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Abstract

This study focuses on combining traditional polyimematerials with nanoclays to
engineer new composite monofilaments for nontrawéi industries using extrusion process.
Polypropylene/nanoclay composite monofilaments wemeluced using single and twin screw
extruders, and the structure and properties oingve monofilaments were characterized using
scanning electron microscopy (SEM), X-Ray diffranti(XRD), Fourier transform infrared
spectrometry (FTIR), thermal gravimetric analyz&GA), differential scanning calorimeter
(DSC), and Instron universal testing machine. Caitpomonofilaments were prepared at
different weight percentage (1, 2, and 3%) of n#émo{Cloisite 15A) and different amount of
compatabilizer (10, 15, and 20%) contents with Isirsgrew extruder. Twin screw extruder was
used to produce composite monofilaments with dsfierweight percentage (0.5, 1, and 1.5 %)
and types of nanoclay (Cloisite 15A and 30B). Tésults showed that the amount of nanoclay
and compatabilizer affect the formation and finedgerties of the new monofilaments. It was
observed that tensile strength of composite maomoint decreased compared to pure
polypropylene monofilaments. Melting temperaturd degree of crystallinity were not affected
much; however, there was significant increase igodgosition temperature of composite

polypropylene monofilaments.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

Polymer-layered silicate (PLS) nanocomposites Hmen investigated by academic and
industrial researches in recent years because itla¢ ¢domposites often provide a desired
enhancement of mechanical, molecular barrier, therftame retardant, corrosion protection
propertiesand/or other properties relative to the originalypger matrix, even at very low clay
contents [1-8]. Nanoparticles may dominate the weheof materials because of their sizes,
nanoscale dimensions, and relatively huge surfaeasaper unit weight. Carbon nanotubes,
montmorillonite type clays and bimolecules such pastein and DNA are used in many

nanostructures [3, 9].

Polymeric properties can be improved even at loadilog without negative effects on
density, transparency and processability. Basicalpnoparticles are dispersed in a polymer
matrix at low amounts, most of the time less thdfa By weight [10]. The conditions for
successful reinforcement and good properties a&ddmogeneous distribution and dispersion of
the reinforcing components, high aspect ratio efritanolevel fillers, and good adhesion between
polymer matrix and fillers [11]. Many thermoplastiad thermosetting polymers with different
polarities including polystyrene, polycaprolactopelypropylene, poly(ethylene oxide), epoxy
resin, polysiloxane and polyurethane can be usefdrta nanocomposite structures. The first

commercial product of clay-based polymer nanocoltg®svas the timing belt cover made from



PA6 nanocomposites by Toyota Motors in the ear80%9 This timing-belt cover exhibited good
rigidity, excellent thermal stability and no wrdpalso saved weight by up to 25% [3].

Twin and single screw extrusion machines are maudgd for filament and film
manufacturing. Nanocomposite structures can beuwpext! by extrusion machines because of
their good mixing characteristic and processindcieiicy compared to other methods. The
features of the extruder and screw configuratienieaportant to obtain good dispersion. Better
dispersion may be achieved with longer residentediin the extruder [12]. In some cases,
having a higher melt viscosity is useful in obtamidispersion, because of the higher stresses
that can be enforced on the nanoparticles [8]. Oeameters such as barrel and die
temperatures, draw-down ratio, and heater temperatan be adjusted for better dispersion.
Correct settings of these parameters can changeitifercing effect, agglomeration of particles,

and synergistic effect of nanopatrticles.

Polypropylene/nanoclay nanocomposites are beingestigated in recent years.
Polypropylene and nanoclays have advantages to see in forming of nanocomposite
structures. Nanoclays have high aspect ratios daté pnorphology. Their low cost and
environmental friendly characteristics make thenmryvattractive. On the other hand,
polypropylene is one of the most widely used pddfial because of the low cost, low density,
high thermal stability and easy processibility. Egample, Sharma and Nayak [1] obtained 95%
enhancement in tensile strength and 152% in tensiddulus of clay modified polypropylene.
Shariatpanahi et al. [13] observed improvemem¢nsilemodulus and impact strength by 15 and
22%, respectively, with the addition of montmonilie clay into polypropylene matrix via direct
melt mixing method. Baniasadi et al. [14] repori@grovement of thermomechanical properties

of nanocomposites by introducing small amount af/dhto polymer matrix. Zhang et al. [15]



successfully prepared polypropylene (PP)/organomornilionite (OMMT) nanocomposites via
melt intercalation by using conventional twin screaxtrusion technique, and dispersed
organoclay layers were observed in the PP resithatnanometer level. Wenyi et al. [16]
investigated the dispersion of organo-montmoriierfOrg-MMT) in polypropylene matrix and
observed an increase in melting and crystallindinpof the nanocomposites. Joshi et al. [17]
characterized monofilaments which contain polyptepg/clay, and obtained improved tensile
strength, modulus, thermal stability, and reducémhgation at break. Horrocks et al [18]
successfully produced polypropylene filaments thantained Cloisite 20A nanoclay, and
observed that filament modulus was increased toesdagree. In additigrKumar et al. [4]
added small carbon fibers to the nanoclay filled6B/RP and extruded them in order to improve

mechanical properties.

1. Nanocomposite Structures

A nanocomposite can be defined as a particle-fipedymer which has at least one
dimension of dispersed particles in the nanometmge [19]. We can classify the
nanocomposites according to the dimension rangéseadlispersed particles. When we mention
the three dimensions which are all in the order n@ihometers, we are talking about
isodimensional nanopatrticles, such as spheridgahsilanoparticles, semiconductor nanoclusters,
and others [20, 21]. Carbon nanotubes or celluldsskers can be classified separately in which
two dimensions are in nanometer scale, and thd tme is larger while forming an elongated
structure [22, 23]. In the last group, one dimenaldfillers exist which are typically a few
nanometers thick and a few thousand nanometers. |Bafymer-layered crystal or clay

nanocomposite is the general name of this group [24



Nanocomposites cannot be formed only bysjgay mixing of the polymer and inorganic
materials. The problem is the polymer blends; nodghe time immiscible systems cause poor
mechanical attraction and particle agglomerationveen the polymer and inorganic materials.
Therefore, phase separated composite, which idasina the traditional microcomposites, is
obtained when the polymer is not capable to intateabetween silicate sheets [3, 20]. The
polymer layered silicate nanocomposites are basedeparation and dispersion of the clay
platelets in polymer matrix, and this dispersiongagoes from simple intercalation to complete
exfoliation of the silicate layers [2, 3, 6, 12).1Clay layers are placed within the structure and
they exist as particles containing tactoids at isuible nanostructures (Figure 1(a)). Clays are
separated more at intercalated systems and peaetadtthe polymer chain may occur in the
interlayer spacing (Figure 1 (b)). Clay layers separated individually and better dispersions
are achieved in exfoliated nanostructures compgrede other two systems as shown in figure
1(c) [25, 26]. However, it is very difficult to odon full exfoliation due to poor affinity between
nanofillers and polymer matrix [2, 27, 28]. Theseai separation of less than 20-30 A between
the platelets in intercalation, but the polymerasates the clay platelets by 80-100 A or more
during exfoliation [3]. The exfoliated system itmain interest in nanocomposites because it
maximizes polymer-clay interaction and makes thele/tsurface of layers available for the
polymer. This helps to improve mechanical and tlerproperties better than intercalated

structures [3].
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Figure 1. Level of nanoclay dispersion: a) ImnbgeiNanostructure, b) Intercalated

Nanostructure, c) Exfoliated Nanostructure [2, 29]

1.1. Layered Silicates

Layered silicates are commonly used in nhanocomg®sihd they are known as the 2:1
phyllosilicates. Table 1 shows some common phyltzdes.

