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Polyethylene teraphthalate (PET) is one of the mostly used polyester for fiber production.
It is spun into filament, string or rope and used as a component of composite materials.
In order to enhance their strength and broaden their application, PET fibers are blended
with carbon nanotubes (CNT) which are known for high strength and stiffness. However,
to produce good quality of PET/CNT nanocomposite fibers two major challenges were
faced, one to obtain good distribution of CNT and the other to achieve good alignment of
CNT along the fiber direction. In the present work, good distribution of CNT in PET
matrix was achieved using twin screw melt extrusion process and the CNT alignment was
obtained using melt spinning technique. The present study investigated the effect of
process parameters on the mechanical properties of two sets of fibers. The first set of
fibers is extruded in the form of large diameter fibers in the range of 220 to 700um. The

second set of fibers was melt spun into fine fibers of diameter in the range of 20 to 50 um.

The extruded fibers showed good improvement in their mechanical properties with

respect to CNT content in the range of 0.1 to 7.5wt%. The highest improvement of

Xiv



mechanical properties was achieved with 0.1 wt% CNT content. Using this concentration
in the nanocomposite fibers, the tensile strength was enhanced by about 90%, compared
to pure PET fibers (5IMPa). In addition, this composition significantly enhanced the
strain at break by about 173 % and toughness by about 285 %. Other CNT concentration

showed moderate improvements.

The second set of fibers which were melt spun fibers also showed good enhancement in
the strength, stiffness and toughness with respect to CNT content in the range of 0.1 to
2.7wt%. The best improvement in the mechanical properties was observed with 0.1 and
0.5wt% CNT. Incorporating 0.1 and 0.5 Wt% CNT in spun PET/CNT nanocomposite
fibers of 20 um diameters showed remarkable increment in the modulus by about 16%
and 56%, respectively, compared to pure PET fibers with a modulus of 8.6 GPa. The
tensile strength of PET/CNT nanocomposite fibers improved by about 40% (532MPa)
due to the addition of 0.1wt% CNT in PET/CNT nanocomposite, compared to pure PET
fibers of 380MPa. In addition, incorporating 0.Iwt% CNT content in PET/CNT
nanocomposite fibers of 50 um diameter resulted in good improvement in toughness i.e.
about 26% (689MPa). The improvements in the mechanical properties were based on the
good mixing, distribution and alignment of CNT in PET/CNT nanocomposite fibers, as

observed with scanning electron microscope

MASTER OF SCIENCE DEGREE
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Dhahran, Saudi Arabia
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Polyethylene teraphthalate (PET) is one of the mostly used polyester for fiber production.
It is spun into filament, string or rope and used as a component of composite materials.
In order to enhance their strength and broaden their application, PET fibers are blended
with carbon nanotubes (CNT) which are known for high strength and stiffness. However,
to produce good quality of PET/CNT nanocomposite fibers two major challenges were
faced, one to obtain good distribution of CNT and the other to achieve good alignment of
CNT along the fiber direction. In the present work, good distribution of CNT in PET
matrix was achieved using twin screw melt extrusion process and the CNT alignment was
obtained using melt spinning technique. The present study investigated the effect of
process parameters on the mechanical properties of two sets of fibers. The first set of
fibers is extruded in the form of large diameter fibers in the range of 220 to 700um. The

second set of fibers was melt spun into fine fibers of diameter in the range of 20 to 50 um.

The extruded fibers showed good improvement in their mechanical properties with

respect to CNT content in the range of 0.1 to 7.5wt%. The highest improvement of

Xiv



mechanical properties was achieved with 0.1 wt% CNT content. Using this concentration
in the nanocomposite fibers, the tensile strength was enhanced by about 90%, compared
to pure PET fibers (5IMPa). In addition, this composition significantly enhanced the
strain at break by about 173 % and toughness by about 285 %. Other CNT concentration

showed moderate improvements.

