
CHAPTER II 
LITERATURE REVIEW

2.1 Thermoplastic Elastomer

Thermoplastic elastomer (TPE) is a plastic which have a physical m ix o f  
two or more polymers to provide a particular material that has all properties o f  them. 
It is นsuaily a combination o f  rubber and thermoplastic which consists o f  both ther
moplastic and elastomeric properties.

2.1.1 Classification o f  TPE
There are six types o f  thermoplastic elastomer by econom ically consi

dering. They are under the two main categories, m ulti-block copolym ers and blend. 
The TPE classification chart is shown in Figure 2.1.

Figure 2.1 Classification o f  TPE.
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The first category is block copolymers which consist of an elastomeric 
block and a hard block. The four types of a block copolymers category are styrene- 
block copolymer (TPE-S), polyester-block copolymers (TPE-E), polyurethane/elas- 
tomer block copolymers (TPE-U), and polyamide/elastomer block copolymers (TPE- 
A). Another category is polymer blends which are polyethylene/poly(a-olefin) block 
copolymers. The two types of TPE in this category are thermoplastic polyolefins 
with a non-crosslinked rubber phase (TPE-O) and thermoplastic polyolefins with a 
cross-linked rubber phase (TPE-V or TPV). Partially and fully crosslinked TPV are 
widely use in an automotive industry because their properties, low hardness and high 
using temperature until over 100  ๐c , which involves a dynamic vulcanization process 
(Schamowski, 2005). The schematic structures of the two categories of TPE are 
shown in Figure 2.2.

(a) (b)

Figure 2.2 Schematic structures of TPE: (a) block copolymers, and (b) polymer 
blends, (Schamowski, 2005).

2.1.2 Dynamic Vulcanization
Dynamic vulcanization is the best method to produce TPV that some

times referred to dynamic vulcanizate (DV) or thermoplastic vulcanizate (TPV). It is 
the process of vulcanizing an elastomer phase during its melt mixing with a molten 
plastic (Holden et a l, 2004). Generally, a melt mixing process can be done by ban- 
bury mixers, mixing extruders, and twin-screw mixers, but twin-screw extruders are 
commercially used. In an extruder, the dynamic vulcanization is done by melt
blending of a thermoplastic matrix phase and a rubber phase first. After a well-mixed
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blend form, the crosslinking is occurred by means of a curing agent (vulcanizing 
agent) which is added into the extruder. The vulcanization then occurs while mixing 
continuous. The schematic of extruder profile is shown in Figure 2.3.

T h erm o p lastic  E la sto m er

Figure 2.3 Schematic of extruder profile for dynamic vulcanization (Schamowski, 
2005).
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Figure 2.4 Schematic of morphology development of dynamic vulcanizates during 
the crosslinking (Schamowski, 2005).

During the crosslinking, a rubber phase viscosity is increased while a 
thermoplastic phase viscosity stays the same. Abdou-Sabet et al. (1996) indicated; If 
the rubber phase has a high crosslink density, the rubber phase will deform under 
shear stress with ripping apart. On the other hand, the poor crosslink density let the
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rubber phase undergo large deformation and remains co-continuous phase as see in 
Figure 2.4. In 2005, Schamowski collected the optimum crosslink density and found 
that it should be 10 to 20x1 O' 5 mol/cm^.

2.1.3 TPV Properties
One of purposes to dynamic vulcanize is to produce compositions 

which can improve properties of both materials. If the elastomer particles of a blend 
are small enough and fully vulcanized, the properties of TPE-V are improved greatly 
(Abdou-Sabet et al., 1996) as a stress-strain curve showed in Figure 2.5.

Figure 2.5 Abdou-Sabet et al., (1996) result indicates the effect of rubber particle 
size on stress-strain properties of TPV (Schamowski, 2005).

The properties of the TPV that are improved include the improved ultimate 
mechanical properties, Greater hot oil resistance and other fluids, improved high- 
temperature utility, reduced permanent set, improved fatigue resistance, greater sta
bility of phase morphology in the melt, and more reliable thermoplastic fabricability. 
Some improved properties of TPV are shown in Figure 2.6.
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Figure 2.6 Abdou-Sabet et al., (1996) result indicate the effect of curing on mechan
ical properties and oil swell of TPV (Schamowski, 2005).