Table 1. Chemical structure of phyllosilicates

2:1 phyllosilicates Gendfarmula

Montmorillonite My (Al 4M0y) SigO20(OH)4
Hectorite My (M0e-xLix)SigO20(0H)4
Saponite MyMgs(Sig-xAlx)O20(OH)4

M=monovalent cation; x=degree of isomorphous stut&in (between 0.5 and 1.[]

One of the most widely used layered silicates (nkys) is montmorillonite as shown at

Figure 2. It has two silicate tetrahedral layerads@ching an inner octahedral layer which



consist of either alumina or magnesia [2, 26]. @bty of the Na is to counterbalance the Al or
Mg for generation of negative charge in the platéontmorillonite has many platelets (layers),
and there are Van der Waals forces between thgeeslf29]. The gaps between the layers are
called interlayer or gallery. For example, the X-rd-spacing of completely dry sodium
montmorillonite is 0.96 nm while the platelet ifs&d about 0.94 nm thick [2]. Ae initial

interlayer spaces about 3.15 nm for Cloisite 15A and 1.85 nm fawisite 30B [12].

) Al Fe, Mg, Li

@ OH

Tetrahedral

@ o
& Li, Na,Rb,Cs

Octahedral

Tetrahedral

Figure 2. Structure of a 2:1 layered silicate [3]

Montmorillonite is in powder form with a mean palé size of about|#n, and in each
particle of powder there are more than 3000 pletdRD]. The thickness of each layer is around
1nm, and the length of these layers can vary fro@33to several microns [31], i.e., it has high

aspect ratio.



Generally, there are two main considerations forlymer/layered silicate
nanocomposites. The first one is dispersion ofa&tid particles into individual layers. The second
is the ability of improving the surface chemistnydugh ion exchange reactions with organic and
inorganic cations [32]. Pretreatment of clays usinmgnonium salts or alkyl phosphonium makes
the clays organophilic; the modified clays are edlbrganoclays [25, 33]. Figure 3 shows the
exchange process between alkylammonium ions andllioetations. After exchanging the ions,
surface energy of inorganic host decreases andngefproperties of polymer matrix are

improved. Larger interlayer spacing is obtainea assult [34].

Alkylammonium ions clay organophilic clay

Figure 3. Cation-exchange process between alkylamumoions and metallic cations [34].

Most of the time, polymer/clay nanocomposites hahe combination of good
processibility characteristic of the polymers, ajrdat physical properties of the clays such as
mechanical, thermal, and electrical properties 33h- As mentioned before, polypropylene-
nanoclay nanocomposites are interesting for ingstpplications because PP is one of the most

widely used thermoplastic polymer and nanoclayséfective as filler materials [32]. However,



there are some difficulties to form these nanostines. Nanoclays are known to be naturally
hydrophilic while PP has no polar groups in its kimme and therefore, it is a hydrophobic
polymer [10, 38]. Most of the time, poor interfdcionding between the PP matrix and clay
surface is obtained with low level of dispersiontioé clay plates [39]. Compatabilizers (PP-g-
MA) are used to improve intercalation/exfoliatiohtlee organoclay and maximize its interfacial
contact with polymer matrix [1, 25]PP-MA has polar groups (-OH, COOH) which increases
the polarity of the polypropylene [40]. They hetpltond the clay and PP together with hydrogen
bonds between the polar carboxylic group of PP-MA axygen or hydroxyl group in silicates
[41]. The interlayer spacing of the montmorillonite ireses, and interaction between the silicate
layers gets weakerDispersion of silicate layers dispersion in polynmeatrix via PP-MA is

illustrated in Figure 4.
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Figure 4. Dispersion of silicate layers in polymeatrix via PP-MA [40]



1.2. Nanopatrticle Dispersion

There are different techniques to disperse napddilit nanoscales in a polymer matrix.

1.2.1. In situ polymerization

In situ polymerization was the first method used ggnthesize polymer—clay
nanocomposites based on polyamide 6 [3]. In thifirtgue, the layered silicate is swollen
within the liquid monomer (or a monomer solution) & the polymer formation can occur in
between the intercalated sheets [3, 6, 24]. Mogtlg, nanoparticles are pretreated with a

chemical agent to improve their compatibility witte polymer matrix [8].

1.2.2. Solution blending

There are weak forces that stack the layers togedine they can be easily dispersed in
an adequate solventlt involves dissolution of polymers in adequateveot with nanoscale
particles and evaporation of solvent or precipiati3, 24]. The final structure may be

intercalated or exfoliated depending on the intéoadetween filler and polymer matrix.

1.2.3. Melt intercalation

The layered silicate is blended with the polymerttriran the molten state. If there is
sufficient affinity between polymer matrix and &f| either an intercalated or an exfoliated
nanocomposite can be achieved [6]. Melt intercataiis the most widely used method for
monofilament processing, and it is environmentaindly due to lack of solvent during mixing

or processing. It is compatible with the curremtustrial methods such as extrusion and injection

10



molding, and also allows polymer processing thatas suitable for in situ polymerization or

solution intercalation [26].

1.2.4. Template synthesis

Clay minerals are synthesized within the polymmatrix, using an aqueous solution (or

gel) containing the polymer and silicate buildidgdks [3, 6, 24].

The montmorillonite intercalated with the PP-MAgaimers have good contacts with PP
under strong shear [33, 42]. Stacked plateletdbedoroken into smaller pieces and the interlayer
spacing increases during extrusion process (Figuréhe increase in interlayer space helps for
better dispersion and distribution of the nanoclaysolymer matrix.

Nanoclay particles

Shear

Smaller Nanoclay Particles

Shear

Polymer

— e e — -

v
Shear _L}j\h Shear /
S

Figure 5. Organoclay dispersion and exfoliationmymelt processing [6]
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Some of the polypropylene monofilament applicatogas include nets and fabrics for
agricultural end uses, geotextiles, sun breakersplinds, shade nets, wind walls, safety nets,
swimming pool covers, reinforcements in varioustedgroducts (such as plastics, and papers),

filtration, carpeting, packaging, concrete reinfarent, and medical suture.

12



CHAPTER 2

MANUFACTURING AND CHARACTERIZATION OF PP/CLAY MONOF ILAMENTS

1. Materials
- Polypropylene copolymer 30 Melt 2 1zod natural witlelt flow index (MFI) of 30
/10 min, and density of 0.91 g/ém
- Cloisite 15A as nanoclay which was already modifieth a quaternary ammonium
salt.
- Cloisite 30B as nanoclay which was already modifieth a quaternary ammonium

salt.

