The ambient pressure has been set to zero. The
electrostatic tractions are determined by the
surface charge density and the electric field:

2 =_
0'77_8 8E2
2g 2 (4)

tte =oE; = oE (5)

g =

&
CER ~E7 )

where £ and ¢ are the dielectric constants of the
jet and the ambient air, respectively, E, and E, are
the normal and tangential components of the
electric field at the surface, and ||*|| indicates the

jump of a quantity across the surface of the jet.
We have used the jump conditions for E, and E;:

“sEn“:Efn—eEnza, |E|=E-E =0, and

assumed that ¢E, 0 £E, and E =E. The

overbar indicates quantities in the surrounding air.
The pressure p(z) is determined by the radial
momentum balance, and applying the normal
force balance at the jet surface leads to:

— P+t =ty -
R (6)
Inserting Equations (4)-(6) into Equation (3)

yields (7):
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where # is the fluid viscosity and may depend on
the local strain rate or the accumulated strain. The
equation of electric field requires that:
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where E_is the applied external electric field, d is

the distance between the nozzle and the collector,
and R, is the radius of the spinneret.

CARBON NANOTUBE (CNT)
CNT structure

Carbon nanotubes are classified into single-
walled nanotubes (SWNTs) and multi-walled
nanotubes (MWNTs). A SWNT can be visualized
as a graphene sheet that has been rolled into a
hollow cylinder with end caps. So the atomic
structure of SWNT can be described by the chiral
vector C, and the chiral angle 0 (see Figure 5)

given by:m'77
C,=na+ma, ©)]

where a; and a, are unit vectors and integers (n,
m) are the number of steps along the zigzag
carbon bonds. The tubes with n=m are known as
armchair tubes and m=0 as zigzag tubes. In all
other combinations of n and m, the SWNT are
known as chiral tubes. Figure 6 illustrates the
schematic of nanotubes with different chiralities,
including armchair and zigzag nanotubes. The
chiral angle @ is the angle made by the chiral
vector C;, with respect to the zigzag direction (n,
0) and is defined as:

| (2n+m) (10)
2\/(m2 +mn+n?)

The radius of nanotube R is given by the

following equation:

R_aw/(m2+mn+n2) 1)

2
where a is a unit vector length and a = acfc\/g ,in

0 =cos”

which a. . is the carbon-carbon bond length and
is equal to 0.1421 nm. Considering the effective

wall thickness of SWNT + the effective
radius R, is defined as:

R _a\J(m +mn+n )+t (12)

A 2 2




To relate the graphene atomic coordinates and
SWNT from a planer hexagonal lattice, the
following equation is used:

(X,Y,Z)=[R cos(%), Rsin(%), vl (13)

where X, Y and Z represent the nanotube
coordinates and x and y are the graphene

Figure 5: Schematic illustration of a hexagonal

graphene sheet and definitions of SWNTSs parameters

Nanocomposites

coordinates.  Table 1 summarizes  the
characteristic parameters of carbon nanotube.

CNT properties

It is well known that CNTs possess remarkable
properties and have a combination of outstanding
mechanical, electrical, thermal properties, and
low density, so they have been suggested as
excellent candidate for numerous applications.

Figure 6: Schematic representation of (a) armchair
(5,5), (b) zigzag (9,0), and (c) chiral (8,6) nanotubes

Table 1

Characteristic parameters of carbon nanotubes

Symbol Description Formula Value

Carbon-carbon bond
dc_c length 0.1421 nm
a Unit vector length a= ac-c\/g 0.2461 nm

3 1 i
a,,a, Unit vectors a, £, ——la n (x.y)
2 2 coordinate system

C, Chiral vector C,=na+ma, (n,m): integer
I Circumference of 1= | C | —y m

nanotube h

[ 2 2
R Radius of nanotube R= ay(m” +mn+n")
2z

Effective radius of aJ(m* +mn+n*) ¢

R -
o nanotube Ry S

2z 2
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(2n+m)

0 =cos”
2\/(m2 +mn+n?)
. 3
0 Chiral angle 6 =sin" J3m 0°<9<30°
2\/(m2 +mn+n*)
3
0= tan~" ﬂ
2n+m
Physical properties of CNTs
. . CNT