2.1.4 Applications of TPV
The beginning of the use of TPV is to substitute elastomer in existing 

application. But now a days, it is opening to many application fields. The mainly use 
TPV is in automotive industry since it has been prepared to improve oil resistance, 
hot stability as well as to reduce compression set. Another reason is because a manu
facturing method, TPV can be produced in general manufacturing methods like 
thermoplastic such as extrusion molding, injection molding, compression molding, 
blow molding, thermoforming, and heat welding. But the most important manufac
turing methods are extrusion molding and injection molding which can produce parts 
in one step and also fast joints that easy to de-montage like 2 -component-injection 
molding (Jiirdens, 2002). The automotive products commonly made by TPV are sus
pension bushings for automotive performance applications due to it has a resistance 
to deformation greater than regular rubber bushings. For other products, TPV can be 
use as an electrical cable jacket or mostly inner insulation in portable cord. Major 
application fields of TPV and their development over the years are shown in Figure
2.7.
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Figure 2.7 Divisions of application fields for TPV in Germany through the years 
2000-2003 (Jiirdens, 2002).

2.2 Natural Rubber (NR)

Natural rubber (NR) is an elastomeric polymer obtained from rubber trees. 
The most natural rubbers come from the Hevea brasiliensis rubber tree because this 
species provides the most latex and properties more than other species.

NR has the chemical name as cis-l,4-polyisoprene because polyisoprene has 
6  possible isomers and the cis-1,4-isomer is the main structure of rubber received 
from Hevea brasiliensis rubber trees (It gives 97% cis-1,4-isomer of all isomers). 
The empirical formula of NR and polyisoprene are (CsHsV The chemical structure 
of NR and the possible isomers of polyisoprene are shown in Figure 2.8.
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Figure 2.8 Chemical structures of polyisoprene, NR and polyisoprene isomers.
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2.2.1 Physical Properties of NR
The physical properties of NR are depend on seasons, weathers, soil, 

species of rubber trees, age of rubber trees, a length of tapping, a frequency of tap
ping, a suitable time for tapping, and other factors. The physical properties of NR can 
be change a little bit because it has some substances that are not a rubber molecule.

Because of having an unsaturated bond in a molecule of NR, it is easy 
to react with sulfur in vulcanization process. An electron on a methyl group can de
localize to a double bond in a molecule and let NR vulcanizes more faster when 
compared to other rubbers which do not have any methyl group. But in the same 
principle, it is very easy to oxidize Ayith oxygen and ozone by the acceleration of 
metal (such as manganese, iron, copper), heat, light, internal stress from the folding 
and bending of molecules. It will crack easily that causes a very fast degradation of 
NR. The amount of ozone 100 ppm can destroy NR in 2 minutes.

NR has a very low oii resistance. It is only hydrocarbon with non
polar molecule which cannot withstand non-polar solvents such as naphtha, toluene, 
gasoline, oil, carbon disulfide. It is broken very fast when dipped in some chemicals 
such as nitric acid, sulfuric acid, chromic acid, hydrogen peroxide, and sodium hy
pochlorite. But it is durable in water, diluted acid, base, and salt.

A service temperature is about -70 to 70 °c. If the temperature is de
creased below -70 °c, NR becomes harden and oxidized when the temperature is in
creased over 70 ๐c. The glass transition temperature is -72 °c. This let NR can be 
used at a very lower temperature than another synthetic rubber except silicone rubber 
and butadiene rubber. The softening point is about 120 ๐c.

NR can be crystallized when decrease to a temperature under 10 ๐c. 
The flexible is decreased and its color will be changed to opaque. The density will be 
changed from 0.92 to 0.95. If NR has a tidy and nice order structure. The crystalliza
tion can be easy to occur by stretching. This makes it has:

High gum strength (about 4000 psi) without reinforcing fil
ler, so it can use as a low cost filler to reduce a production 
cost.
High tear strength, also hot tear strength, which easy to tear 
off a complex mold.
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High green strength. A green rubber can be stretched to 
800-1000%, which can use to make green rubber compo
nents for assembly before a vulcanization. For examples, 
rubber pipe components, tyre components.
Good tack.
Moderate wear resistance.

For a vulcanized NR, a more stretching vulcanized NR makes a tensile 
strength get higher. Ikeda et al. (2007) indicated, a higher elongation ratio makes a
higher stress as shown in Figure 2.9. Here, a is defined as a  = -ๆ, in which l0 is the*0
initial length and l is the length after deformation.