The second set of fibers which were melt spun fibers also showed good enhancement in
the strength, stiffness and toughness with respect to CNT content in the range of 0.1 to
2.7wt%. The best improvement in the mechanical properties was observed with 0.1 and
0.5wt% CNT. Incorporating 0.1 and 0.5 Wt% CNT in spun PET/CNT nanocomposite
fibers of 20 um diameters showed remarkable increment in the modulus by about 16%
and 56%, respectively, compared to pure PET fibers with a modulus of 8.6 GPa. The
tensile strength of PET/CNT nanocomposite fibers improved by about 40% (532MPa)
due to the addition of 0.1wt% CNT in PET/CNT nanocomposite, compared to pure PET
fibers of 380MPa. In addition, incorporating 0.Iwt% CNT content in PET/CNT
nanocomposite fibers of 50 um diameter resulted in good improvement in toughness i.e.
about 26% (689MPa). The improvements in the mechanical properties were based on the
good mixing, distribution and alignment of CNT in PET/CNT nanocomposite fibers, as

observed with scanning electron microscope

MASTER OF SCIENCE DEGREE
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Dhahran, Saudi Arabia
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CHAPTER 1

INTRODUCTION

1.1 Research Background

1.2 PET

At the end of nineteenth century, only natural fibers such as cotton, wool, and silk were
available[1]. Later new classes of fibers made from polymer and ceramics were
developed. In the class of polymeric fibers, these include polyester, nylon, polyethylene,
polypropylene, acrylic, spandex, Nomex®, Kevlar®, and Zylon®. The class of other
fibers includes carbon fibers, silicon carbide, alumina, glass, alumina-borosilicate, and
boron. The first man-made fiber was Nylon which replaced the silk in parachutes and

military uses.

Today, the polyester industry makes up about 18% of world polymer production and is
third after polyethylene (PE) and polypropylene (PP). Of all the other type of polyester
the most significant in fibers production is Polyethylene teraphthalate (PET), its repeating
unit is shown in Figure 1.1. PET was first developed by Whinfield and Dickson in

1939[2] by chemical reaction between teraphthalic acid (TPA) and ethyl glycol (EG)

1



shown in Figure 1.2 (known as poly condensation process). PET is a stiff, hard, strong,
has good gas barrier properties and good chemical resistance except to alkalis. Its
crystallinity varies from amorphous to fairly high crystalline. It can be vastly transparent
and colorless [3].
O b Cr
N |
—C— —C—0—C—C—0—

L l ’
L
§3 1%
i i

Figure 1.1 Repeating unit of PET

O O SR O
Y sy e N | [y

O
O—C—C—0 HO—C— —~C—0OH — H(’)—(!‘—CI'—(")—C : \>—-("Z—(_) O

i ‘ Ot O ‘ ‘ — O HC : — i OFH + Hig
[ . 2

b NS | L

Figure 1.2 Polymer condensation

Thermal and mechanical properties of the PET are shown in Table 1.1. Molecular weight
of repeat unit is 192.2 g/mol. [3]. Pattabiraman et.al [4] has shown that mechanical
properties of virgin PET had the strength of 57MPa and modulus of elasticity of 2.3GPa.
Another research group[5] has spun the PET Fibers, of size 21um to 27 pm, through twin
Screw extruder and they reported the tensile strength of 350MPa to 510 MPa and the
young modulus was in the range of 7 GPa to 13 GPa. Hence, Owing to its versatile

properties, it has found applications in textile, automobile and in shipping industry.
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Globally the production of PET synthetic fibers is 60 % of the world’s PET production. It
has been seen that several fine synthetic PET fibers are used for manufacturing mooring
ropes which are used in ships [6-7]. PET also found significant used in construction
industry as concrete-reinforcing fiber [8]. Moreover, PET is produced locally in Saudi
Arabia in large quantity. Hence, enhancing the mechanical strength of PET can also
improve the economy of the local market of the Saudi Arabia. In addition, PET with
improved properties can be used in variety of industrial and household applications. They
can be spun into filaments, string or rope, used as a component of composite materials.
Efforts are being made to increase the range of applications of PET nanocomposites
fibers, such as in medicine, electronics, biomaterials and energy production. The
enhancement in the properties of PET composite fibers is achieved by modifying with
organic and inorganic nanomaterials (Inm to 100nm) [ 19-36]. Nanomaterials include

carbon nanotubes (CNT), carbon nanofiber, nanoclay, nanosilica and others.