Polybond 3200 (PP grafted with malefic anhydriti€;, weight % maleic anhydride

level). It has 115 g/10 min MFI, and 0.91 gfcdensity.

2. Machines Used For Manufacturing
All PP/Nanoclay monofilaments were prepared withltnirgtercalation method using
single screw and twin screw extruders. Extrusiochimees for the monofilament manufacturing

are shown at Figure 6 and 7.

13



Figure 7. Twin screw extrusion machine
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2.1. Extrusion Machine

The common explanation of the extrusion is a proedsich plastic resins or pellets are
used in a heated barrel or chamber, and carriathdlgy a screw to the die which gives final
shape of the products [43, 44]. Extrusion is onetloed most efficient, most significant
technologies of polymer processing. Almost 40% ofymer products are produced with
extrusion. Extrusion has some advantages over qifastic processing techniques such as
continuity, low cost, efficiency, broad raw matérange, high production volume, and efficient
mixing [45].

The first extruders were used in the food industyybakers for noodle productioHl.
Bewley and R. A. Brooman made the first light inma$ application in 1845, but the first
extruder was patented by M. Grey [43]. These esrsidvere mainly used in the rubber industry.

Today, modern extruders are not very different ttrenold ones, but there have been a
lot of changes at the geometry of the screws. Mathkre are five considerations in an extrusion

process for highly quality products:

Appropriate polymer melt temperature
- Uniform/stable melt temperature
- Accurate melt pressure in the die
- Uniform/stable melt pressure in the die

- Well-mixed product [44].
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2.1.1. Extruder Parts
Typical extruder mainly consists of hopper, barsetew, heaters, breaker plates, die, and

melt pump (Figure 8).

Barrel
heater/cooler

|| Filter Breaker Melt

Thrnlnst Blarrel | screen  plate thermocouple
bearing Throat Imer—l | Thermocouples

Screw {

Throat-cooling channel

. Feed zone

o ] o P

I"Melting zone | Melt-pumping zone |

Figure 8. Longitudinal cross-section of an extrjdé]

2.1.1.1. Screw

Extruder screw is connected through a trust beaaimdj rotates inside the barrel. The
screw has important functions such as removing fbbets from the hopper, providing
mechanical energy as part of the melting processngpellets and additives, and generating
pressure to push the melted polymer out of thg4bg Figure 9 shows the main components of

a single screw.

Feed section |, Compression | I\:gﬁir;ijl‘u -

SR EEEEEREE R
Helix Angle \/ _ Channelli = depth

metering section
Screw diameter 8

} Channel = depth leed section
Flight
Figure 9. Schematic of a typical single screw [47]
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Figure 10. A typical twin screw [48]

Twin screws provide better melting, mixing, and weying in a shorter machine length
than a single screw machine [49]. They also hauktyabo process the materials which are

difficult to feed [50]. Figure 10 shows a twin sere

2.1.1.2. Barrel

Barrel is expected to endure against high pressadetemperature. The screw is located
inside the barrel. The barrel is made by hardered| sand lined with wear and corrosion
resistant metal [45, 47].
2.1.1.3. Die

The die which determines the extruded plastic’ssmsectional area is located at the end
of heating zones (Figure 11). Monofilament diamsetme affected by die diameter, screw speed,
and the distance between die and water bath. M@tdgmer falls down to the water with
gravity effect, and solidifies there when contastth water. If the distance between the die and
water bath is short monofilaments will be thickéfhen screw speed is increased monofilament

diameter will be thicker because more polymers gllpushed to the die.
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Figure 11. Single screw extruder die

2.1.1.4. Melt Pump
Most of the extruders have a melt pump which igduseprevent any pressure changes
and transfer the melted polymer through the dieer&hare some cases that using gear pump
provides advantages:
» Poor pressure-generating capability extruders,(eogrotating twin screws, multi-stage
vented extruders, etc.)
* When output stability is required to be better théf, i.e., in close tolerance extrusion

(e.g., fiber spinning, cable extrusion, medicalngbco-extrusion, etc.)[51].
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Inlet Outlet

Figure 12. Operation of melt pump

Figure 12 shows a melt pump that contains two @umitating, intermeshing gears
which produce a positive volumetric displacementha melt. The molten polymer is used as
lubricant for the bearings during process, andrale@es are important at high pressure to avoid
leakage. The melt pump also makes it possiblen®ektruder to run at lower head pressure, and
this increases the specific output rate and deesedise melt temperature. A lower melt
temperature is reduction of the possibility of that degradation during the extrusion process

[52].

2.1.1.5. Breaker Plate
Breaker plates are used to prevent dusts, solidany foreign particles to pass through

the die.
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Figure 13. Breaker Plate

2.1.2. Processing
2.1.2.1. Row Material Blending and Mixing
The feedstock is mostly used in pelletized fornt, dmmetimes powder form is also used
for good mixing with powder additives. These additi can be thermal stabilizers, nanofillers
such as nanoclay or carbon nanotubes, UV stalsliptasticizers, and flame retardants. The best
way to combine raw materials is mixing them priorféeding into the extruder hopper. Some
factors to be considered for material mixing are;
- Pellets and powder separation
- Appropriate mixing
- Particle size of the additives
- Uniform distribution of powders at low concentratifl4].
Manufacturers want to increase the flow rate, desgeenergy cost, and have minimum
irregularities during extrusion process. Thesegutarities are classified in two groups:
- Surface irregularities which happen because of taohshear stress perfunctory of
extrusion temperature. Some types of surface ilaggges are shark skin and
roughness. They affect the final product properties

- Flow irregularities which happen at unsteady flawditions [53].
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2.1.2.2. Drying

Some polymers need to be dried prior to extrusmrprievent polymer degradation.
Nylon, polyester (PET and PBT), polycarbonates dbsooisture from the air [44]. Moisture
may affect the molecular weight of these polymars] result in poor polymer properties. The
moisture in the polymer may change to steam andecaurface defects such as splay, holes or

foamy product.

2.1.2.3. Feeding Polymer to Extruder
There are basically 4 ways to feed polymer to glsiacrew extruder;

a) Flood Feeding
The most common method is flood feeding (Figure, pé)lets or powders are placed

directly in a hopper over the feed throat, and thweyfed to the screw with gravity [44].

Polymer
4— Hopper
Barrelzone
1L /
mzf;zm
%
Screw

=2\ s

Figure 14. Flood feeding
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b) Starve Feeding
Starve feeding is typically used in twin screw agion but can be employed in single

screw extrusion as well (Figure 15) [44].
Component-1 Component-2

7

T

Feeder-1

VT et o ] o F o v o

Extruder

Figure 15. Starve feeding

¢) Crammer Feeding

Crammer feeding is a positive system that workd wéh low bulk density materials,
materials that tend to bridge and hard to feed niadée A screw mechanism inside the crammer

positively conveys material to the extruder as shawFigure 16 [44].

Crammer

A WA A A

Figure 16. Crammer feeding [44]
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d) Melt feeding

Molten polymers can be also fed from one extrudeariother extruder. Basically, the
feeder extruder is shorter, and develops uniforesgure and polymer melt temperature for the

die (Figure 17) [44].