Figure 2.9 The stress-strain curves of peroxide-crosslinked NR samples (Ikeda et al., 
2007).

From the chemical structure, the single bonds between carbon and 
carbon make molecules move easily. This causes the softness and the flexible of NR 
and including very high resilience and low hysteresis. It is not store energy and heat.

For another property, it is a good insulator. Its density is around 
0.915-0.930 kg/m3. The refractive index is about 1.5215-1.5238 at 20 ๐c.
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However, gum cannot be directly used for applications. It needs to put 
some additives and fillers in (green compound) and vulcanizes (vulcanized rubber). 
There are several reasons to describe that gum is not suitable for uses.

First, gum has a viscoelastic property. It behaves both characteristics, 
plastic and elastic. It will deform when receives forces. When the forces are released, 
it will come back to the original shape if it deforms under the elastic region. If the 
forces are higher to the plastic region, it will deform permanently or may come back 
to the original shape but not 100% which results in property changes. Second, gum 
has a thermoplastic property. At low temperatures, it would be stiff. But it becomes 
soft and flows at elevated temperature. This allows using in limited temperatures. 
Third, gum has low strength, low resistance to pressure and friction forces. Fourth, 
gum can dissolve in many solvent. It is a big molecule with molecular weight about 
30,000-300,000 g/mol. These molecules are fixed together by a low force such as 
Van de waals force. Thus, the molecules can separate out easily in non-polar solvent 
or substances that have a solubility parameter close to it.

2.2.2 Vulcanization System
Due to the characteristic of gum, an important thing in rubber produc

tion is vulcanization. Vulcanization or curing is a process that makes crosslink net
works in the molecules of rubber. A vulcanized rubber or cured rubber will be 
changed in properties. These are:

Change a thermoplastic to thermosetting property.
Change a viscoelastic to elastic property.
Change a soluble in solvent to non-soluble.

Therefore, vulcanization is the process to improve properties of NR as mentioned 
before.

There are 2 types of chemicals that put in the rubber, additives and fil
lers. Additives are the chemical substances that add into the rubber to allow the vul
canization. Vulcanizing agents are used to make the crosslink rubber; accelerators 
are used to reduce time to vulcanization; and activators are used to increase the effi
ciency of accelerators. But fillers are the substances that fill into the rubber for spe
cific purposes. For examples, carbon black is used to reinforce, calcium carbonate to 
reduce cost, softener to help compounding, processing aids (or plasticizers) to help in
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processing, antioxidants and antiozonants to prevent oxidation, age-resistors to pre
vent degradation from weathers, blowing agents to make foams or sponges, flame 
retardants to prevent burning, and colorants to make color products.

After putting additives and fillers into the rubber, this rubber is called 
a “green compound” or “green rubber”. Next is the time for vulcanization. Green 
rubber is kept in a specific heat and pressure for a specific time to occur a chemical 
reaction which gives the crosslink in the rubber. The rubber that passes the vulcani
zation process is called a “vulcanized rubber” or “cured compound”.

TIME (min)

Figure 2.10 Rheographs of themixes indicating the curing of NR to a common tor
que of 33.8 dNm. (A) Dicumyl peroxide, (B) c v ,  (C) EV, and (D) mixed. (บททiki- 
rishnan et al., 1997).

There are many systems to vulcanize rubber. These are conventional 
system (CV system), efficient vulcanizing system (EV system), semi-efficient vulca
nizing system (semi-EV system), peroxide system, and urethane system. Each vulca
nization system needs different additives and gives different vulcanization time as
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shows in Figure 2.10. In this study, the vulcanization system involving sulfur (CV 
and EV system) and peroxide system are concentrated.

2.2.2.1 Sulfur Systems (CV and EV Systems)
The sulfur system is the system that use sulfur as a vulcaniz

ing agent. The difference between CV system and EV system is the accelerator to 
sulfur ratio (Acc:S ratio). The different Acc:S ratios cause the different crosslink 
structures which are shown in Figure 2.11.
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Figure 2.11 The crosslink structures of natural rubber by sulfur vulcanizing agent 
(Akiba et a i, 1997).

The CV system has a low Acc:S ratio. It means that this sys
tem use low amount of accelerator and high amount of sulfur. The crosslink structure 
received are low monosulfidic and disulfidic crosslinks but high polysulfidic cros
slinks. The high total crosslinks occur very fast after starting the vulcanization and
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greatly decrease after 40 minutes. The properties of vulcanized rubber from sulfur 
system are high strength, high temperature stability is very poor, high %compression 
set, and good flexible life.

