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ABSTRACT: The morphology, structure, and properties of poly-

ethylene terephthalate (PET)/Carbon Nanotubes (CNT) conduc-

tive nanoweb were studied in this article. Nanocomposite

nanofibers were obtained through electrospinning of PET

solutions in trifluoroacetic acid (TFA)/dichloromethane (DCM)

containing different concentrations and types of CNTs. Electri-

cal conductivity measurements on nanofiber mats showed an

electrical percolation threshold around 2 wt % multi-wall

carbon nanotubes (MWCNT). The morphological analysis

results showed smoother nanofibers with less bead structures

development when using a rotating drum collector especially

at high concentrations of CNTs. From crystallographic mea-

surements, a higher degree of crystallinity was observed with

increasing CNT concentrations above electrical percolation.

Spectroscopy results showed that both PET and CNT orienta-

tion increased with the level of alignment of the nanofibers

when the nanotube concentration was below the electrical

percolation threshold; while the orientation factor was reduced

for aligned nanofibers with higher content in CNT. Consider-

able enhancement in mechanical properties, especially tensile

modulus, was found in aligned nanofibers; at least six

times higher than the modulus of random nanofibers at con-

centrations below percolation. The effect of alignment on the

mechanical properties was less important at higher concentra-

tions of CNTs, above the percolation threshold. VC 2010 Wiley

Periodicals, Inc. J Polym Sci Part B: Polym Phys 48: 2052–2064,

2010

KEYWORDS: carbon nanotubes; crystallization; electrospinning;

fibers; nanocomposites; orientation

INTRODUCTION The electrospraying process was discovered

by Formhal (1934) and since then, this process has received

a great deal of interest due to its apparent simplicity.1 Elec-

trospinning is the most practical technique to produce nano-

fibers. Until 1993, the electrospinning technology was often

referred to as an electrostatic spraying process and only a

few publications employing this technique can be found

prior to that year.2 Reneker and Chun revisited this techno-

logy in the 1990s, and they showed the possibility of using

it for producing nanofibers from several types of polymer

solutions.3 More recently, composites nanofibers were

obtained by dispersing various types of nanoparticles in

these polymer solutions and thus, the nanoparticles were

embedded in the nanofibers during the electrospinning pro-

cess. While several types of particles have been studied,

among them, carbon nanotubes (CNTs) have received a par-

ticular attention. In fact, rapidly after their development,4

CNTs have been widely used to improve electrical or

mechanical properties of electrospun polymer nanofibers.5–8

The presence of CNTs enhances the conductivity of the poly-

mer solution and produces a larger electrical current during

electrospinning. The addition of charge accumulation over-

comes cohesive forces and intensifies repulsive forces among

the charges accumulated inside nanofibers and fibers of

smaller diameter are formed.6

Several researchers investigated the structures, properties

and applications of polyethylene terephtalate (PET) electro-

spun nanofibers with and without CNT.9–24 Considering the

unique properties of PET, various applications of PET nano-

fibers have been developed.9–11,13,15,16,18–23 These include

filtration,9,16,19,20 phase change materials (PCM),10,13 charge

storage,11 and biomedical applications.15,18,21,22 However,

very few studies addressed with a satisfactory level of

details the structure and properties of PET nanofibers

produced by solution electrospinning. The earliest one was

performed by Kim et al., who investigated the electrospin-

ning of PET with an emphasis on the effect of molecular

weight and linear velocity of the collecting drum surface.24

They used X-ray diffraction (XRD) to assess the effect of

drum velocity on nanofibers orientation and the resulting

crystallinity.24 McKee et al. studied the correlation between
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solution rheology and final nanofiber morphologies of

branched and linear polyester electrospun nanofibers.23

They found that the concentration required for bead-free

nanofiber production is two times more than c* (the concen-

tration required for chain entanglement initiation). The effect

of chain entanglements on viscosity was also studied, and a

correlation of the electrospun morphology (polymer droplets,

beaded structure, or nanofibers) to zero shear rate viscosity

was developed.23 In one of the most recent studies available

on the production of PET nanofiber by electrospinning,

Veleirinho and his colleagues evaluated the effect of initial

solution concentration and solvent type on final properties

of PET electrospun nanofibers.14 They showed that at least

10 wt % of PET is required to prepare nanofibers, while

higher concentration favors beadless structure nanofibers.14

They also showed that in the composition of the solvents

mix, TFA/DCM volume ratio could be an important determin-

ing factor on the final morphology and properties of nano-

fibers.14 In one of the earliest works available, polybutylene

terephthalate (PBT), a polyester similar to PET and CNT

were combined and electrospun to fibers.25 A suspension of

5 wt % MWCNT dispersed in a solution of PBT/hexafluoro

isopropanol (HIFP) produced fibers with an improved

thermal stability and better mechanical properties.25 More

recent studies on structure and properties of PET/CNT nano-

composite nanofibers are also found in refs. 26 and 27. In

2008, Ahn et al. investigated the properties of PET/MWCNT

nanocomposite nanofibers for the first time.26 They

improved the dispersion of 3% w/w or less MWCNT suspen-

sions by an acid treatment on the nanotubes to increase the

amount of chemical groups at their surface. Morphology,

physical, and mechanical properties of the resulting nano-

fibers were studied; however, the electrical conductivity did

not improve significantly.26 In the most recent work available

on PET/MWCNT nanocomposite nanofibers, the molecular

conformation structure and chain orientation of PET in nano-

composite nanofibers after electrospinning has been studied

by Chen et al.27 They investigated the effect of MWCNT addi-

tion on PET chain confinement at different concentrations,

up to 2 wt % MWCNT, by differential scanning calorimetery

(DSC) and FTIR techniques. They mainly studied the crystal-

linity and morphology of PET fibers with and without

MWCNT.27 However, they did not report any data about the

final electrical and mechanical properties of their nano-

composite electrospun nanofibers.