Physical property Unit SWNT MWNT
Aspect ratio - 100-10000 100-10000
Specific gravity (g/em’) 0.8 1.8
Specific surface area (m*/g) 10-20 -
Elastic modulus (GPa) ~ 1000 300-1000
Tensile strength (GPa) 5-500 10-60
Thermal stability in air ) >600 >600
Thermal conductivity (W/mK) 3000-6000 2000
Electrical conductivity (S/cm) 10%-10° 10%-10°
Electrical resistivity (nQ/cm) 5-50 -

Some of these physical properties are
summarized in Table 2."%*

It is claimed that CNTs are a hundred times
stronger than steel and have very high Young’s
modulus, which are the most important
parameters that define the mechanical stiffness of
a material. The actual measurements of CNT
mechanical properties were made on individual
arc discharge MWNTs using atomic force
microscope (AFM). Young’s modulus values of
270-970 GPa were obtained for a range of
MWNTSs.*' The measurements on SWNT showed
a tensile modulus of ~1000 GPa for small
diameter SWNT bundles by bending methods.
However, the properties of larger diameter
bundles were dominated by shear slippage of
individual nanotubes within the bundle.”

In addition to their outstanding mechanical
properties, CNTs exhibit exceptionally high
thermal and electrical conductivity. However,
several parameters affect these properties,
including the synthesis methods employed,
defects, chirality, degree of graphitization and
diameter.** For example, depending on chirality,
the CNT can be metallic or semiconducting. The
remarkable thermal conductivity of CNTs makes
them  particularly attractive for  thermal
management in composites. It is known that the
thermal properties of CNTs play critical roles in
controlling the performance of CNT based
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composite materials. Similarly, CNTs possess
high electrical properties, which suggest their use
in miniaturized electronic components.**

ELECTROSPUN
COMPOSITES
The incorporation of CNT into polymer
matrix, due to the exceptional properties and large
aspect ratio, has been proven to be a promising
approach leading to structural materials and
composites  with excellent physical and
mechanical properties, such as tensile strength,
tensile modulus, strain to failure, torsional
modulus, compressive strength, glass transition
temperature, solvent resistance, and reduced
shrinkage.®® Fibrous materials were found to be
most suitable for many applications. There are
various techniques for the fabrication of CNT-
polymer composites, such as solution casting,
melt processing, melt spinning, electrospinning,
and in-situ polymerization.”’ Electrospinning as
an effective processing method to produce CNT-
polymer nanofibers with the CNTs orienting to
the axes of the as-spun nanofibers have attracted
increasing attention during the last two decades.

CNT-POLYMER

Basic principles

As the alignment of CNTs in the polymer
matrix is an interesting field, and has an important
influence on unidirectional properties such as



strength, modulus, and toughness, electrospinning
has been widely used to make CNTs align along
the fiber axis. Due to the improved CNT
alignment within the nanofibers and simple
spinning process, this technique has been
regarded as the most promising approach for
producing electrospun carbon nanotube-polymer
composites.””*” In this technique, initially the
CNTs are randomly oriented, but they are aligned
with the flow of polymer (see Figure 7). The CNT
alignment has been analyzed based on the planar
sink flow in a wedge, also known as Hamel

Steady jet

+

High voltage I

M= 1

r Collector plate

Ground

CNT

S

I

o

Crystalline
polymer

(a)

polymer

Nanocomposites

flow.*® This model implies that gradual alignment
of random CNTs into the fiber occurs at the
central streamline of the Taylor cone. While the
nanotube center moves along the streamline, they
are drawn towards the tip of the wedge.”

A number of reports on electrospun composite
fibers using various types of polymers and CNTs
are listed in Table 3. Although CNTs have
potential to be embedded into various polymer
matrices, electrospinning of some polymers
causes difficulties.

Stable jet

CNT Polymer

(b)

Figure 8: (a) Longitudinal and (b) cross-sectional representation of CNT-polymer
composite fiber
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Table 3
Electrospun CNT-polymer composites in the literature