In additions, the system having accelerator combination 
shows higher yield stress values than systems having a single accelerator in NR latex 
vulcanized by both c v  and EV system (Varkey et a l, 1996).

The EV system has a very high Acc:S ratio. That is the use of 
high accelerator amount and very low sulfur amount. It provides very low polysulfid- 
ic and disulfidic crosslinks but very high monosulfidic crosslinks. The total cros
slinks occur slower and the amount of total crosslinks is lower than the sulfur system, 
but the amount of total crosslinks is quite stable or a little decrease. The properties of 
vulcanized rubber from EV cure are lower strength, high temperature stability is very 
good, low %compression set, and poor flexible life.

There are several features of EV system. It uses a small 
amount of sulfur but high amount of accelerator or may use a sulfur donor compound. 
Each crosslink contains only one or two sulfur atoms. The vulcanized rubber resists 
to a reversion but has quite low mechanical properties than c v  system. Akiba et al. 
(1997) indicated in Table 2.1 that the resulted vulcanizates efficiently utilize sul
fur to form networks in which the crosslinks are mainly monosulfidic, which 
exhibits a low degree of main-chain modifications. The use of EV systems in nat
ural rubber reduces or eliminates reversion, except at very high curing temperatures. 
Thus, the resulting vulcanizates exhibits a high resistance to thermal and oxidative 
aging.
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Table 2.1 Structures of vulcanized rubber and properties of different curing systems 
(Akiba et al, 1997)

cv system EV system
Poly- and disulfidic crosslinks (%) 95 20
Monosulfidic crosslinks (%) 5 80
Cyclic sulfide concentration high .. low
Low-temperature crystallization 
resistance

high low

Heat-ageing resistance low high
Reversion resistance low high
Compression set, 22 h at 70°c (%) 30 10

2.2.2.2 Peroxide System
This vulcanization system uses peroxides as a vulcanizing 

agent instead of sulfur. The highly often used peroxides are dicumylperoxide and bis- 
(t-butylperoxy isopropylbenzene). They have different half-life at different tempera
tures as shown in Table 2.2. Peroxide has a fast scorching and slow cure time and the 
cure time is 6 times of its half-life. A half-life will decrease at elevated temperature. 
In general, a curing temperature of peroxide is in between 160-190 °c. It is needed 
to consider a curing temperature and half-life together.

Table 2.2 Half-life of peroxides

Peroxides Half-life (min)
160 °c 180 °c

Dicumylperoxide 5.5 0.8
bis-(t-butylperoxy isopropylbenzene) 12 2
2,5-Bis(Tert-Butylperoxy)-2,5-
Dimethylhexane

7.7 1.1
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Peroxide is not used too much. It is only about 2.5-3 phr. If it 
has high content, a rubber will decrease in modulus and elongation. Tensile strength 
will both increase and decrease.

Akiba et al. (1997) were described a peroxide crosslinking 
mechanism as shown in Figure 2.12. The crosslinking reaction starts from the homo- 
lytic decomposition involving of peroxide to produce alkoxy radicals, then peroxide 
radicals will abstract hydrogen atom of a polymer chain (rubber) and make it into a 
polymer radical. From the studies, they are indicated that the hydrocarbon radicals 
(polymer radicals) can occur in two ways. These are coupling reaction and dispropor
tionation reaction. But the hydrocarbon radicals predominantly undergo coupling 
reaction rather than disproportionation.

2RO
ROH + p- 
P-P (polymer crosslink)
PH(-) + PH(+)

Figure 2.12 The crosslinking reaction of the peroxide vulcanization system.

The coupling reaction forms crosslinks between polymer 
chains. For polydiene elastomers, experimental evidence indicates that the primary 
radical formed by peroxide decomposition abstracts a hydrogen atom from a carbon 
alpha to the double bond. But in natural rubber, the methyl group is also reactive to
wards hydrogen-atom abstraction, as shown in Figure 2.13.

Homolytic decomposition ROOR ———»
Hydrogen abstraction RO + P-H -------- »
Coupling 2P-  »
Disproportionation 2P-  >
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Figure 2.13 The radical formation of polydiene and NR.