In the present study, PET solutions containing different types

and concentrations of carbon nanotubes (single-wall, double-

wall, and multi-wall) are electrospun to produce nanocompo-

site nanofibers. The effect of CNT addition on nanofiber

morphology is studied both quantitatively and qualitatively.

We mainly focus on final nanofibers and mats characteristics

at a wide range of MWCNT concentrations, and especially at

high concentrations of CNTs. Moreover, aligned nanofibers

are produced by using a rotating drum. DSC, FTIR, and

Raman spectroscopy are employed to characterize the prop-

erties of nanocomposite nanofibers obtained with a static

collection mode as compared with those obtained from a

rotating receptor. In addition, electrical conductivity and

mechanical properties of the resulting nanowebs at different

CNT contents and types are obtained. The extensive use of

PET by the fiber and textile industry motivates our efforts

towards the production of conductive nanocomposite nano-

fibers mat by electrospinning. Such an extensive characteri-

zation of PET/CNT composites nanofibers produced for a

large variety of CNT concentrations and types and under

several processing conditions is, to the best of our

knowledge, reported for the first time.

EXPERIMENTS

Polymer Solution Preparation and

Electrospinning Process

The polymer used in this work was a polyethylene tereph-

thalate with IV ¼ 1 (Selar 7086, DuPont Co.), dissolved at

10% w/w concentration in an equal volume mixture of

trifluoroacetic acid (TFA) and dichloromethane (DCM); both

solvents were purchased from Aldrich Co. Carbon nanotubes

produced by a chemical vapor deposition process (CVD)

were purchased from Helix Co. (Richardson, Texas). Single

wall carbon nanotubes (SWCNT) and double wall carbon

nanotubes (DWCNT) with purities of 90 wt % and multi

wall carbon nanotubes (MWCNT) with purity of 95 wt %

were procured. The nominal diameter ranges of SWCNT,

DWCNT, and MWCNT were, respectively, of 1.3 nm, 4 nm,

and 10–100 nm. All three types of CNT had lengths in the

range of 0.5–40 lm. CNTs at different concentrations were

dispersed mechanically in pure TFA by a 2 h sonication

treatment at room temperature followed by continuous

mechanical mixing (by a stirrer in a container). The mixture

was sonicated an additional 2 h after addition of PET and

DCM and complete dissolution of PET by continuous stirring.

Final suspensions were stirred continuously before electro-

spinning. No surface modification technique was employed

to prevent its detrimental effect on the electrical conductiv-

ity of the CNTs.

Electrospinning Process

The electrospinning set-up employed in this work consisted

in a high voltage power supply (Gamma), a syringe pump to

deliver the solution at specific flow rates (PHD 4400,

Harvard Apparatus), a syringe connected to a stainless steel

needle (22 gauge, Popper and Sons), and finally a stainless

steel collecting drum (15 cm diameter). Nanofiber mats

were collected in both static and rotating drum conditions

(to obtain aligned nanofibers by rotating drum). An average

electrical potential difference of 10 kV was used on all types

of materials. The voltage was imposed on the needle,

positioned at a 15 cm distance from the collector and a volu-

metric flow rate of 0.5 mL/h was maintained. All experi-

ments were conducted at ambient pressure and temperature

in a relative humidity environment of 20% in average. A

summary of the different carbon nanotube concentrations

and types studied here, and the resulting nanofibers dia-

meter and morphology is given in Table 1. In the case of

aligned nanofibers production, we used a drum (of 150 mm
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in diameter) rotation speed of 600 rpm and the same elec-

trospinning parameters as mentioned previously.

Morphological Analysis and Evaluation of CNTs

A Hitachi S-4700 scanning electron microscopy (SEM) was

used on platinum coated samples to characterize the final

morphologies and surface structures of nanofibers at differ-

ent processing conditions and CNT concentrations. Two other

techniques, high-resolution scanning electron microscopy

(HR-SEM) and transmission electron microscopy (TEM) were

also employed to study final nanofibers morphologies and

surface structure (by HR-SEM) and CNT localization in nano-

fibers (by TEM). Moreover, an optical microscope, Dialux 20

(Leitz, WETZLAR), was employed to assess the dispersion

condition and CNTs position inside nanofibers.

Crystalline Characteristics (DSC and XRD)

DSC and XRD were used to study the crystalline behavior of

PET/CNT nanocomposite nanofibers. The effect of CNT addi-

tion on crystalline structure and behavior of nanofibers was

first investigated by differential scanning calorimetry (DSC,

Q1000; TA Instruments). The tests were performed in non-

isothermal condition and included a heating/cooling/heating

cycle with the rate of 10 �C/min. The crystallinity of the

polymer was further studied with X-ray diffraction (XRD, Dis-

cover, D8, Bruker) using the X-ray goniometer accompanied

with a Hi-STAR two-dimensional area detector. The generator

voltage and current were 40 kV and 40 mA, respectively, and

the Cu Ka radiation (k ¼ 1.542 E) was selected by a graphite

crystal monochromator. The nanofibers obtained were also

examined using wide angle X-ray diffraction (WAXD) method.