gg);s()f Polymers Wl\;(;;:f?ﬁz ) Solvents ((\:VI\E;;S) Focus of the research Ref.
146000-186000,
SWNT PVA (96% - 10 Structure-property relationships [37]
hydrolyzed)
MWNT PVA 890(();)9_3%000’ Water/ethanol (3:1) 4 Effect of carbon nanotube aspect ratio and loading on elastic [90]
modulus
hydrolyzed)
75000-79000 20
MWNT PVA (98-99% Water Morphology and mechanical properties [91]
(VIV)%
hydrolyzed)
MWNT PTh --- Chloroform - Electric and dielectric properties [92]
MWNT PAN - DMF 0.25  Effect of conductive additive and filler on the process [93]
MWNT PAN - DMF 0-10  Anisotropic electrical conductivity [94]
MWNT PAN 70000 DMF 2 Application of vibration technology in electrospinning [95]
Monitoring the interaction between the n-electrons of CNT and the
MWNT PAN 150000 DMF 1 nitrile groups of PAN by using synchrotron microbeam WAXD [96]
analysis
MWNT PAN L DME | Creation of continuous yarn gnd charactgrization of the surface [97]
morphology, and the mechanical properties
PAN/ MA/
SWNT itaconic acid 100000 DMF 0-1 Thermal and tensile properties [98]
(93:5.3:1.7w/w)
PAN/ MA/
MWNT itaconic acid 100000 DMF 0-3 Investigating the distribution and alignment of CNT [99]
(93:5.3:1.7w/w)
MWNT PMMA 350000 DMF 5 Tensile mechanics [100]
SWNT PMMA 996000 chloroform 0-1 Temperature dependent electrical resistance and morphology [101]
Poly(e- Effects of green tea polyphenols (GTP) and MWNTSs incorporation
MWNT caprolactone) ~ 100000 DMF 3 on nanofiber morphology, mechanics, in vitro degradation and in [102]
vitro GTP release behaviors
MWNT PS 185000 DME/THF (2:3) 0.8, Production of hollow nanofibers with un-collapsing and surface- [103]
1.6 porous structure
SWNT, PS — DMF 0-5 Morphology, structure and properties [42]
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DWNT,
MWNT

MWNT
SWNT
MWNT

MWNT

MWNT

CNT
MWNT

MWNT
MWNT
MWNT
MWNT
MWNT
MWNT

MWNT

PLA
PLA/PAN
PLLA/PCL

PCL

PC

Alginate
PET

PA 6,6
PVDF/PPy
PEO
PANiI/PEO
PANiI/PEO
PPy

PBT

180000

100000

19200

900000

PANi=65000
PEO=600000
PANi=65000
PEO=100000

DMF

DMF
Chloroform/
methanol (=3:1)
Chloroform/
methanol (3:1)

Water
TFA

FA/DCM (2:1)

DMAc

Ethanol/water
(40:60)

Chloroform

Chloroform

HFIP

1-5

0-3.75

2-3

15

0-3
0-2.5

1

50
vIv)%

0.25-1
15

5

Electrical conductivity, mechanical properties and in vitro
degradation stability

Fabrication of continuous CNT-filled nanofiber yarn
Morphology, mechanical properties, in vitro degradation and
biocompatibility

Morphology and structural properties

Characterizing the composite nanofibers with directly embedded
CNTs, with respect to the orientation and uniform dispersion of
CNTs within the electrospun fibers

Mechanical and electrical properties

Tensile, thermal, and electrical properties

Effect of fiber diameter on the deformation behavior of self-
assembled electrospun CNT-PA 6,6 fibers

Morphology, chemical structure, electrical conductivity,
mechanical and thermal properties

Morphology and mechanical properties
Electromagnetic interference shielding

Electrical conductivity

Electrochemistry and current-voltage characteristics

Morphology and mechanical properties

[104]
(35]
[105]

[106]

[107]

[43]
[108]

[109]
[110]
(91]

[111]
[112]
[113]

[114]

Acronyms: DWNT: Double-walled nanotube; PVA: Poly(vinyl alcohol); PTh: Poly(thiophene); PAN: Poly(acrylonitrile); MA: Methyl acrylate; PMMA: Poly(methyl methacrylate);
PS: Polystyrene; PLA: Poly-DL-lactide; PC: Polycarbonate; PCL: Polycaprolactone; PET: Poly(ethylene terephthalate); PA: Polyamide; PVDF: Polyvinylidene fluoride; PPy:
Polypyrrole; P(VDF-TrFE): Poly(inylidene difluoride-trifluoroethylene); PANi: Polyaniline; PEO: Poly(ethylene oxide); PU: Polyurethane; PBT: Poly(butylene terephthalate);
DMF: N,N-dimethylformamide; THF: Tetrahydrofuran; TFA: Trifluoro acetic acid; FA: Formic acid; DCM: Dichloromethane; DMAc: N,N-dimethylacetamide; HFIP: Hexafluoro-

2-propanol

* The molecular weight of the polymer is an estimate from literature. Also, where not specified, the average molecular weight is M,
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Structural and morphological properties

It has been found that most semi-crystalline
polymers could be crystallized during the fiber
formation process. During the electrospinning
process, a fraction of the polymer -chains
crystallizes into lamellae or small crystallites, and
another fraction remains amorphous.” The relaxed
amorphous tie molecules exist between the
crystalline parts of the chain. Figure 8 represents
the expected general structure in CNT-polymer
composite fiber.