Therefore, the possible structures present in peroxide cros
slink natural rubber are shown in Figure 2.14.
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Figure 2.14. The possible crosslink structures present in peroxide crosslinked natural 
rubber (P = Polymer chain) (Akiba et al., 1997).
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And the relative crosslinking efficiencies of some rubbers 
when cured with dicumyl peroxide (DCP) are shown in Table 2.3.

Table 2.3 Relative crosslinking efficiencies of various rubbers with DCP (Akiba et 
al. 1997)

Rubbers Crosslinking efficiencies
SBR 12.5
BR 10.5
NR 1.0
NBR 1.0
CR 0.5
RE 1.0
HR 0

There are some important warnings in using peroxides. First, 
they are dangerous chemicals and need to keep and use with the best safety condi
tions. Peroxides are easy to degrade in a hot air. It needs to keep it cold below 37 ๐c  
and keep it away from heat generators, the u v  light, spark, and flame. Also it should 
be kept far from oxidants and reducers, avoided an attack and kept it in an originally 
container to prevent a contamination. Second, it has to be very careful in selecting 
chemicals. Peroxides are more sensitive than sulfur. They react with other chemicals 
as side reactions and do not vulcanize rubber. For examples, acidic carbon blacks 
will decrease a cure rate, some plasticizers bring a peroxide react to hydrogen such as 
aromatic oils, some antioxidants and antiozonants react with peroxide too. Third, a 
close system condition is preferred for curing or vulcanization. Because the oxygen 
gas in an open condition will oxidize with peroxide radicals to become hydroperox
ides, peroxide decomposition, and reduce crosslinking cause a rubber degradation. 
And for the last, some peroxides give bad smell during a vulcanization process. It 
may be toxic for human.
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Rubbers vulcanized by sulfur are well known in good me
chanical and thermal properties than peroxides. Because, the use of sulfur provides 
crosslink networks contain high proportions of polysulfidic crosslinks, while perox
ides give carbon-carbon crosslink type which sulfur crosslinks are stronger than car
bon crosslinks.
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Figure 2.15 The plot between crosslink density and peroxide content in NR shows 
modulus values, stress-strain values, and swelling values (Hagen et al., 1996).

As see in the Figure 2.15, it is indicated that peroxide system 
can increase modulus by increasing the peroxide content. At low peroxide contents, 
the crosslink density gives the lowest values whereas the crosslink density increases 
at the higher peroxide content to a value slightly lower than the modulus value 
(Hagen et al., 1996). In 1997, บททikinshnan et al. indicated, the NR crosslinked by 
using dicumyl peroxide showed the lowest equilibrium uptake value in all penetrants 
compared to the other systems. It is because of the difference in the crosslink types 
and the difference in crosslink densities. The NR with peroxide cure system has the 
lowest interaction with the penetrants compare to other system.

Nevertheless peroxide system has some many good advan
tages. Peroxides can crosslink both saturated and unsaturated rubber such as silicone

- E
F

»

-O -  swelling 
- • — modulus 
-A r- Mooney-Rivlin

_i_____L-------L-----



21

rubber (Q), ethylene-propylene rubber (EPM). The peroxide system does not need 
accelerators and activators. A vulcanized rubber has the highest thermal resistance, 
the lowest “/((Compression set, and can bend at low temperature without fracture. 
Products from this system have white color, not opaque, and the color does not fade 
in u v  light, which can use in high color products.

2.3 Poly(vinylidenefluoride) (PVDF)

Poly-l,l-difluoroethene or poly(vinylidenefluoride) (PVDF) is a thermo 
plastic materials in the fluoropolymer family. It can be synthesized from the gaseous 
vinylidene (VDF) monomer by a free radical polymerization using 2 processes, 
emulsion polymerization process and suspension polymerization process. Suspension 
polymers are available as free-flowing powder or in pellet form for extrusion or in
jection molding (Drobny et al., 1999).

H F

Figure 2.16 The chemical structure of PVDF.

2.3.1 Properties of PVDF
The PVDF a high purity polymer with special properties. It appears 

whitish or translucent solid which is both strong and tough. But in a form of thin sec
tion such as films, filament, and tube, it becomes transparent and flexible. It has a 
low density of 1.78 and non-soluble in water. It has high thermal stability and high 
temperature capabilities. It has a low melting point is around 177 °c which is easy 
for melt processes and also is able to weld. It has a continuous use temperature up to 
150 °c and has an excellent aging resistance.
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The blending ability of PVDF with another polymer has several car
ried out. Qiu et al. (2004) found, PVDF cab be miscible with PHBV based on their 
result of single composition dependent Tg over the composition rang and Tm of 
PVDF decreased with increased PHBV as show in Figure 2.17.