Orientation Measurements (Raman and FTIR Spectroscopy)

Raman and Fourier transform infrared (FTIR) spectroscopy

techniques were used for CNT and PET/CNT nanofibers ori-

entation measurements. A Nicolet Magna 860 FTIR instru-

ment from Thermo Electron Corp. (DTGS detector, resolution

4 cm�1, accumulation of 128 scans) was employed for a

quantitative evaluation of PET chains orientation in nano-

fibers at different MWCNT concentrations. Raman spectro-

scopy of the technique of choice for CNT quantitative orien-

tation measurements. Raman spectra were recorded on a

Renishaw spectrometer equipped with an inVia Raman

microscope. The samples were tested using a NIR laser

(785 nm) with a grating of 1200 g/mm in a regular mode

and use of 50�, short working distance (SWD) microscope.

Orientation of MWCNTs was obtained by comparing the

spectra in directions parallel and perpendicular to the laser

beam in aligned nanofibers.

Electrical Conductivity

Electrical conductivity of final nanowebs was measured

using various instruments. The system becomes conductive

when a critical concentration is reached which is called the

electrical percolation threshold, above which the system is

quite conductive. In the case of high resistance materials

(below percolation), a KEITLEY 6517, high resistance meter

was used, and in the conductive range (above percolation) a

combined set-up of KEITHLEY 6620 as a current source and

Agilent 34401 A (6 [1/2] Digit Multimeter) as voltage source

were used.

Mechanical Properties

The mechanical properties of nanowebs produced with

different CNT types and concentrations were obtained with

the help of a micro-tester 5548 (Instron). The tensile test

was performed using a 5N load cell and a speed of 10 mm/

min on nanofibers mats varying from 20 lm to 150 lm in

thickness. Even though each concentration included samples

TABLE 1 Summary of the Produced Nanocomposite Nanofibers and Their Resulting Characteristics at 10% w/v Concentration of PET

CNT Type and

Concentration

Collecting

Method Resulting Morphology

Average Fiber

Diameter (nm)

0 wt % MWCNT Static drum Random smooth beadless fibers 1008 6 137

0 wt % MWCNT Rotating drum Aligned smooth beadless nanofibers 827 6 195

1 wt % MWCNT Static drum Random smooth beadless nanofibers 495 6 74

1 wt % MWCNT Rotating drum Partially aligned smooth beadless nanofibers 966 6 228

2 wt % MWCNT Static drum Random smooth beadless nanofibers –

3 wt % MWCNT Static drum Random nanofibers; including small beads 481 6 78

3 wt % MWCNT Rotating drum Partially aligned smooth beadless nanofibers 5916 152

4 wt % MWCNT Static drum Random nanofibers; including large beads –

5 wt % MWCNT Static drum Random nanofibers; including large beads 388 6 84

5 wt % MWCNT Rotating drum Partially aligned smooth beadless nanofibers 447 6 135

1 wt % SWCNT Static drum Random smooth beadless nanofibers 497 6 100

5 wt % SWCNT Static drum Random nanofibers; including large beads 445 6 137

1 wt % DWCNT Static drum Random nanofibers; including small beads 550 6 137

5 wt % DWCNT Static drum Random nanofibers; including large beads 463 6 98
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of different thickness, the average thickness was kept almost

constant for all types of samples.

RESULTS AND DISCUSSIONS

Morphological Analysis and Dispersion Evaluation

A morphological study of electrospun nanofibers at different

conditions was first performed. PET/CNT nanocomposite

nanofibers at different MWCNT concentrations were pro-

duced and collected as randomly shaped nanofibers on a

static drum (Fig. 1 and Table 1). The results show that nano-

fibers have almost the same normal and narrow distribution

of diameters (Table 1). The average nanofiber diameter of

pure electrospun nanofibers (�1 lm) is greatly reduced by

adding only 1 wt % MWCNT [Fig. 1(b)]. This is attributed to

the increase in the conductivity of the solution upon addition

of MWCNT.6 A change in the level of dispersion of MWCNT

in the initial solution causes a large decrease in average

nanofiber diameter even at 1 wt % MWCNT. The results

show that the average nanofiber diameter decreases gradu-

ally to a final diameter of about 400 nm at 5 wt % MWCNT

concentration (Table 1); this reduction is interpreted as due

to the increase in the conductivity of electrospinning solu-

tion. Below 3 wt % MWCNT, smooth and beadless nanofiber

structures are obtained. At 3 wt % MWCNT small beads start

to develop in spite of the fact that there is still a reduction

in final nanofiber diameter [Fig. 1(d)]. The small beads at

3 wt % MWCNT become larger at the higher MWCNT con-

centration of 4 and 5 wt % [Fig. 1(e,f)].

The effect of replacing the MWCNTs by two other types of

CNTs (SWCNT, DWCNT) at low (1 wt %) and high (5 wt %)

concentrations was also studied. A similar nanofiber struc-

ture is obtained for all types of CNTs including almost the

same range of nanofiber diameter. Some bead structures

developed and the nanofibers are less smooth at 1 wt %

DWCNT (Table 1) as compared to the other types of CNTs.

Moreover, the average final nanofiber diameter also

increased for this system (Table 1). At 5 wt % CNT, the same

range of nanofiber diameter is obtained for all types of CNTs

(Table 1). Moreover, they all include bead structures forma-

tion along nanofiber axis (Table 1). All the beads showed a

rough surface structure as showed in Figure 2 using optical

microscopy [Fig. 2(a)] and high resolution SEM [Fig. 2(b)].