Due to the shear and elongation forces acting
on the jet, the tie molecules pass through the
neighboring crystallites to form small-sized
bundles and the lamellae are rearranged to form
fibrils.'"” The crystalline and amorphous fractions
of the chains within the electrospun fibers
influence the physical and mechanical properties
of the nanofibers.

The amorphous phase corresponds to the
elastomeric properties and the crystalline phase
provides dimensional stability. It seems that the
CNTs embedded in electrospun fibers reduce the
overall mobility of the polymer chains. Thus, the
orientation ~ of  polymer chains  during
electrospinning and the presence of CNTs within
the fibers enhance the structural properties of the
electrospun CNT-polymer composite.*

It is known that rapid solvent evaporation from
the electrospinning jet is accompanied by rapid
structure formation and leads to a decrease in the
jet temperature. Therefore, the aligned molecules
have less time to realign themselves along the
fiber axis, leading to less developed structure in
the fiber.

There are two methods to study the
morphological properties of electrospun CNT-
polymer composites: one is electron microscopy
(EM) and the second one is atomic force
microscopy (AFM). As mentioned earlier, the
final morphologies of the electrospun CNT-
polymer composite fibers can be affected by
several characteristics of the initial solution, such
as solution concentration, CNT weight fraction,
viscosity, surface tension and conductivity of
solution, in addition to some electrospinning
process (applied voltage, spinning distance,
volume flow rate, and the strength of the applied
electric field) and environmental conditions
(temperature and humidity).
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MECHANICAL PROPERTIES OF
ELECTROSPUN CNT-POLYMER
COMPOSITES

Background

The exceptional structure of CNTs, their low
density, their high aspect ratio, and outstanding
mechanical and physical properties make them an
ideal candidate for specific applications in which
CNTs are used as reinforcements in composite
materials. There are several parameters that affect
the mechanical properties of composite materials,
including large aspect ratio of reinforcement,
good dispersion, alignment and interfacial stress
transfer.*** These factors are discussed below.

The CNT aspect ratio is one of the main
effective parameters on the longitudinal elastic
modulus. Generally, the CNTs have a high aspect
ratio, but their ultimate performance in a polymer
composite is different. Stress transfer from the
polymer matrix to the dispersed CNTs increases
with the increase in the aspect ratio of CNTs.''
However, the aggregation of CNTs could lead to a
decrease in the effective aspect ratio of the CNTs.

The uniformity and stability of nanotube
dispersion in a polymer matrix are probably the
most fundamental issue for the performance of
composite materials. A good dispersion and
distribution of CNTs in the polymer matrix
minimizes the stress concentration centers and
improves the uniformity of stress distribution in
the composites.** On the other hand, if the
nanotubes are poorly dispersed within the
polymer matrix, the composite will fail because of
the separation of the nanotube bundle rather than
the failure of the nanotube itself, resulting in
significantly reduced strength.'”” Mazinani et al.
studied the CNT dispersion for electrospun
composite fiber, as well as its effect on the
morphologies and properties of electrospun CNT-
polystyrene nanocomposites.** They demonstrated
that the CNT dispersion is an important
controlling parameter for final fibers’ diameter
and morphology.

Another parameter influencing the mechanical
properties of nanotube composites is the CNT
alignment. The effects of CNT alignment on
electrical conductivity and mechanical properties
of CNT-polymer nanocomposites have been
discussed in a number of researches.'®'* For
example, it has been reported that with increasing
CNT alignment, the electrical and mechanical
properties of the SWNT-epoxy composites



increased due to an increased interface bonding of
CNTs in the polymer matrix.'"”