Feed

7

N/

Figure 17. Melt feeding
2.1.2.4. Shaping and Drawing

Shaping is the last step in the extruder. When pbkymer molecules relax and re-
entangle at the end of the die, die swelling ocasrshown at Figure 18. Pullers (godets) have

important role at this section (Figure 19).

Screw Die
Nucleation EXpansicn
Contraction
ey
L=}
® B G (=
OOO QOD QQOS
Bubble Bubble
growth collapse

Figure 18. Extrudate expansion [54]
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Figure 19. Godets and heater units of the singlevsextruder

There must be a correlation between godets’ speedhaoughput rate to have the same
dimensional product at the end of the process. Gmdethe godets affects the molecular
orientation of the polymers [44]. Molecular origima can be increased or decreased by
changing the draw-down ratio (Figure 20). Everypwr has a natural draw-down ratio, which
changes the tensile and flexural properties [55hwDratio can be calculated by the ratio of

godets’ speeds. Heaters can be used between twetsgochave more uniform monofilaments.

A N

\ s ™~
.! !\ ] : \“} {
y, i % . r \ J N -

Figure 20. Molecular orientation of fibers duristgetching

Draw-down ratio is one of the important considenasi during monofilament
manufacturing. Inaccurate ratios may results imméiter variations in the final product. Table 2

shows the processing parameters to produce momeifiits in this study.
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Table 2. Parameter settings of monofilament psings

Sample Barrel zone  Die zone Motor Melt pump Heater Godet
temperature temperature  speed speed temperature  speeds
°C (°F) °C°F) (RPM) (RPM)  °C (°F)  (m/min)

1 204 (400) 216 (420) 220 13 177 (350) 15-30

2 204 (400) 216 (420) 220 13 177 (350) 15-45

3 204 (400) 216 (420) 220 13 177 (350) 15-60

4 204 (400) 216 (420) 220 13 177 (350) 15-90

5 204 (400) 216 (420) 220 13 177 (350) 15-105

Diameter variations were investigated and it waseoled that uniformity was increased

by increasing the draw-down ratio. Figure 21 shaoknes diameter changes by the draw-down

ratio. It can be seen that when the draw-down rati§ diameter variation is minimum.
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Figure 21. Diameter changes with different drawwdaatios
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Experiments were done to examine the diameter ti@mg when different heater
temperatures were applied at a draw-down ratioofygeopylene copolymer 30 Melt 2 Izod
natural with melt flow index (MFI) of 30 g/10 miand density of 0.91 g/chwas used. Table 3

shows parameter settings for monofilament procgdsinthis purpose.

Table 3. Parameter settings of monofilament psingswith different heater temperatures

Sample Barrel zone  Die zone Motor Melt pump Heater Godet
temperature temperature  speed speed temperature  speeds
°C (°F) °C (°F) (RPM) (RPM) °C (°F) (m/min)

1 204 (400) 216 (420) 220 13 - 15-105

2 204 (400) 216 (420) 220 13 177 (350) 15-105

3 204 (400) 216 (420) 220 13 191 (375) 15-105

4 204 (400) 216 (420) 220 13 204 (400) 15-105

Four different monofilaments were manufactured wdifferent heater temperatures.
Then, diameters of the monofilaments were measairedery meter with microscopy. It can be
seen in Table 4 that uniform monofilaments wereamietd with low CV values. However, the

monofilaments which were processed with heatersvetlanore uniform diameters compare to

the ones manufactured without heater.
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Table 4. Diameter variation of different monofilants

Sample 1 Sample 2 Sample 3 Sample 4
Distance
(Meter) Diameterym) Diametergim) Diameter im) Diameter gm)
1 260.63 256.61 258.62 249.24
2 253.93 245.89 254.6 254.6
3 24491 251.25 255.94 249.24
4 256.61 248.57 249.91 250.58
5 247.90 247.23 251.25 247.23
6 253.93 247.9 253.26 250.58
7 257.95 244.55 253.26 244.55
8 253.26 24991 253.26 243.21
9 24591 252.59 249.24 249.24
10 249.91 249.91 260.63 255.94
Mean 252.49 249.441 253.997 249.441
C.V. (%) 2.07 1.39 1.42 1.57

Tensile properties can be affected by draw-dowio rathd heater temperatures. Higher

draw-down ratios results in higher tensile progsrtiue to better molecular orientation of the

monofilaments. Lower draw-down ratios cause neckimgch produces nonuniform structures

with low tensile properties. Figure 22 shows thesiie strength changes at different draw-down
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Figure 22. Tensile strength of monofilaments #edent draw-down ratios

Heaters may affect the tensile strength of monwoi@ats. Figure 23 reflects the tensile
strength values obtained with different heater teramres. Monofilaments which were
processed with higher heater temperatures had temsle strength. As mentioned before,
heaters helped to get more uniform monofilamentschvmay result in higher tensile properties
of the final products. Besides, heating makes tiasvihg of the monofilaments more efficient

because of providing chain relaxation of the mdiesu
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Figure 23. Tensile strength of monofilaments #edent heater temperatures
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2.1.2.5. Solidification and Cooling

After the die, filaments move through a water ket solidify there. Instead of water, air
can be used for cooling as well. Water temperatare be adjusted according to the polymer
type. Sharp cooling can affect crystalline promsrof polymers.
2.1.2.6. Winding

This is the final step of the extrusion processaavidr filaments are rolled up on bobbins
at winder (Figure 24). The winder speed can bestelfly however, it should not be more than the

final godet’s speed. If it is higher, breakage roagur.

Figure 24. Winder section
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2.1.3. Differences between Single and Twin Screw tExders

There are some differences between twin and sisglew extruders (Table 50). For

instance, better feeding, easier processing withd-tafeed materials (powders, slippery

materials, etc.), short residence time and a nareswdence time distribution [56].

Table 5. Differences between single and twin sagtiuders [56]

Single screw Twin screw
Flow type drag Near positive
Residence time and distribution Medium/wide Lowroar(useful for

Effect of back pressure on output

Shear in channel

Overall mixing

Power absorption and heat

generation

Max. screw speed
Thrust capacity
Mechanical construction

First cost

Reduces output
High (useful for stable
polymers)
Poor /medium
High (may be adiabatic)
High( output limited by
melting, stability, etc)
High
Robust, simple

Moderate

reaction)
ightSéffect on output

Low (useful for PVC)
Good (useful for
compounding)
Low (mainly conductive
heating)
Medium (limits output)
Low (limit pressure)

Complicated

High
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3. Preparation of PP/Nanoclay Composite Monofilames

First, monofilaments were produced with the sirsgleew extruder. Then, twin and single
screw extruders were used in sequence to have effarient processing.
3.1. By Using Single Screw Extruder

Different amounts of nanoclay (Cloisite 15A) andngatabilizer (Polybond 3200) were
used to form composite monofilaments by the sirggeew extruder. Attempts to produce
polypropylene/nanoclay composite monofilaments authcompatabilizer were unsuccessful.

Table 6 shows the master batches and sample codes.