At high concentrations of carbon nanotubes (above 3 wt %),

large aggregates are observed along nanofiber axis and espe-

cially at bead positions [Fig. 2(a)]. HR-SEM (high resolution

SEM) image of the beads and beads surface [Fig. 2(b)] shows

the CNT position at bead surface. Therefore, there are aggre-

gates both inside the beads and at bead surfaces of the

nanocomposite nanofibers.28

The surface morphology of the beads along nanofiber axis at

5 wt % SWCNT and 5 wt % DWCNT, was also investigated

using HR-SEM technique (Fig. 3). As it is shown, aggregates

of carbon nanotubes at bead positions and close to the surfa-

ces of the bead structures bring more roughness to the

surface of the nanofibers at bead positions compared to

other locations along nanofiber axis. The roughness at bead

positions is probably due to aggregated CNTs close to the

surface of the nanofibers; while the orientation and align-

ment of carbon nanotubes along nanofiber axis reduces the

aggregates formation. Therefore, aggregate formation at high

concentrations of carbon nanotubes changes both nanofibers

morphologies (increasing bead formations, Fig. 2) and

final surface topologies (increasing roughness, Fig. 3) of

FIGURE 1 SEM photos of PET (10 wt %)/MWCNT at different CNT concentrations. (a) Pure PET; (b) 1 wt % MWCNT; (c) 2 wt %

MWCNT; (d) 3 wt % MWCNT; (e) 4 wt % MWCNT; (f) 5 wt % MWCNT.
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nanocomposite nanofibers. TEM method was used to study

the relative position of CNTs inside the nanocomposite nano-

fibers (Fig. 4). TEM images of nanofibers along nanofiber

axis [Fig. 4(a)] and at nanofiber cross section [Fig. 4(b)]

show formation of CNTs small aggregates which confirms the

SEM observations. In addition, it is possible to detect single

oriented carbon nanotube along nanofiber axis [Fig. 4(c)] after

electrospinning.

We used the same processing conditions mentioned previ-

ously but with a rotating drum to obtain aligned nanofibers

and to compare the results with nanofibers collected on

static drum. All electrospun samples were quite well aligned

macroscopically; however, using SEM observations, it was

found that pure PET electrospun nanofibers were more

aligned, which is in agreement with the reduction in average

nanofiber diameter of aligned PET nanofibers to about 800

nm (Table 1). The SEM pictures show that it is possible to

obtain an oriented nanofiber structure in pure PET electro-

spun nanofibers [Fig. 5(a)] and partially aligned nanofibers

after adding MWCNT [Fig. 5(b–d)].

The reduction in diameter for aligned nanofibers has also

been reported by Fenessey and Farris.29 As opposed to what

could be expected in light of previously reported data on

pure PET aligned nanofibers,30 the average nanofiber dia-

meter is increased by adding carbon nanotubes in aligned

nanocomposite nanofibers (see Table 1). The increase in av-

erage nanofiber diameter is maximum at 1 wt % MWCNT;

however, this effect is also observed at 3 wt % and 5 wt %

MWCNT, but to a lesser extent. In addition, the aligned nano-

composite nanofibers present a wider diameter distribution.

FIGURE 2 CNT localization inside nanofibers and at nanofibers surface; PET (10 wt %)/MWCNT (3 wt %); (a) optical microscopy;

(b) SEM.

FIGURE 3 HR-SEM photos of surface topology of bead structures at high CNT concentrations. (a) PET (10 wt %)/SWCNT (5 wt %);

PET (10 wt %)/DWCNT (5 wt %).
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The observations on aligned nanocomposite nanofibers

show that there are less large beads along nanofiber axis as

compared to random nanofibers of equal CNT concentrations.

Aligned nanocomposite nanofibers include less bead struc-

tures, and their size is also decreased. We believe that at

high concentrations of carbon nanotubes, the electrical forces

are preferentially applied on carbon nanotubes rather that

polymer matrix; therefore, more smooth nanofibers with

larger diameters are obtained.6 The effects of CNT on orien-

tation and after alignment will be discussed in more detailed

in the next sections of this article.

Crystalline Characteristics (DSC and XRD)

The crystalline structure of nanocomposite electrospun

nanofibers and the role of CNT addition are important

parameters in controlling their final properties. The effect

of CNT addition on PET/CNT electrospun nanocomposite

nanofibers was first studied by the DSC technique and then

by X-ray diffraction.

DSC Results

The values of DH used in different calculations and for DSC

analysis reported here have been corrected for nanoparticles

content by the following equation to have the data purely

related to polymer weight:

DHi;corrected ¼ DHi;experiment=ð1� wCNTÞ (1)

Then, the degree of crystallinity was calculated by the

following equation31:

FIGURE 4 TEM photos of CNT localization in PET/MWCNT (3 wt %) electrospun nanofibers; (a) CNT aggregates along nanofiber

axis; (b) CNT aggregates across nanofiber; (c) single CNT along nanofiber axis.

FIGURE 5 SEM photos of aligned PET (10 wt %)/MWCNT at different CNT concentrations. (a) Pure PET; (b) 1 wt % MWCNT; (c) 3

wt % MWCNT; (d) 5 wt % MWCNT.
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Xc ¼ ðDHf � DHrcÞ=DH
0
f (2)

where DHf is the enthalpy of fusion, DHrc is the enthalpy of

re-crystallization occurring during heating cycle, and DH0
f is

the enthalpy of fusion of perfectly crystalline structure of

PET at equilibrium thermodynamic melt temperature T0
m and

was taken as 140 J/g.32

Thermal parameters and the data obtained after a heating/

cooling/heating cycle for each sample are given in Table 2.