A good interfacial adhesion between the
matrix and the nanotubes is another effective
parameter of CNT-polymer composites. There are
some possible adhesions between CNT and
polymer matrix, including physical, chemical
and/or mechanical. It is known that diffusive and
electrostatic adhesions are not common in
polymer composites. One of the most common
types of adhesion in polymer composites is
physical adhesion, such as van der Waals force,
which refers to the intermolecular forces between
CNT and polymer matrix. Chemical adhesion as

Nanocomposites

the strongest form of adhesion represents
chemical bonding between the CNT and polymer
matrix. The interlocking and entanglement of
CNT functional chains and polymer matrix can be
represented by mechanical adhesion. It should be
mentioned that nanotubes and nanofibers due to
their perfect cylinders with smooth surface exhibit
insignificant mechanical interlocking with the
polymer matrix.*

Other parameters influencing the mechanical
properties of nanotube composites include:
solvent selection, size, crystallinity, crystalline
orientation, purity, entanglement, and
straightness.®

. Matrix

Matrix

(d)

()

Figure 9: Schematic representation of (a) chemical bonding, (b) molecular entanglement, (c) mechanical
interlocking, (d) diffusion adhesion, and (e) electrostatic adhesion between the matrix and the CNTs

Solvent

Polymer

SWNT
Figure 10: Schematic representation of functionalized CNT
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CNT-polymer interactions

In CNT-polymer composites, the constituents
retain their own original chemical and physical
identities, but together they produce a
combination of properties that cannot be achieved
by any of the components acting alone.'”' The
properties of composite materials greatly depend
on the nature of the bonding at the interface, the
mechanical load transfer from the surrounding
matrix to the nanotube and the strength of the
interface. The interface plays an important role in
optimizing load transfer between the CNT and the
polymer matrix. The mechanism of interfacial
load transfer from the matrix to nanotubes can be
categorized as: micromechanical interlocking,
chemical bonding, and the weak van der Waals
force  between the matrix and the
reinforcement.'**'> As reported previously, if the
load stress cannot be effectively transferred from
the matrix to the CNTs, the physical and
mechanical properties of the nanocomposites
could be considerably lower than the expected. In
order to improve the mechanical properties of
nanocomposite  materials, strong interfacial
interaction between the nanotubes and the
polymer matrix is a necessary condition, but
might not be a sufficient condition.

In addition to interfacial interactions between
the CNT and the polymer matrix, the dispersion
of CNTs in the polymer has significant influence
on the performance of a CNT-polymer
nanocomposite. Many different approaches have
been used by researchers in an attempt to disperse
CNT in the polymer matrix, such as physical
sonication and chemical modification of CNT
surface."”*'*® Functionalization of CNT surface
can lead to the construction of chemical bonds
between the nanotube and the polymer matrix and
offers the most efficient solution for the formation
of a strong interface. A strong interface between
the coupled CNT-polymer creates an efficient
stress transfer.”’ It should be noted that covalent
functionalization of CNT may disrupt the
graphene sheet bonding, and thereby reduce the
mechanical properties of the final product.
However, non-covalent treatment of CNT can
improve the CNT-polymer composite properties
through various specific interactions.'”’

Measurements
According to the literature, most studies on
CNT-polymer composites have reported the
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enhancement of mechanical strength by CNT
addition, and this is of particular importance for
electrospun nanofibers. It is well known that
measuring the mechanical properties of individual
electrospun nanofibers is difficult due to the small
size. In this regard, a few experimental
investigations reported their findings on
measuring the mechanical properties of single
electrospun composite nanofiber.' "'

Several  nanomechanical  characterization
techniques have been suggested to measure the
elastic properties of individual electrospun
nanofibers, such as AFM cantilevers, universal
tensile tester, and AFM-based nanoindentation
system.””"  Among  them, = AFM-based
techniques have been widely used to measure the
mechanical properties of single electrospun
nanofibers. This technique was carried out by
attaching nanofiber to two AFM cantilever tips
and recording the cantilever resonances for both
the free cantilever vibrations and for the case
where the microcantilever system has nanofibers
attached. Young’s modulus of the nanofiber is
then derived from the measured resonant
frequency shift resulting from the nanofiber. A
similar experiment has been carried out for
electrospun polyethylene oxide (PEO)
nanofibers'*’ by using a piezo-resistive AFM tip.
In this work, the selected nanofiber was first
attached to a piezo-resistive AFM cantilever tip
and to a movable optical microscope stage. The
nanofiber was stretched by moving the
microscope stage and the force applied to the
nanofiber was measured via the deflection of the
cantilever. These techniques are suitable for fibers
with the diameter ranging from several
micrometers to tens of nanometers. However, it is
difficult to manipulate and test individual
nanofibers.'”