Table 6. Sample codes and blends of master batochsmgle screw extruder

Sample Code Clay Loading (%) Compatabilizer Loading (%)
PP - -
P1-C10 1% 10%
P1-C15 1% 15%
P1-C20 1% 20%
P2-C10 2% 10%
P2-C15 2% 15%
P2-C20 2% 20%
P3-C10 3% 10%
P3-C15 3% 15%
P3-C20 3% 20%

Cloisite 15A was dried in a vacuum oven at 65 °C1f® hours prior to manufacturing.
Pure polypropylene pellets, Cloisite 15A, and Pohdb 3200 were mixed manually before
processing. Processing temperatures are givenhle Ta
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Table 7. Temperature settings of the single seewuder

Heating Zones

Temperature °C (°F)

Barrel zone-1 204 (400)
Barrel zone-2 204 (400)
Barrel zone-3 204 (400)
Barrel zone-4 204 (400)
Die zone-1 218 (425)
Die zone-2 218 (425)
Die zone-3 218 (425)
Die zone-4 218 (425)
Die zone-5 218 (425)
Die zone-6 218 (425)

The extruder screw speed was 100 rpm, and melt moaed was set to 13rpm. A draw-
down ratio of 7 was applied to the monofilamentfiteAthe water tank, air was blown on the
monofilaments to dry them before drawing sectiofteAthe drawing, all monofilaments, except
pure polypropylene, were chopped and reextrudexbtain better dispersion and distribution of

the nanoclays in polymer matrix.

3.2. By Using Twin and Single Screw Extruders in Sgience

Twin screw extruders are mainly used for mixingfetént components. They produce
better shearing effect on nanoclays which meansniwgie separation of nanoclay layers may
occur. In addition, better distribution and dispemsmay be obtained compared to single screw

extruders.
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Different types of nanoclays (Cloisite 15A and Gite 30B), and a compatabilizer
(Polybond 3200) were used to form composite moawidnts. First, twin screw extrusion
machine was used to make tape forms. Table 8 shmster batches and sample codes.

Table 8. Sample codes and blends of master batoh®&gin screw extruder

Sample Code %15A %30B % Compatabilizer

P-A-5 0.5 - 10
P-A-10 1.0 - 10
P-A-15 1.5 - 10

P-A 1.0 - -

P-B - 1.0 -
P-B-5 - 0.5 10
P-B-10 - 1.0 10
P-B-15 - 1.5 10

Cloisite 15A and 30B were dried in a vacuum over6at®°C for 12 hours prior to
manufacturing. Pure polypropylene pellets werettetivin screw extruder with a pellet feeder
(Figure 15). Nanoclay and compatabilizer were migedr to the processing, and then fed to the
hopper while polypropylene pellets were being fathwhe feeder. Extruder speed was set to
200 rpm. The temperature settings are given irleT@bThe tapes were cut with a chopper to
have pellets that contained nanoclay and comp&aehilThese pellets were used in the single
screw extruder to produce monofilaments. It wasoled that manufacturing of monofilaments
with the combination of twin and single screw eggu machines was easier than using only

single screw extruder. Less breakage of monofilasmemas noticed while drawing the
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monofilaments. Besides, it was possible to prodownofilaments that do not have any

compatabilizers (they could not be produced byaismly single screw extruder).

Table 9. Temperature settings of the twin screwueber

Heating Zones Temperature (°C)
Barrel zone-1 220
Barrel zone-2 220
Barrel zone-3 220
Barrel zone-4 220
Barrel zone-5 220
Barrel zone-6 220
Barrel zone-7 220

4. Characterization

The surface morphology of the pure and compositaafil@ments was investigated by
using Zeiss EVO 50VP scanning electron microscopiM). Probe current was adjusted
between 700-900 pA. All specimens were coated galld before the experiment.

Basic crystalline structures of pure and compogitsnofilaments were analyzed using
Bruker APEX single crystal X-ray diffractometer.rff@le collections were made betweeh 2
range of 5-40° with Cui2 radiation at 40KV voltage, and 40 mA generatansent. Scanning
time was set to 750 seconds, and step size was 0.01

Melting behavior and degree of crystallinity mea@snents were made by using Perkin-
Elmer DSC Q2000 instrument under nitrogen atmosplgample sizes were between 5-10 mg.

Samples were heated from 50 to 250 °C at 10°C/emd, held there 2 minutes, then cooled to
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room temperature.The crystallinity of the samples was calculatedoading to the following

formula:

AH
XCc=—
AHPp

1)

AH is the enthalpy of fusion of the sample (J/g) d#ff, is the enthalpy of fusion of
completely crystalline PP (~209 J/g) [57].

Thermal stability of monofilaments was measuredusing Perkin-Elmer TGA Q500
instrument. The heating rate was 20°C/min for athples, and the temperature range was 50-
600 °C under atmospheric air.

Nicolet 6700 FTIR spectrometer was used to chatzet¢he molecular conformation of
the pure and composite monofilaments. The numbeaoh scan was 32, and experimental scan
was set at 16.

Samples were tested according to the ASTM D-382Z%@ahdard Test Method for
Tensile Properties of Single Textile Fibers witlsthon 5565 Testing Machine. The diameter of

each sample was measured with a microscope. Fsig ¥&ere done for each sample and the

average values were used for the evaluation gbtbeerties
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CHAPTER 3

RESULTS AND DISCUSSION

1. Single Screw Extrusion Results

1.1. SEM Microscopy

The surface morphology of pure polypropylene andesof the polypropylene/nanoclay
composite monofilaments are presented in Figur@azh. SEM images show the distribution of
nanoclay particles along the monofilaments. P3-§€dfiple has bigger particles compared to P1-
C10 and P2-C10. Agglomeration can be seen for RB%zimple due to low dispersion and
distribution of nanoclay particles in the polymeratnx. Low shear effect of single screw
extruder can also cause this agglomeration. P1&tOP2-C10 samples have almost the same
level of nanoclay dispersion. The range of theiglarsize is between 700nm to 4 microns for
P1-C10, and 3 to 10 microns for P2-C10. Howevegrehare also smaller nanoscale particles
which may help for reinforcement of the monofilanseerOn the other hand, drawing of the
monofilaments also helps with the distribution ahoclay along the monofilament. In addition,
sample P3-C10 could not be drawn well during preicgscompared to other samples due to

agglomeration of the nanoclays.
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Figure 25. SEM images of surface views: (a) Pird-Pament, (b) P1-C10, (c) P2-C10,
(d) P3-C10.
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1.2. FTIR

The FTIR spectrum of pure polypropylene and contposionofilaments is given in
Figure 26. Si-O stretching (1005 &nand Si-O bending (480 ¢hhcan be observed for Cloisite
15A. There are vibration of peaks between 900 &@) tm', and silicates and carboxyl groups
might form bond in this range. However, all the kgeaf composite monofilaments show similar
characteristics compared to pure polypropylene tilanoents even if the clay loading is
increased. This shows that there are weak bondgebatnanoclays and polymer matrix due to

agglomeration or lower dispersion of nanoclays.
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Figure 26. FTIR spectra of pure and composite riilamoents
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1.3. X-Ray Diffraction

Figure 27 shows the X-ray diffraction of pure palypylene monofilaments, P1-C10, P2-
C10 and P3-C10 drawn monofilaments. The results giae a general view about the
nanocomposite structure. The different peaks mdicate the distribution of clay layers and d-
spacing which is the distance between the clay$ayBolymer nanocomposite peaks often show
shifting to lower B angle or larger d-spacing. Decrease or disappearaincharacteristic peaks

indicates the formation of intercalation or exfaba nanostructures [58].
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Figure 27. XRD curves of pure polypropylene anchposite monofilaments

39



Table 10 shows the diffraction peaks of sample® atngles. The results show that there
is no significant change at peak characteristichefsamples. There is only little shifting at P3-
C10 sample, and agglomerated clay particles magectuis difference. It can be concluded that

addition of nanoclay did not affect basic crystalisture of the samples.