Figure 2.17 Variation of the Tg of PVDF/PHBV blends (□ ) and the Tm of PVDF(O) 
as a function of the PHBV composition (Qiu et al., 2004).

Later, Kaito (2006) had studied the crystal of polymers in PVDF/PHB 
miscible blends. He found that PHB and PVDF/PHB blends with a weight ratio of 
1/9-5/5 crystallized during heating process at the temperature around 40-60 °c as 
shown in Figure 2.18. But the PHB crystallization was restricted for the blends when 
the PVDF content was higher.
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Figure 2.18 DSC curves of melt-quenched samples of PVDF, PHB, and PVDF/PHB 
blends during the heating process at 10 K/min (Kaito, 2006).

During the cooling process from the molten state, PVDF, PHB and 
PVDF/PHB blends of 2/8-5/5 are crystallized by melt-crystallized process. But the 
crystallization were restricted for the minor component. The crystallization during 
the cooling process is shown in Figure 2.19.
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Figure 2.19 DSC thermogram of PVDF, PHB, and PVDF/PHB blends during the 
cooling process from the molten state at 10 K/min (Kaito, 2006).

Recently, the interpenetrating and interlocking spherulitic crystalliza
tion was found in the PVDF/PHB blend (Liu et al., 2007). The interpenetrating crys
tallization will occur where spherulites of the one component intrude in those of the 
other. But the interlocking spherulitic crystallization is occur in which one compo
nent nucleates its spherulites in the internal of those of the other and grows then— 
depending on the nucléation density—by incorporation of a large number of the lat
ter.

These two phenomena are found in the PVDF/PHB blend = 40/60 
(wt/wt) crystallization. The interpenetrating crystallization occurred by the first crys
tallization of PVDF at high temperature around 140-158 °c as shown in the Figure 
2.20.
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Figure 2.20 Spherulitic morphologies of PVDF in 40/60 (wt/wt) PVDF/PHB blends 
crystallized isothermally at various crystallization temperatures of PVDF: (a) 140 °c, 
(b) 145 °c, (c) and (d) 150 °c, (e) 158 ๐c , and (f) as (d) but additional PHB crystal
lized at the crystallization of PHB = 60 °c (Liu et al., 2007).
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Figure 2.21 (a) spherulitic morphology of PVDF crystallized at the temperature = 
148 °c in a blend PVDF/PHB = 40/60. (พt/wt). (b)-(f) PHB spherulite nucleated in
side a PVDF spherulite and grown radially at 60 °c for: (b) 3 min, (c) 15 min, (d) 21 
min, (e) 30 min, and (f) crystallized completely. (Liu et a l, 2007).
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T h e  P V D F  sp h e r u lite s  g r e w  in  a cer ta in  t im e  and th en  s to p p e d , d u e  to  
th e  im p o v e r ish m e n t o f  th e  rest m e lt  in  P V D F  an d  th e  m o r p h o lo g y  b e c a m e  sta b le . 
T h en  P H B  c r y s ta lliz e d  a fter  th e  tem p éra tu re  w a s  c o o le d  d o w n  to  th e  c r y s ta lliz a tio n  
tem p era tu re  o f  P H B  at 6 0  ๐c .  P H B  c r y s ta ll iz e d  fro m  th e  m e lt  th at su rro u n d in g  o f  
P V D F  sp h e r u lite s  and  b e c a m e  larger. T h e ir  g r o w th  fro n ts  w e r e  c o n ta c te d  P V D F  
sp h eru lite s  and  further g r o w  p en etra ted  p a ss  in to  th e  g r o w th  front o f  d en d r itic  s p h e 
ru lites  o f  P V D F .