ELECTROSPUN CNT-POLYMER
COMPOSITE APPLICATIONS

The research and development of electrospun
nanofibers has evinced more interest and attention
in recent years due to the enhanced awareness of
its potential applications in the medical,
engineering and defence fields."*>"'*° Despite the
several published reviews on polymer nanofiber
applications, few investigations have been
reported on the applications of electrospun CNT-
polymer composites. Most of the works on
electrospun CNT-polymer composite fibers have



focused on  developing a  fundamental
understanding of the composite structure-property
relationships.

Electrospun CNT-polymer composite
nanofibers, due to their excellent mechanical,
thermal, and electrical properties, as well as
nanometer scale diameter, are appropriate for a

Nanocomposites

large variety of potential applications, such as in
military protective clothing, in fuel cells, in
nanosensors and in energy storage. Figure 11
shows the potential applications of electrospun
composite nanofibers.'**'*

Filtration media

Metal ion adsorption and recovery

Tissue engineering scaffolds
Drug delivery and release control
‘Wound dressing

Biomedical

Nano Sensors

Environmental

Electrospun
Composite
Nanofibers

Solar cells, Full cells
Hydrogen storage
Mechanical energy harvesters
Lithium ion batteries

Energy
Harvest and

Storage

Other
Applications

Thermal sensors Electronic devices
Piezoelectric sensors Military Liquid crystal devices
Biochemical sensors Protection Functional catalysts
Fluor optical chemical Clothing Enzymes
1
|
|
Trapping aerosols
Anti-bio-chemical gases
Electromagnetic interface shielding
Figure 11: Potential applications of electrospun composite nanofibers
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Figure 12: Range of different length and time scales and theoretical approaches; adapted from Shokrieh et a
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In a recent investigation, electrospun
chitosan/PVA nanofibers reinforced by SWNT
(SWNT-CS/PVA) have been used as scaffold for
neural tissue engineering.'"’ The in vitro
biocompatibility of the electrospun fiber mats was
also assessed using human brain-derived cells and
U373 cell lines. The obtained results indicated
that SWNTs as reinforcing phase can augment the
morphology, porosity, and structural properties of
CS/PVA nanofiber composites and thus benefit
the proliferation rate of both cell types. Moreover,
the cells exhibit their normal morphology while
integrating with surrounding fibers.'*” In another
study, electrospun MWNT-PANiI/PEO nanofibers
were found to enhance the electromagnetic
interface  (EMI) shielding properties of
nanofibers.'*® It was found that absorption was the
main reaction that shielded the electromagnetic
interference. Electrospun CNTs-polymer
nanofibers have also shown potential applications
in filter media, tissue engineering scaffolds,
wound dressing, face masks, drug delivery,
enzyme carriers, super capacitors, and composite
reinforcement. > '*1%!

THEORETICAL APPROACHES TO CNT-
POLYMER COMPOSITES
Background

Due to the difficulties encountered in the
experimental characterization of nanomaterials,
theoretical approaches to determining the CNT-
based composite properties have attracted a great
interest. A tremendous amount of research has
been developed to understand the mechanical
behavior of CNTs and their composites.
According to the literature, the theoretical and
computational approaches can be mainly
classified into two categories: 1) atomistic
modeling, and ii) continuum mechanics
approaches'*'® (see Figure 12).

The atomistic modeling technique includes
three important categories, namely the molecular
dynamics (MD), Monte Carlo (MC), and ab initio
approaches. The MD and MC simulations are
constructed using Newton’s second law and the
ab initio approach relies on the accurate solution
of the Schrodinger equation to extract the
locations of each atom. Tight bonding molecular
dynamics (TBMD), local density approximation
(LDA), and density functional theory (DFT) are
other combined approaches, which are often
computationally — expensive.’  Although the
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atomistic modeling technique provides a valuable
insight into complex structures, due to its huge
computational effort especially for large-scale
CNTs with high number of walls, its application
is limited to the systems with a small number of
atoms. Therefore, the alternative continuum
mechanics approaches were proposed for larger
systems or larger time. Figure 12 shows the range
of different length and time scales with the
corresponding theoretical approaches.