Table 10. Diffraction peaks of the samples@tahgle range

Pure PP P1-C10 P2-C10 P3-C10
14.11 14.04 14.07 13.97
16.9 16.73 16.88 16.71
18.52 18.44 18.48 18.35
21.69 21.62 21.63 21.44

1.4. Thermal Behavior

Crystallization and melting behavior of the monaniilents with different nanoclay and
compatabilizer loading are shown in Table 11. Mofktthe filament properties depend on
crystallinity, spherulites size, and the size ofddlar crystals. Polypropylene is a semicrystalline
polymer; on the other hand, nanoclays are knowmuwdeating agents andccelerate the
crystallization process [59]. It was observed tinalting point of pure polypropylene decreased
slightly with the addition of nanoclay as showrFigure 28 Melting point decrease may suggest
a reduction of lamellar size; probably the clay pagvent the growth of individual lamellae, and

more lamellae are formed with smaller sizes [60].
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Table 11. Thermal and tensile results of compas@ofilaments

Samples Decomposition Tensile Elongation  T,(°C) T (°C) X (%)
Temperature Strength at Break
(°C) (MPa) (%0)
Pure PP 358.86 308.8 63.6 166.79 131.17 41.04
P1-C10 368.32 289.1 52.0 166.60 130.73 42.48
P2-C10 376.35 286.0 53.0 166.33 130.66 211,
P3-C10 393.95 276.1 54.7 165.78 130.80 41.95
P1-C15 367.23 292.9 55.1 165.91 129.67 42.81
P2-C15 375.77 282.6 52.5 165.39 129.61 43.81
P3-C15 389.75 281.4 53.6 165.33 128.97 42.29
P1-C20 367.61 294.7 63.0 166.12 128.35 43.56
P2-C20 377.65 279.7 64.4 165.53 129.20 42.77
P3-C20 389.23 273.6 64.2 165.65 127.73 42.69
PP-MA 359.15 - - 162.36 112.61 42.40
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Figure 28. Melting behavior of pure and compopué/propylene monofilaments

Crystallization temperature {Tdecreased slightly with the presence of nanotiahe
system. This also indicates the nucleating afféciamoclays in crystallization of polypropylene.
Addition of compatabilizer may also cause this wditun because of lower crystallization
temperature (112.61 °C). The degree of crystaflitK;) was calculated according to the
equation (1), and an increase (41.04 % to 43.8186)abserved with the addition of nanoclay. It
was also observed that;Xncreased by increasing compatabilizer amount impmsite
monofilaments.

Nanoclays are known as good heat insulators duthdw good thermal resistance.
Nanoclays can prevent the penetration of oxygend, gmovide slower decomposition. TGA
results are given in Table 11. The results showt thddition of nanoclay increased

decomposition temperature of the composite momoélats compared to pure polypropylene
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monofilaments. Figure 29 shows the comparison oé @nd composite monofilaments during

decomposition. Their onset temperatures are sipaféer 300 °C, they start to lose their weight
under temperature. Pure polypropylene shows rapadedise of weight compared to composite
monofilaments, and decomposes at 358.86 °C. Tbengeosition temperatures in the Table are
the means of four samples’ decomposition tempegdtureach monofilament. Figure 30 shows

how to determine the decomposition temperature doe of the pure polypropylene

monofilaments with the TGA instrument.
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Figure 29. Decomposition behavior of pure and cositp polypropylene monofilaments at

different nanoclay loadings
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Figure 30. Determination of pure polypropylene widament’s decomposition temperature

Figure 32 shows the effect of compatabilizer onodggosition behavior: all the samples
with compatabilizers have higher decomposition terajure than pure polypropylene
monofilament. However, the composite monofilamemse almost the same behavior which
indicates that amount of compatabilizer may notehamy significant effect on decomposition.
The decomposition temperature of the compatabiliag9.15 °C) is comparable to that of pure

polypropylene (358.86 °C).
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Figure 31. Decomposition behavior of pure and cositp polypropylene monofilaments at

different compatabilizer loadings

1.5. Mechanical Behaviors

Table 11 shows the tensile properties of pure amdposite monofilaments. It was
observed that addition of the nanoclay caused |demsile properties. The reduction is almost
10 % at 3 % clay loading. Higher nanoclay contajrsamples showed more reduction compared
to the lower ones. SEM results also indicate soggoaeration in the monofilaments. These
agglomerated particles, which are in micron sizes, reduce interaction between nanoclay and
polymer matrix, and the result will be interfact#bonding under load. Besides, these particles
can cause voids and act as a crack initiator utiteedoad. Figure 32 shows the decrease in

tensile stress of the pure and composite monofifasne
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Nanoclay particles are stiff materials with no gation properties; therefore addition of
these particles can lower elongation behavior efrttonofilaments. Elongation at break values
decreased in the presence of nanoclays excep®atc@tpatabilizer content as shown in Table
11. Samples containing 20% compatabilizer showetidri elongation properties compared to
10% and 15% ones. Compatabilizer might have cargito the elongation values after certain

amount of loading at composite monofilament manufaag.
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Figure 32. Tensile behavior of pure and compos@ofilaments
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2. Twin and Single Screw Extruder Results

2.1. Thermal Behavior of Pellets

First, the pellets (Figure 33), which were produeeth the twin screw extruder, were
analyzed. Table 12 shows some of the thermal ptiepeof these pellets. It can be seen that
melting temperature of the pellets decreased $jidiyt addition of nanoclay particles except P-
A and P-B which do not contain any compatabiliZ&igures 34 and 35). As mentioned before,
nucleating agent effect of nanoclay may be theomder this small change. Crystallization
temperature (J) of nanoclay contained pellets mostly showed rédnc However, pellets P-A
and P-B had higher Tc than other pellets. This l&aylue to not having any compatabilizer in
the system. The degree of crystallinity;\Xvas calculated according to the equation (1), and
lower values were obtained for composite monofilarmexcept P-A-15, compared to the pure

polypropylene pellets.

Figure 33. Polypropylene pellets after chopping
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Table 12. Thermal behavior of pure polypropylend aanoclay added pellets

Sample code Melting Decomposition T (°C) % X
temperature (°C) temperature (°C)

PP 165.08 358.86 131.69 % 37.99
P-A-5 163.93 421.42 130.18 %36.84
P-A-10 164.52 425.75 130.68 %37.42
P-A-15 164.82 430.44 131.21 % 39.08

P-A 165.34 412.19 132.17 % 37.54

P-B 165.52 409.10 132.21 % 36.14
P-B-5 164.80 410.41 130.74 % 36.69
P-B-10 165.07 417.37 130.55 %35.55
P-B-15 164.62 429.68 130.70 %35.48
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Figure 35. Melting temperature behavior of purgpampylene and nanoclay
(Cloisite 30B) added pellets
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The decomposition temperature increased as showigumes 36 and 37 for the nanoclay

added pellets. Cloisite 15A increased the decomipastemperature more than Cloisite 30B.