F ig u re  2.21 s h o w s  th e  in te r lo c k in g  sp h e r u lit ic  c r y s ta lliz a tio n . It w a s  
occu rred  b y  th e  fir st c r y s ta lliz a tio n  o f  P V D F  at th e  tem p era tu re  o f  148 °c, th en  P H B  
f o l lo w  c r y s ta l liz e d  w h e n  th e  tem p era tu re  w a s  c o o le d  d o w n  to  6 0  °c l ik e  th e  in te r p e 
n etra tin g  c r y s ta lliz a tio n . B u t in  c r y s ta l liz a t io n  o f  P H B , P H B  sp h e r u lite s  w e r e  n u c 
lea ted  in s id e  th e  P V D F  sp h e r u lite s  an d  g r e w  ra d ia lly . T h e y  a ls o  h ad  th e  in terp en etra 
tio n , i f  th e  la rger  g ro w th  fron t o f  P H B  sp h e r u lite s  c o m e  to  th e  g r o w th  fron t o f  o th er  
P V D F  sp h e r u lite s  and c r y s ta l liz e d  w ith in , a s  s e e  th e  arro w s in  F ig u r e  2.21 (e ) . T h is  
d e c e le r a te s  u p o n  in terp en etra tio n  and b e c o m e s  c u r v e d  in w a rd . F or th e  sa m e  rea so n , 
th e  P H B  sp h e r u lite s  s h o w e d  an in w ard  cu rva tu re  a fter  le a v in g  th e  n u c le a t in g  P V D F  
sp h eru lite s .

F o r  o th er  p ro p er tie s  o f  P V D F , it is  a h ig h ly  n o n -r e a c t iv e  f lu o r o p o ly -  
m er. It h a s an  e x c e lle n t  c h e m ic a l r e s is ta n c e . It ca n  r e s is ta n t to  s o lv e n ts ,  a c id s , b a se s ,  
and  h eat. It s ta b le s  to  su n lig h t  and o th er  s o u r c e s  o f  u ltr a v io le t  rad ia tio n . It is  a ls o  re 
s istan t to  w e a th e r in g  an d  fu n g i. It h a s  e x c e lle n t  m e c h a n ic a l p ro p er tie s . It h a s  a  h ig h  
te n s i le  p ro p er tie s , im p a ct s tre n g th s , an d  a b ra sio n  r e s is ta n c e . It is  an  e x c e lle n t  p o ly 
m er in  r e s is ta n c e  to  c r e e p  an d  fa tig u e . W h e n  P V D F  is  u n d er  lo a d , it is  r ig id  an d  re 
s is ta n t to  cr e e p  u n d er  m e c h a n ic a l s tr e ss  and  lo a d . P V D F  ap p ea rs h ig h  d ie le c tr ic  
stren g th , g e n e r a te  lo w  sm o k e  w h e n  fire  b u rn in g . It is  e a s y  for  m a n y  p r o c e s s e s  su ch  
a s ex tr u s io n , in je c tio n , c o m p r e ss io n , b lo w  m o ld in g  s o lu t io n  p r o c e s s e s . It is  a  p h y s io 
lo g ic a lly  h a r m le ss  p o ly m e r  and  a p p ro v ed  for  c o n ta c t  w ith  fo o d  p r o d u cts .

2 .3 .2  A p p lic a t io n s  o f  P V D F
P V D F  h a s  lo w  c o s t  corripare to  o th er  f lu o r o p o ly m e r s  an d  g en e r a l ap 

p lic a tio n s  are in v o lv e  its  p ro p erties . It is  u se d  in  h ig h  p u r ity  a p p lic a t io n  lik e  m e m 
b ran es su ch  a s  h ig h  p u rity  w a te r  flir ta tio n , w a s te  w a te r  trea tm en t, an d  g a s  sep a ra tio n . 
It ca n  b e  u se d  in  c h e m ic a l p r o c e s s  in d u stry  su c h  a s  p ip e s  an d  f itt in g s , p u m p , v a lv e s .
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It is  u se d  in  h ig h  p u rity  f lu id  tran sp orta tion  and  P lu m b in g . D u e  to  th e  e x c e l le n c e  in  
m e c h a n ic a l p ro p er tie s , it ca n  u s e  in  o f f  sh o re  o i l  in d u stry  l ik e  m u lt ila y e r  stru ctu res  
for o i l  and g a s . It ca n  b e  u se  in  o th er  a p p lic a t io n  in v o lv e  h ig h  tem p era tu re  a p p lic a 
t io n s  and  h ig h  p ressu re  a p p lic a t io n s . F or w ire  an d  c a b le s  in d u str ie s , it ca n  m a k e  an  
in su la to r  for p rem iu m  w ire  an d  ja c k e t in g  fo r  c o m m u n ic a t io n  c a b le s  in  U S A . P V D F  
ca n  b e  u sed  in  o th er  a p p lic a t io n s  su ch  a s  se m ic o n d u c to r , m e d ic a l, so la r  g la z in g , n u c 
lear  w a s te  p r o c e s s in g  and  d e fe n s e  in d u str ie s  lik e  lith iu m  io n  b a tter ies .