The results show first a decrease and then an increase in

crystallinity as a function of CNT content. MWCNT content

below 2 wt % causes a decrease in crystallinity as reported

elsewhere.27 A similar trend is also observed for the glass

transition temperature Tg. However, at a MWCNT content of

3 wt % or more, an increase in crystallinity and Tg is

observed. At a concentration of 5 wt % in MWCNT, the maxi-

mum crystallinity is obtained. It will be shown thereafter

that the 2 wt % threshold governing the crystallization

behavior of the PET based nanocomposites fibers also corre-

sponds to the electrical percolation threshold. Crystallinity is

controlled by two factors: nucleation and growth. Addition of

CNT increases the number of nucleation sites;33 however, it

also decreases the rate of growth, and the chains are more

inclined to be oriented rather than entering the crystalline

cells.27 Above 2 wt %, the larger amount on nucleation sites

overcomes the slower crystallization kinetics and, as a result,

the overall crystallinity is also increased. The data shown at

1 wt % and 5 wt % SWCNT and DWCNT exhibit the same

trend as those obtained for MWCNT (Table 2). Tg is higher

in the case of SWCNT and DWCNT, which might be due to

their smaller size. The latter causes more interactions

between CNT particles and polymer chains. As a result, the

overall motion of PET chains is restricted when the sizes of

nanoparticles are reduced and an increase in Tg is observed.

The differences in DH for the first heating cycle (after

electrospinning) and the second heating cycle (from the

cooled melt) is a valuable parameter to be studied and is

reported in Table 2. The higher value of DH obtained after

electrospinning is due to the effect of oriented chains in

electrospun nanofibers.31 Oriented chains produced after

electrospinning make it easier for crystallization. They can

enter the crystalline cells during cold crystallization and

thus increases the difference between the DH of these two

cycles. The higher the oriented chains out of crystalline cells

after electrospinning, the higher this difference will be. The

confined oriented chain structure below 2 wt % CNT has

been reported before.27

The effect of aligned nanofiber structures on crystalline

behavior is given in Table 3. The trend in change of crystal-

linity is different from that of randomly collected nanofibers.

In aligned nanofibers, the crystallinity is less than the one

observed on random ones for almost all CNT concentrations.

The addition of MWCNT causes a gradual increase in the

amount of crystallinity. In the case of aligned nanofibers,

chain alignment is increased and therefore, the chains are

more inclined to be oriented rather than entering crystalline

cells. That is the main reason for the change in DH in the

first and second heating cycles as mentioned previously. A

more precise study of the CNT and PET chain orientations

will be discussed in more detailed in the FTIR part.

X-Ray Diffraction Characteristics

XRD diffraction results of nanofiber mats at different CNT

concentrations and types showed an almost amorphous

behavior for PET/CNT electrospun nanofibers [Fig. 6(a,b)].

This is in agreement with DSC results, since the crystalline

content of nanocomposite electrospun nanofibers is low and

therefore it is not possible to be detected in XRD. However,

at 5 wt % MWCNT concentration, a weak crystalline pattern

is observed [Fig. 6(c)]. This halo observed for 5 wt %

MWCNT electrospun nanofiber is due to the peak positioned

at 2h ¼ 18� of PET.34 This shows that at 5 wt %, a crystal-

line structure begin to form in contrast with other concen-

trations and CNT types.

TABLE 2 Thermal Parameters of Nanocomposite Nanofiber Mats at Different CNT

Concentrations and Types

Tg (�C)

Crystalline Content

of Electrospun

Nanofibers (%)

DHfirst-heating

(J/g)

DHsecond-heating

(J/g)

Pure PET 76.7 15.6 42.6 41.1

PET/1 wt % MWCNT 75.4 14.3 39.7 38.6

PET/2 wt % MWCNT 75.5 9.4 38.7 38.3

PET/3 wt % MWCNT 76.3 13.6 35.7 33.9

PET/4 wt % MWCNT 77.8 14.4 35.6 33.6

PET/5 wt % MWCNT 79.0 15.1 35.7 33.9

PET/1 wt % SWCNT 81.6 13.2 33.0 28.3

PET/5 wt % SWCNT 81.9 14.1 30.6 28.5

PET/1 wt % DWCNT 79.9 10.8 33.1 30.6

PET/5 wt % DWCNT 81.2 13.0 35.5 29.6
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Orientation Detection (FTIR and Raman Spectroscopy)

For a better understanding of the polymer chains and CNT

orientations, we used also FTIR and Raman spectroscopy

techniques. We investigated samples at different CNT concen-

trations, types and alignment condition to compare the effect

of each of these parameters.

FTIR Spectroscopy

Herman orientation equations are used for the evaluation of

the orientation function. For an uniaxially oriented sample,

the dichroic ratio D is defined as:

D ¼
Ak

A?
(3)

where A is the absorbance of a specific band parallel or per-

pendicular to IR polarizer.35 Then, the Herman orientation

function is obtained according to36,37:

f ¼
D� 1

Dþ 2
�

2

3 cos2 a� 1
(4)

where a is the angle between the dipole moment of a parti-

cular vibration and the chain axis. Based on the selected IR

vibration, it is possible to use the Herman orientation

function for calculating the amorphous or crystalline phase

orientations. Here, FTIR measurements were used to assess

the effect of CNT concentration and types, as well as the

degree of alignment of the nanofiber structures on chain

orientation.38 PET has several characteristic absorption

bands in the IR region of the EM spectrum. The most impor-

tant ones are: 973 cm�1: CH2 vibration of trans confor-

mation with a ¼ 32�; 1340 cm�1: CH2 wagging mode

of glycol segment in trans conformation with a ¼ 21�;