13 CNT

CNT were first reported by lijima in the year 1991[9]. After that, many investigations and
developments are taking place to understand the full ability of CNT. In addition, it has
been observed that CNT are ideal material for PET fiber reinforcement{10]. They are
hexagonal network of carbon graphene sheets rolled into seamless cylinder with caps at
the ends which are composed of half of the fullerene molecule. CNT are produced as
single wall-CNT(SWCNT) Figure 1.3 or Multi wall-CNT shown in Figure 1.4. They are

highly isotropic[11]. It was predicted that even the weak carbon nano tubes have the
3



strength in the order of several giga Pascals and young’s modulus in the tera Pascal’s [12]
with low weight. In addition, CNTs have unique electrical properties and are good
conductors of heat which make them novel material in various fields such as electrical

field, nanotechnology, aerospace & material science [11].

Table 1.1 Characteristics of PET [4]

Melting temperature 250°C
Glass transition temperature 76°C
Crystallinity 33%
Tensile strength Bulk 57 MPa
young modulus 2321.59MPa
Molecular weight of repeat unit 192.2 g/mol
PET Fibers [5] |
Fiber diameter 21 pmto 27 um
Young's modulus 7GPa to 13GPa
Tensile strength 350MPa to 510MPa

The diameter of the nanotubes ranges from 1nm-100nm and length in millimeters and
their density 1.3 gm/cm3 [13-14]. Young modulus measured to be 1.25TPa [12, 14] i.e.
five times stiffer than that of the steel (210 GPa) and among all the properties of CNTs,
the tensile strength that make them apart from other material were observed to be 63GPa

Le. fifty times stronger than the steels. Table 1.2 summarizes the CNTs’ characteristics.

4




Figure 1.3 SWCNT.

Figure 1.4: MWCNT



Table 1.2 Characteristics of CNT[14]

Tensile strength 63 GPa
young modulus 1.25TPa
Density 1.3 gm/cm’
Diameters range Inm-100nm

1.4 PET/CNT nanocomposite

Recent studies have shown that PET have excellently worked as a matrix in which small
amount of CNT added in the PET enhances the thermo mechanical and electrical
properties [10, 15-17]. Some groups of researchers have studied the improvement in the
Properties of PET by different techniques [13-34]. Good dispersion and alignment of
CNT in the PET nanocomposite fibers has good impact on improving their properties.
Since, CNT are produced in agglomeration form, different techniques needed to separate
them, disperse and distribute them in the matrix. Nanocomposite fiber produced with
such configuration will have good performance. Today, the two major challenges to any
researcher in order to develoi) high performance PET/CNT nanocomposite fibers are the
distribution and the alignment of CNT in the PET matrix. To achieve well aligned, good
adhered and uniformly distributed CNT in the PET matrix, the nanocomposite fibers are

processed either via in situ polymerization [18] or melt extrusion spinning processes|10].



1.5 Melt Extrusion Spinning

Melt extrusion spinning process is the most simple and economical process. The uniform
distribution of CNT in the PET matrix can be obtained by using twin screw extruder with
mixing elements in melt extrusion process. In addition, the alignment of CNT in

nanocomposite fibers can be accomplished by further melt spinning or drawing process.

Melt extrusion process setup of Twin screw extruder is schematically shown in the Figure
1.5. In order to obtéin the different proportion of PET and CNT, two separate
computerized control feeders will be used for feeding PET (matrix) and CNT
(reinforcement) into the Extruder (barrel). The temperature throughout the barrel will be
maintained above the fnelting point of the matrix. PET/CNT nanocomposite melt will be
extruded through the die consisting of 10 holes spinneret as shown in Figure 1.6. The
extrudate will be cooled by air flowing perpendicular to the flow of filaments. The

solidifying polymers are drawn further by the winders.
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