Continuum mechanics based approach is
considered as an efficient way to save
computational resources. This technique employs
the continuum mechanics theories of shells,
plates, beams, rods and trusses. The continuum
mechanics approach by establishing a linkage
between structural mechanics and molecular
mechanics has aroused widespread interest.
Recently, some studies have been developed
based on continuum mechanics for estimating
elastic properties of CNTs. For instance, Odegard
et al.'® and Li and Chou'® developed a molecular
structural mechanics approach for modeling
CNTs. The finite element (FE) method has been
recently introduced to describe the mechanical
properties of CNTs. In this regard, Tserpes and
Papanikos'”® proposed a FE model for SWNTs.
By using a linkage between molecular and
continuum mechanics, they determined the elastic
moduli of beam element. Furthermore, they
reported the dependence of elastic modulus on the
diameter and chirality of the nanotubes.

It should be noted that the results obtained
from these approaches might be higher than those
observed in experiments. This may be due to the
idealized conditions that are assumed, especially
the perfect bonding conditions at the CNT-
polymer interfacial region. Table 4 shows a
comparison of experimental and theoretical
results for Young’s modulus of SWNT. These
theoretical Young’s modulus ranges
approximately agree with the experimental
measurements for the SWNT studied.

Summary of literature data

Nowadays modeling and simulation of CNTs-
polymer composites is of special interest to many
researchers. For example, Shokrieh and Rafiee'”
compared the results of finite element (FE)
analysis and the rule of mixture and deduced that
the latter overestimates the properties of the
investigated composite and leads to inappropriate



results. This observation is in agreement with that
of other researchers.'”*'*® The effects of CNT
aspect ratio, CNT volume fraction, and matrix
modulus on axial stress and interfacial shear stress
were studied by Haque and Ramasetty.'” Xiao
and Zhang’® employed the Cox model to
investigate the effects of the length and the
diameter of the CNTSs on the distributions of the
tensile and interfacial shear stress of SWNTSs in
an epoxy matrix.

Table 4

Nanocomposites

Eken et al.**! studied the combined effects of

nanotube aspect ratio and shear rate on the
electrical properties and microstructure of CNT-
polymer composite. They presented that the
orientation of the nanotubes and electrical
properties of the CNT-polymer composites
strongly depend on the nanotube aspect ratio and
applied shear rate.

Comparison between different theoretical and experimental results of SWNT Young’s modulus

Wall thickness  Young’s modulus

Analytical molecular structural mechanics based on the

— 1000-1200 [181]

Method (nm) (GPa) Ref.
MD -—- 1100-1200 [167]
MD 0.066 5500 [168]
MD, force approach (FA) - 1350 [169]
MD, energy approach (EA) --- 1238 [169]
ab initio - 750-1180 [170]
ab initio 0.089 3859 [171]
TBMD 0.34 1240 [172]
TBMD - 5100 [173]
DFT - 1240 [174]
” Molecular mechanics - 1325 [175]
2 MD, Brenner potential -—-- 5500 [176]
§ Nanoscale continuum - 4750-7050 [177]
8. LDA combined with elastic shell theory 0.075 4700 [178]
g . Z: 1080+20;
?3 Molecular structural mechanics model 0.34 A: 1050420 [179]
§ Continuum mechanics model 0.0617 4480 [180]
é)

Morse potential

Energy equivalence between truss and chemical models - 2520 [182]
Combined FEM and continuum mechanics, elastic shell - 4840 [183]
Struc.tural mechanics approach, space frame, stiffness L 1050 [166]
matrix method

Molecular mechanics-based FEM, elastic rod element - 400 [184]

Space frame and beam

Beam element and nonlinear spring
Spring elements

3-D beam element

Thermal vibrations-TEM

Measuring resonance frequency
Tensile test-AFM

3-point bending-AFM

TEM

Experimental

Cooling-induced vibrations, micro-Raman spectroscopy -

---- 9500-1060 [153]
---- 9700-1050 [185]
--- 1080-1320 [71]
---- 400-2080 [186]
---- 400-4150 [187]
2800-3600 [188]
--- Z: 100-1000 [189]
--- 1002 [190]
---- 1200 [191]
---- Z:900-1700 [192]

MD: Molecular dynamics; TBMD: Tight bonding molecular dynamics; DFT: Density functional theory; LDA: Local density
approximation; FEM: Finite element method; TEM: Transmission electron microscope; AFM: Atomic force microscope; * Z:

Zigzag; ® A: Armchair
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Georgantzinos et al.”** carried out multi-scale