1370 cm�1: the vibration related to gauche conformation;

and 1020 cm�1: absorption band attributed to in-plane

vibration of CAH group of benzene with a ¼ 20�.35,39

In a first step, the ratio of trans to gauche conformers

(A1340/A1370) was employed as a means of studying the

effect of CNT concentration and type on PET chains confor-

mation in electrospun nanofibers.27 The addition of CNTs

increased the A1340/A1370 ratio because of a simultaneous

increase in trans conformation and decrease in gauche struc-

ture (Table 4). The increase in the occurrence of the trans

conformation comes from the smaller nanocomposite nano-

fiber diameters observed in samples that contain 1 wt % of

CNT. Fine nanocomposite nanofibers obtained after CNT

addition are the main reason for PET chains orientation, due

to the larger draw ratio. The increase in trans conformation

content as shown by our FTIR results might also originate,

to some extent, in the increase crystalline content of these

nanofibers, as measured by DSC. This is the case in high

MWCNT concentration in which the crystalline content

increases; while at lower concentration of MWCNT, chain

orientation is the main controlling factor as reported

previously.27 The trans to gauche conformation ratio in

SWCNT and DWCNT was measured at two concentrations

and similar results were obtained (Table 4). We believe that,

since the size of the crystalline domains in nanocomposite

nanofibers is of the same order of magnitude as their

TABLE 3 Thermal Parameters of Aligned Nanofiber Mats at

Different MWCNT Concentrations

Aligned

Nanofiber

Mats

Tg

(�C)

Crystalline

Content of

Electrospun

Nanofibers

(%)

DHfirst-heating

(J/g)

DHsecond-heating

(J/g)

Pure PET 74.0 11.9 36.4 31.3

PET/1 wt %

MWCNT

76.5 13.7 34.8 29.4

PET/3 wt %

MWCNT

76.8 14.1 34.3 28.7

PET/5 wt %

MWCNT

75.0 14.2 32.6 28.7

FIGURE 6 XRD pattern of PET/MWCNT electrospun nanofiber mat at different CNT concentrations; (a) pure PET; (b) PET/3 wt %

MWCNT; (c) PET/5 wt % MWCNT.
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diameter, it is expected that they show an almost similar

trend in the amount of orientation in random nanofibers.

The effect of nanofibers alignment on the physical and

mechanical properties as compared to random nanofibers was

studied here. For that purposes, samples were prepared and

cut out of the mat according to Figure 7. A comparison of the

values of (A1340/A1370) in randomly oriented nanofibers with

those aligned and in parallel to the light (0�) depicts an

increase in the amount of trans conformation especially in

pure PET aligned nanofibers in spite of their lower crystalline

density (Table 3). The results indicate that the maximum dif-

ference between the two types of fibers is obtained at 0 wt %

and 1 wt % MWCNT concentration, where they are less crys-

talline. This could come as a proof of a higher amount of PET

chains orientation at these concentrations. Quite unexpectedly,

at 5 wt % MWCNT, the amount of trans to gauche conforma-

tion (A1340/A1370) is even more in randomly oriented nanofib-

ers as compared to aligned. Randomly oriented nanofibers

containing 5 wt % MWCNT have the larger amount of crystal-

line phase and the smallest nanofiber diameter. Therefore,

they show the highest occurrence of the trans conformation

mostly because of their more important crystalline content

and not because of a more pronounced orientation of their

chains. Herman orientation function (f1340) measured for

aligned nanofibers shows the same behavior (Fig. 8). Since the

FTIR experiments were performed over final nanowebs, they

do not exhibit, as one might have expected, the same high

value of orientation of single nanofibers. Orientation function

is reported here only to compare the amount of orientation

among different aligned nanofibers containing different CNT

concentrations. f1340 is maximum at concentrations of 0 wt %

and 1 wt % MWCNT, conditions that also lead to maximum

PET chains alignment and orientation as previously reported

in morphological characterization.

Raman Spectroscopy

Among the characteristic peaks of multi-wall carbon nano-

tubes detected by Raman spectroscopy, three peaks could be

distinguished. Two strong peaks are located at 1580 cm�1

(G), and 1350 cm�1 (D), and a weak peak is detected at

around 2700 cm�1 (G‘).40,41 D/G ratio and different peak

positions of these CNTs are different based on various types

of CNTs. In addition, we used the Raman spectroscopy tech-

nique for evaluating CNT orientation in aligned MWCNT/PET

nanocomposite nanofibers [Fig. 9(a,b)]. As it is depicted, the

spectrum reports quite different intensities in parallel and

perpendicular directions [Fig. 9(a)]. The high intensities of

CNT characteristic peaks found in aligned samples parallel to

the beam direction indicates a high degree of alignment of

TABLE 4 Relative FTIR Absorbance of Trans (1340 cm21) to

Gauche (1370 cm21) Conformation (Ratio of A1340/A1370) at

Different CNT Concentrations and Types of Random Nanoweb

0 wt % 1 wt % 2 wt % 3 wt % 4 wt % 5 wt %

MWCNT 0.41 0.54 0.66 0.57 0.65 0.63

SWCNT 0.41 0.59 – – – 0.57

DWCNT 0.41 0.59 – – – 0.58

FIGURE 7 Schematic of different samples prepared and used

in different experiments; (a) random nanofibers; (b) parallel

to aligned nanofibers axis (0�); perpendicular to aligned

nanofiber axis (90�).

FIGURE 8 Different FTIR characteristic parameters versus

MWCNT concentrations in PET/MWCNT electrospun nanofibers.
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MWCNT along the nanofiber axis. The results also prove that

at 1 wt % MWCNT, quite well aligned CNTs exist inside

nanofibers [Fig. 9(a)], and the beam intensity is significantly

high in the parallel direction as compared to the perpendicu-

lar axis. At a concentration of 5 wt % in MWCNT, there is

almost no effect of aligned nanofiber production on CNT

orientation [Fig. 9(b)].