This is probably due to better interaction occurbedween Cloisite 15A and polypropylene

polymer matrix compared to Cloisite 30B.
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Figure 36. Decomposition behavior of pure polygtepe and nanoclay
(Cloisite 15A) added pellets
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Figure 37. Decomposition behavior of pure polygtepe and nanoclay
(Cloisite 30B) added pellets
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2.2. Mechanical and Thermal Behavior of the Compog Monofilaments

After the pellets were chopped, they were usedirajles screw extruder to produce
monofilament structures. Same machine settings theresame as in the previous experiments as

can be seen in Table 7. Some of the mechanicathamnthal test results are presented in Table

13.

Table 13. Thermal and mechanical properties ottdmposite monofilaments

Samples Decomposition Tensile strength  Elongation at
temperature (°C) (MPa) break
(%)
Pure PP 358.86 308.8 63.6
P-A-5 398.88 296.8 39.7
P-A-10 406.86 281.8 31.1
P-A-15 425.73 272.5 27.0
P-A 397.61 275.4 46.3
P-B 394.12 258.4 36.3
P-B-5 399.66 283.2 22.3
P-B-10 404.15 272.4 39.2
P-B-15 417.94 261.8 35.6

Figures 38 and 39 indicate the decomposition behaei different nanoclay added
monofilaments. Decomposition temperatures of thaafimments were increased by addition of
nanoclay compared to pure polypropylene monofilasieNanoclays are known as good heat
insulators and therefore may have contributed éottiermal stability of the system. They may

also behave as a wall to prevent the products fescaping the matrix and lower oxygen
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penetration into the matrix. Different nanoclay edd@omposite monofilaments showed different
characteristics. Cloisite 15A enhanced the decompondemperatures more than Cloisite 30B.
This is probably better due to distribution andpéision of Cloisite 15A obtained along the

monofilaments.
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Figure 38. Decomposition behavior of pure polygtepe and nanoclay

(Cloisite 15A) added monofilaments
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Figure 39. Decomposition behavior of pure polygtepe and nanoclay

(Cloisite 30B) added monofilaments

Figures 40 and 41 show the tensile stress-stralmvier of composite filaments
compared to pure polypropylene monofilaments. Bmsite strength values decreased compared
to the pure polypropylene monofilaments for all pasite samples. This is probably due to
interfacial debonding and incoherence between Hapguarticles and polymer matrix. Addition
of more nanoclay caused more decrease as seeblm & Cloisite 30B caused more reduction
in tensile properties compared to Cloisite 15A. Magglomeration of Cloisite 30B or bigger
dispersed particles in the system may cause tHierehce. Elongation values decreased
compared to the pure polypropylene monofilamentsabge nanoclay does not have any
elongation properties. The results also show thatpées P-A and P-B, which do not have any

compatabilizer, had lower tensile strength compawdtie samples with compatabilizers. This is
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probably due to more

agglomeration, and lower adgon between the polymer matrix and

nanoclay.
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Figure 40. Stress-strain behavior of Cloisite Hsldled composite and pure
polypropylene monofilaments
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Figure 41. Stress-strain behavior of Cloisite 2@Bled composite and pure

polypropylene monofilaments
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2.3. SEM Results of Composite Monofilaments

EHT =20.00kV Signal A= SE1 Date :1 Mar 2010 EHT=20.00 kv Signal A= SE1 Date :1 Mar 2010
WD=145mm Photo No. = 654 Time :17:29:57 WD=135mm Photo No. =718 Time :2047:13

(a) (b)

EHT = 20,00 kv Signal A= SE1 Date :1 Mar 2010 ﬁ EHT = 20.00 kv Signal A= SE1 Date 1 Mar 2010

WD =135mm Photo No.=715 Time :20:43:11 WD=130mm Photo No. =667 Time :17:58:00

(©) (d)

Figure 42. SEM surface view of: a) P-A-5, b) P-B\-t) P-A, d) P-A-15
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EHT =20.00 kV Signal A= SE{ Date :1 Mar 2010 EHT =20.00 kv Signal A= SE1 Date 1 Mar 2010
WD=13.0mm Photo No. =671 Time :18:07:35 WD =135 mm Photo No. = 649 Time :17:11:52

(b)

EHT =20.00kv Signal A= SE1 Date :1 Mar 2010
l_' WD =125mm Photo No. = 651 Time :17:22:54

Wy EHT = 2000kv Signal A= SE1 Date 1 Mar 2010
WD =135mm Photo No. = 644 Time :16:33:18

(c) (d)
Figure 43. SEM surface view ¢ a) P-B-5, b) P-B-10, c) P-B, d)B-15
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Figures 42 and 43 illustrate the SEM images ofddmposite monofilaments. Nanoclay
distribution along the monofilaments seems quitéoam. It can be seen that monofilaments
which contain 0.5% of nanoclay (sample P-A-5 an8-%) have smaller particles in their
surfaces. Larger particles along the monofilameatewachieved by addition of more nanoclay
content (Fig 42-b-c-d and fig 43 b-c-d). These éargarticles also caused lower tensile strength
values compared to the smaller ones (Table 13pdaditg bigger particles caused more voids and
these voids made lower interaction between polyrhains. Figure 42 (b-c) and Figure 43 (b-c)
can be used to evaluate the effect of compatabitmenanoclay distribution or particles sizes.
Smaller particles were obtained along the mono#am (Figure 42-b) by addition of
compatabilizer compared to the samples without @ypatabilizer (Figure 42-c). The same
result was also observed in Figure 43 (b-c). Thesealts show that using compatabilizer helped
for better dispersion of nanoclay particles. Plrtgizes can be seen in Figures 44 and 45 for
0.5% nanoclay added composite monofilaments. Taergarticles less than 500 nm, however;
there are larger particles at micron sizes (aln34tmicrons in same monofilaments). These
larger particles were formed probably by agglomenmabf nanoclay layers during processing.
Bigger particle sizes were achieved for monofilateehat contain Cloisite 30B; this might be
the reason why monofilaments that contain Cloi8® have lower tensile strength than the

ones with Cloisite 15A.
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Figure 44. Particle size distribution of 0.5% Glt® 15A added composite monofilament
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WD =13.0 mm Photo No. = 672 Time :18:09:50

Figure 45. Particle size distribution of 0.5% Glt# 30B added composite monofilament
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CHAPTER 4
NANOCLAY AND POLYPROPYLENE MARKETS

1. Nanocomposite Market

Nanocomposite structures have been used at mauogtital applications in recent years.
Clay nanocomposites are the biggest market amaémgher nanocomposites (Table 14). Global
consumption of nanocomposites has increased rapetghing 23 million pounds in 2005, with
an estimated value of $252 million. By 2011, itigpected to reach almost 95 million pounds
worth some $857 million (Table 15) [61].