FE formulation to investigate the stress-strain
behavior of rubber uniformly filled with
continuous SWNTs. They concluded that the
SWNTs improve significantly the composite
strength and toughness especially for higher
volume fractions. A molecular structural
mechanics model of CNT-reinforced composites
has been proposed by Wang et al.*” It is assumed
that CNTs and matrix are perfectly bonded to
each other. They also presented the effects of
matrix materials, van der Waals force, chiral
vector, and tube layers of CNTs on interfacial
stresses in CNT-reinforced composites. In the
study on multi-scale modeling of CNT-reinforced
nanofiber scaffold by Unnikrishnan er al.,”™ it
was demonstrated that the CNT polymeric
scaffold properties estimated using both the
micromechanical and nonlinear hyperelastic
material homogenization models were in excellent

agreement with experimental data. In another
study, mechanical performance of CNT-
reinforced polymer composites at cryogenic
temperatures was performed experimentally and
numerically by Takeda et al.>”> FE computations
were used to model the representative volume
element (RVE) of the composites, and the
possible existence of the imperfect CNT-polymer
interface bonding was considered. Joshi et al.'®
implemented the continuum mechanics approach
using a hexagonal RVE under lateral loading
conditions to investigate the mechanical
properties of CNT reinforced composite. They
also used an extended rule of mixtures (ERM) to
validate the proposed model. The reported
theoretical approaches on mechanical properties
of  CNT-polymer  composites, including
corresponding validation technique and interface
bonding, are given in Table 5.

Table 5
Theoretical approaches to predicting the mechanical properties of CNT-polymer composites46
. _— . SWNT in matrix Interface
Theoretical approaches Validation technique Single  Disperse bonding
Equivalent continuum mechanics Mechanical testing X 4 Perfect
FEM, strain energy method Literature data X 4 Perfect
MD, energy minimization method Rule of mixture 4 X Perfect
MD, Brenner and united-atom potential Ordinary and.extended 4 X Perfect
rule of mixture
Combined FEM and micromechanics .
v
models (wavy and straight SWNTs) Literature data % Perfect
Square RVE, FEM, rule of mixture, and Consistent with some
. . X v Perfect
elasticity theory experimental data
M}cromechanl({s equations for randomly Experimental « v Perfect
oriented short fibers
Multiscale Monte Carlo FEM using the Tensile test at the
. . X v Perfect
equivalent continuum method macroscale
FEM, strain energy method Literature data X Perfect
Beam elements for SWCNTS using
. vdW
molecular structural mechanics, trussrod - v X . .
Interaction

for vdW links, cubic elements for matrix

vdW: van der Waals

CONCLUDING REMARKS AND FUTURE
WORK

CNTs have emerged as  promising
reinforcements for polymer composites due to
their high aspect ratios and exceptionally
remarkable mechanical properties. Studies have
shown that the mechanical properties of CNT-
polymer composites are affected by many
parameters, including type of CNTs, chirality,
purity, aspect ratio, loading content, dispersion,
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alignment and interfacial adhesion between the
CNT and polymer matrix. Among them, the
interfacial adhesion is identified as one of the
most important factors affecting the performance
of nanocomposites.

The introduction of CNTs into electrospun
polymer nanofibers is an interesting attempt to
enhance the mechanical properties of electrospun
CNT-polymer composite nanofibers. So far, a few
reports have been found in the literature regarding



the measurement of the mechanical properties of
single electrospun composite nanofiber. The
isolation of individual composite nanofibers
remains the biggest challenge in measuring the
tensile properties of composite nanofibers, due to
the small size of the samples. Another challenge
is to grip it into a sufficiently small load scale
tester. Although a number of studies have been
performed on the experimental investigation of
electrospun  CNT-polymer composites, more
attention should be given to the theoretical
approaches on predicting the mechanical
properties of CNTs embedded in electrospun fiber
mat. Accordingly, this review summarizes recent
results on modeling and simulation of CNT-
polymer composites.

Along with the development of theoretical and
computational approaches for nanotubes, many
techniques have been demonstrated in many
studies using atomistic modeling and continuum
mechanics approaches. A molecular simulation
through the atomistic approach, such as molecular
dynamics or Monte Carlo, has been successfully
used in materials science and engineering to
determine the physical and mechanical properties
of materials in nanoscale. One of the main
challenges in applying such a simulation to a
single electrospun composite nanofiber is the
huge amount of computational tasks especially for
a large number of atoms. Another challenge is to
determine the structure and arrangement of
nanofiber and also to establish an interatomic
potential function.
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