At 1 wt % MWCNT, the imposed alignment force mainly

causes CNT orientation as described previously; and that is the

main reason why aligned nanofibers diameter increases as

compared to the static collection mode. Since the higher elec-

tric force is mostly imparted on CNTs, a retardation in splash-

ing and diameter reduction might be expected. However, the

effect of aligned nanofibers production at 1 wt % MWCNT con-

centration was mainly CNT orientation rather than enhance-

ment in splashing and reduction in final nanofiber diameter.

This high value of CNT orientation at 1 wt % MWCNT in

aligned nanofiber manufacturing could be of considerable in-

terest by enhancing the conductivity of single nanofibers along

their axis. This is also the case with higher CNT concentrations

(3 wt % and 5 wt %); alignment might be the main reason

for beads removal along nanofiber axis when using the rotat-

ing drum. Alignment at high concentration mainly causes CNT

bead removal rather than CNT orientation and splashing or

final nanofiber diameter reduction. In conclusion, aligned

nanocomposite nanofibers exhibit larger diameter at every

CNT concentrations considered in this work; however, the

nanofibers show more CNT orientation below percolation (1

wt % CNT) and less beads structure above percolation (3

wt % and 5 wt % MWCNT). On the other hand, higher crystal-

linity and lower diameter and free volume might be a reason

for the observed decrease in the amount of CNT orientation at

5 wt % MWCNT. At high CNTs concentrations, large aggregates

are formed inside nanofibers as shown previously. Their for-

mation prevents the fibers from achieving a high degree of

individual CNT orientation while increasing the beam intensity

in the alignment direction; since it decreases the density of

oriented CNTs in this direction. Hence, it might be another rea-

son for the decrease in the amount of CNT orientation at high

CNT concentrations.

Raman spectroscopy results are in agreement with both

those of the SEM morphological characterization previously

reported at Figure 5 and FTIR spectra shown in Figure 8. In

aligned pure PET nanofibers and at 1 wt % MWCNT (below

percolation), the crystalline content is low and the chains

have more freedom and free volume to be oriented and

therefore more aligned nanofibers are obtained below per-

colation based on FTIR results. Nevertheless, increase in

crystallinity above percolation reduces chain movements and

free volumes and therefore only a marginal PET chains

orientation effect is observed in aligned nanocomposite

nanofibers. This is also the case for CNT orientation in

aligned nanocomposite nanofibers. At 1 wt % MWCNT, the

maximum effect of aligned nanofiber processing is observed.

Therefore, below the percolation threshold, aligned nano-

composite nanofibers show a very specific behavior in terms

of PET chains and CNTs orientation.

Electrical Conductivity Measurements

Electrical conductivity of nanowebs of fibers was measured

as a function of CNT types and concentrations. The samples

included a wide range of thicknesses from 40 to 150 lm,

and they were all positioned between two highly conductive

layers attached to the electrodes before starting the

measurements. All the experiments were run in similar

conditions, giving a repeatability with a deviation of less

than 15 % with respect to the average conductivity.

Based on electrical percolation theory, a system becomes

conductive when a critical concentration is reached which is

called the electrical percolation threshold.42 Based on per-

colation theory,43 one can express:

r ¼ Aðw � wcÞ
t

(5)

where r is the volume conductivity, A and t are constants,

and wc is the critical concentration in which the conductivity

FIGURE 9 Raman spectra of aligned nanoweb parallel to polarized beam (0�) compared to perpendicular to light (90�); (a) PET/1

wt % MWCNT; (b) PET/5 wt % MWCNT.
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is very small as compared to higher concentrations. wc can

be viewed as the critical concentration for network forma-

tion (Fig. 10). As showed by the results of our conductivity

measurement tests, nanofibers that contain 2 wt % of

MWCNT are already quite conductive and a considerable

increase in the electrical conductivity is observed after this

concentration (Fig. 10). The conductivity almost reaches a

plateau region above 3 wt % MWCNT concentration

(Fig. 10). The electrical conductivity of nanowebs with fibers

made with different types of CNTs was measured using the

same method and at the same condition (Fig. 10). At 1

wt %, the conductivity is about the same for all samples, no

matter the type of CNTS used. However, at 5 wt % concen-

tration, SWCNT shows almost one order of magnitude lower

conductivity compared to DWCNT and MWCNT. This might

be because of fact that SWCNT were more difficult to

disperse.28

Mechanical Properties

Mechanical properties of electrospun PET/CNT nanofiber

mats were measured at different CNTs concentrations and

types.44 Considering the results obtained, the samples con-

taining CNTs are stronger and attain a larger elongation at

break. At 1 wt % MWCNT, the nanofibers are less crystalline

(Table 2); however, the chain oriented structure causes a

considerable increase in ebreak. At 3 wt % and 5 wt %, where

the samples are more crystalline (Table 2), the behavior is

totally ductile in spite of these higher CNT concentrations.

Crystalline formation in nanocomposite nanofibers and

orientation causes an increase in modulus and strength as

compared to pure PET nanowebs; while ebreak (Maximum

tensile strain at break) is reduced with respect to nanofibers

containing 1 wt % MWCNT.

Mechanical properties of randomly oriented nanofibers

[Fig. 7(a)] were compared with aligned nanofibers in both

parallel [Fig. 7(b)] and perpendicular [Fig. 7(c)] directions to

the alignment and nanofibers orientation (Fig. 11). As it is

shown, the addition of MWCNT causes an increase in

modulus with respect to random PET nanofibers [Fig. 11(a)].