Table 14. Nanocomposite consumption by % (2005t2(81]

Year Clay nanocomposites Metal and metal oxide Carbon nanotube
nanocomposites composites

2005 24% 19% 15%

2011 44% 20% 11.5%

Table 15. Global consumption of nanocomposite©%22011) [61]

Year Amount kg-millions (Ib-millions) Value ($ midins)
2005 10.45 (23) 252
2011 43.18 (95) 857

The main nanocomposite applications areas wereneniee parts, energy, and
packaging in 2005, with market shares of 29%, 28f6l 19%, respectively. Other application

areas were coatings (14%) and ESD (Electrostatithdrge) (8%) in 2005.
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It is expected that packaging will be the leadenamocomposite applications with over

28% of the market by 2011. Energy applications bdlin second place with more than 26% of

the market, and automotive applications will be thied-largest application with over 15% of

the market, followed by coatings with 14% in 2061][

2. Polypropylene Market

There was an increase in chemical fiber produatmmpared to 2006 by 3.5 million tons

or 8%, and to become 48.0 million tons in 2007. deev, it decreased by 2.2 million tons or 6%

to become 45.8 million tons in 2008. This increaseurred all around the world except China

[62]. Table 16 shows chemical fiber production @02 around the world.

Tablel6. World chemical fiber production in 2063]

Types of fibers Production, thousands of tons 2007/2006+%
and threads Complex fiber Stable fiber and twist Total
Synthetic 23848 16536 40374 +7.9
Polyester 18253 12416 30670 +11.7
Polyamide 3633 353 3986 -1.1
Polypropylene 1543 1315 2858 4.4
Polyacrylonitrile - 2376 2376 -4.9
Other 420 66 468 +12.6
Cellulose 440 3273 3712 +9.0
Total 24288 19799 44037 +8.0
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Table 17 shows global production of the most wideded synthetic fibers according to

their manufacturing origins in 2007 and 2008. Chimahe biggest producer among all the

countries. USA is also one of the biggest manufacsuwith 1.2 million metric tons follows by

India and Taiwan.

Table 17. Global production of synthetic fiberdd(0/kg tons) [64]

Polyester Polyolefins Polyamide

2007 2008 % 2007 2008 % 2007 2008 %
W. Europe 677 566 -16 1,590 566 -11 451 415 -8
Turkey 401 339 -15 624 339 -8 51 41 -20
E. Europe 272 266 -2 190 266 -2 166 154 -7/
USA 1,240 1,060 -15 1,298 1,060 -14 937 741 -21
Canada - - - 86 73 -15 143 122 -15
Mexico 149 112 -25 87 81 -7 43 29 -33
S. America 311 273 -12 322 312 -3 104 96 -8
PR China 19,251 20,046 +4 1,053 997 -5 1,007 1,088
India 2,272 2,090 -8 114 112 -2 95 90 -5
Taiwan 1,813 1,522 -16 171 158 -8 408 302 -26
Korea 1,245 1,157 -7 129 121 -6 145 131 -10
Japan 465 435 -6 179 176 -2 122 114 -7
Other Asia 2,709 2536 -6 424 394 -7 145 131 -10
Others 290 248 -14 502 496 -1 76 63 -17
Total 31,095 30,065 -2 6,467 5939 -8 3,891 3,5120 -
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Table 18 reflects the global polyolefin fibers (pethylene and polypropylene)

production in 2008.

Table 18. Global production of polyolefin fibe008) [64]

Yarns Staple Fibers Total

1000 % 1000 % 1000 % 1000 %

metric tons metric tons metric tons metric tons
W. Europe 678 -10 441 -13 229 -9 1,418 -11
Turkey 142 -16 31 -18 125 -2 298 -8
E. Europe 53 +0 44 -2 91 -1 187 -2
USA 611 -14 221 -17 284 -111,116 -14
Canada 28 -15 20 -13 25 -173 -15
Mexico 39 -2 12 -20 31 -3 81 -7
S. America 116 -5 36 -10 160 -1 312 -3
Asia 804 181 973 1,958
-PR China 499 -6 81 -10 417 -4 997 -5
- Taiwan 68 -7/ 12 -25 78 -5 158 -8
- Japan 78 -4 53 0 45 0 176 -2
- Korea 58 -8 15 -6 48 -4 121 -6
- India 24 -17 6 -14 81 +4 112 -2
- Others 77 -13 14 -12 304 -5 394 -7
Africa 185 -3 58 -5 253 +1 496 -1
Total 2,656 -9 1,044 -12 2,239 -5 5,939 -8
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In 2008, PP textile materials production was ovmillion tons which is almost 10% ¢
the amount of natural and chemical fibersd yarns manufactured in 20085]. It is expected
that world PP consnption should reach 50 milli of tons at 885% utilization capacities i
2010. Products obtained by injection molding (tlembined increase here is estimatec
6.4%/year) ancextrusion, will remain the fastest growing markat PP inthe future the share
of these two sectors is I5% of PP processing6].

Consumption of PP for extrusion (fibers, films, spand, yarn, etc.) in China is at 6¢
(app. 60% in the world average). Almost 2 millimns (25%) is used for woven textiles,
million tons (17%) for biaxially orientedIims, and 1 million tons (12%) for rigid packing.
Europe, North America, and Japan 50% of the PResl dor injection molding, %23 is used
fiber production, and 15% for films, 8% extrudedces, 2% blow mcding, and 2% for othe

purposes [66].
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N.America
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Figure 46.World polypropylenedemand by region in 2009 [p7

63



Figure 46 shows the World polypropylene market,cvhindicates that Asia is still the

biggest market (total 42%) and followed by N. Amari and W. Europe.
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CHAPTER 5
CONCLUSIONS AND FUTURE RECOMMENDATIONS

Nanoclay added PP monofilament structures wereesstdly produced using twin and
single screw extruder machines. Commercial naneclagre used in this study. Draw-down
ratio was set to 7. The formation of composite niiterment structures is affected by the amount
of nanoclays, compatabilizers, and polarity of plogymer. It was more difficult to manufacture
composite monofilaments with higher % nanoclay enhbecause they caused more breakage
during processing. There were mechanical and tHenolanges in PP properties with the
addition of nanoclays. Tensile strength decreasih tive addition of nanoclays due to some
agglomerated particles in the system. Decomposigomperature increased compared to pure
polypropylene monofilament because of good heatati®n properties of nanoclays. Even if the
tensile strength decreased, these monofilaments séife strong enough with higher
decomposition temperatures and can be used in mdagtrial applications.

Proper mixing is very important to disperse naag&land compatabilizer uniformly
during the process. More nanoclay dispersion caadbéeved by increasing the space between
clay layers and having higher shearing effect dugrocessing. Monofilament production using
both twin and single screw extruders was easiem thay using single screw extruder. Less
breakage occurred during processing because afignamaller nanoclay particles in the system.

For the future work, different types of polymerather than polypropylene, can also be

used, and they may provide different compatibilityth nanoclays. Besides, different
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nanoparticles such as carbon nanotubes or metitiparadded composite monofilaments can

be produced to achieve different final propertiesng twin and single screw extruders.
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