However, the effect of MWCNT addition on modulus in

aligned nanofibers is totally opposite and it decreases in

direction of the alignment (0�). The modulus for aligned

mats as compared to random ones increases three to six

times depending on the MWCNT concentration [Fig. 11(a)].

In samples made of random nanofibers, addition of MWCNT

causes an increase in chains orientation (below percolation)

and crystallinity (above percolation). Therefore for both

cases, adding MWCNT increases the modulus. Samples that

contained aligned nanofibers showed an increase in tensile

modulus in the direction of alignment (0�). However, this

effect was more important in pure PET nanofibers. By adding

MWCNT, the nanofibers in the system shifts from an aligned

arrangments to partially aligned distribution (Fig. 5) and

therefore the modulus decreases because of a reduction in

nanofibers orientation. The same trend is observed for the

values of tensile strength and pure electrospun samples

were the weakest specimens with random nanofibers orien-

tation but demonstrated the highest value in aligned nano-

fibers in direction of alignment [Fig. 11(b)]. The difference in

modulus enhancement in aligned nanofibers as compared to

random mats is more important at low MWCNT concentra-

tions. This result is consistent with FTIR and Raman spec-

troscopy. It has been shown in FTIR and Raman that the

orientation factor of both PET chains and CNTs is maximum

at low concentrations of CNTs. At high CNT concentrations,

CNT aggregates, and poor dispersion could cause stress

concentration and weak points in mechanical testing.

In random nanofibers, ebreak has a maximum value at 1 wt %

MWCNT [Fig. 11(c)]. In aligned nanofibers, pure PET shows

the highest value of ebreak and it decreases by adding

MWCNT. The amount of ebreak for nanocomposite nanofibers

is almost the same as random nanofibers and no consider-

able effect of alignment are observed in aligned nanocom-

posite nanofibers. Low modulus and strength in perpendicular

direction (90�) causes considerable increase in the amount of

ebreak especially in pure PET nanofiber mats [Fig. 11(c)].

The mechanical properties of the different nanocomposites

with varying types of CNT (at 1 wt % and 5 wt %) are com-

pared in Table 5. SWCNT and DWCNT are smaller in size and

they show more compatibility with PET matrix and therefore

they are more effective in mechanical properties enhance-

ment at low concentration as compared to MWCNT. Never-

theless, the mechanical test results show opposite behavior

at 5 wt % CNT concentration. This is explained by the fact

that, as previously discussed, at high concentration, MWCNT

are easier to disperse than SWCNT and DWCNT.28 Dispersion

has an important role on final mechanical properties, and it

is quite difficult to disperse smaller sizes of nanotubes at

higher concentrations.45,46 Therefore, better results are

obtained using MWCNT at high CNT concentrations.

CONCLUSIONS

Random and aligned nanocomposite nanofibers of PET with

different CNTs were produced and their morphologies and

FIGURE 10 Electrical conductivity (S/cm) of nanowebs as at dif-

ferent CNT concentrations and types.
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properties studied by different methods. Electrical conductiv-

ity measurements established the percolation threshold at a

concentration of 2 wt % in MWCNT. Morphological observa-

tions proved that aligned nanofibers containing MWCNT were

of larger diameter but with less bead structures along the

nanofiber axis. This proves that aligned nanofiber manufactur-

ing could be useful in agglomerate reduction and smooth

nanofiber production especially at high CNT concentration.

Moreover, in aligned nanocomposite nanofibers, addition of

CNTs caused a gradual increase in crystallinity. Therefore, it is

possible to obtain nanofibers with higher crystallinity com-

pared to random nanofibers through aligned nanofiber manu-

facturing at concentrations close to percolation threshold (2

wt %). It could be of considerable importance to fabricate

conductive nanofibers with higher crystallinity using an

aligned nanofibers production setup. The orientation of

MWCNT in aligned nanocomposite nanofibers has its highest

value at 1 wt % MWCNT. The maximum orientation factor

obtained at 1 wt % MWCNT originates of a lesser crystalline

content and more free volume available at this concentration

FIGURE 11 Tensile modulus (a), tensile strength (b), and maximum tensile strain (c) as a function of MWCNT concentrations in

randomly oriented nanofibers compared to aligned nanofibers in parallel to alignment (0�) and perpendicular to alignment (90�).

TABLE 5 Mechanical Properties of Nanocomposite Nanofibers

Mat at Different CNT Type and Concentrations

CNT Type and

Concentration

Modulus

(MPa)

Tensile

Strength

(MPa)

Maximum

Tensile

Strain (%)

1 wt % SWCNT 69.0 6 6.8 4.23 6 0.8 315.6 6 70.5

5 wt % SWCNT 44.9 6 7.7 2.1 6 0.4 148.0 6 61.0

1 wt % DWCNT 60.0 6 9.3 3.1 6 0.9 256.5 6 137.6

5 wt % DWCNT 46.5 6 6.6 2.4 6 0.4 264.8 6 5.7

1 wt % MWCNT 58.3 6 5.2 3.3 6 0.7 408.3 6 75.9

5 wt % MWCNT 65.4 6 15.3 4.2 6 1.0 264.3 6 110.9
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as compared to others. Obtaining higher orientation of CNTs

at a lower concentration could help to produce more conduc-

tive single nanofiber using less CNT. Considerable effect of

alignment on mechanical properties was obtained at low

MWCNT concentration. Significant improvement in mechani-

cal properties especially modulus through adding MWCNT

and aligned nanofiber production could be a remarkable

factor in final functionality of nanoweb.
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