T h e  su p er io r  p ro p er tie s  P V D F  le t  it to  b e  u se d  in  a u to m o tiv e  a p p lic a 
t io n s . It e x h ib its  h ig h  c h e m ic a l and  a b ra sion  r e s is ta n c e , e x c e l le n t  th erm a l s ta b ility ,  
u n a ffe c te d  b y  u v  rad ia tion , and  r e s is t  to  cr e e p  u n d er  m e c h a n ic a l s tre ss  an d  load . It 
ca n  b e  u sed  fo r  m o ld e d  p arts, fo r  ex tru d ed  p r o f ile s , or a s  p r o te c tiv e  c o a tin g s . It 
stre n g th , d u ra b ility  and v e r sa tility  m a k e  it su ita b le  for  a u to m o b ile  w ir in g  har
n e s s e s ,  fu e l l in e s  an d  fu e l l in e  c o a t in g s , d e c a ls  and  d e c o r a t iv e  f i lm s , c o a tin g s ,  
e le c tr o c h r o m ic  a p p lic a t io n s  and  p la s t ic  o p t ic a l f ib e r s  (P O F ) (A r k e m a  In c ., 2 0 0 5 ) .

2 .3 .2 .1  W iring H a rn esses
D u e  to  th e  e x c e lle n t  p ro p er tie s  o f  P V D F  o f fe r  it for w ire  

c o a tin g s . It ca n  b e  ex tru d ed  a s  p rim ary in su la tio n  or  u se d  a s  a p r o te c tiv e  c o v e r . T h e  
e x c e l le n t  c h e m ic a l r e s is ta n c e  and  h ig h  m e lt in g  p o in t  m a k e  it  w e l l  su ite d  fo r  a p p lic a 
t io n s  u n d er  th e  h o o d . P V D F  in su la te d  w ir e  is  c o m m o n ly  c r o s s l in k e d  b y  e le c tr o n -  
b e a m  rad ia tion  to  further in c r e a se  its to u g h n e ss , c u t-th ro u g h  r e s is ta n c e  and  c o n t i
n u o u s -s e r v ic e  u s e  tem p era tu re . I f  it h a s s p e c if ic  fo r m u la s  an d  p r o c e s s e s ,  th e  c r o s 
s lin k e d  p o ly m e r  m a k e s  lig h t-w e ig h t , fam e-re ta rd a n t w ir e  in su la tio n  th at o f fe r s  a 
tem p era tu re  ra tin g  o f  a p p r o x im a te ly  17 5  °c, d o e s  n o t m e lt  an d  is  re s is ta n t to  m o st  
s o lv e n ts ,  fu e ls , lu b r ica n ts  and  o th er  h y d ro ca rb o n  f lu id s .

2 .3 .2 .2  D e c o ra tiv e  F ilm s
P V D F  f i lm s  fo r  a u to m o tiv e  a c c e s s o r ie s  p r o v id e  an  a ttractive , 

c o r r o s io n -r e s is ta n t  a ltern a tiv e  to  p ain t. T h ere  are m a n y  parts th a t P V D F  f ilm  u se d  o n , 
su c h  a s  ro ck er  p a n e ls , r o o fin g  str ip s, ta il la m p  h o u s in g s , b o d y  s id e  m o ld in g s , front  
and rear b u m p ers , m irror h o u s in g s  and  p illars . It c a n  a p p ly  to  m a n y  p o ly m e r s  su ch  a s  
P V C , P C , T P O , an d  A B S . It a ls o  can  b e  su p p lie d  w ith  a  h e a t-a c tiv a te d  a d h e s iv e  for  
b o n d in g  to  p o ly o le f in s . P V D F  f ilm s  are a v a ila b le  in  v ir tu a lly  a n y  c o lo r , in c lu d in g  
s o lid , m e ta ll ic , p e a r le sc e n t , c h r o m e  and b ru sh ed  a lu m in u m .
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2 .3 .2 .3  F u el L ines
It is  v e r y  g o o d  for , fu e l l in e s  b e c a u se  P V D F  can  r e s is t  g a s o 

lin e , road  sa lt, o i ls ,  lu b r ica n ts , b rak e f lu id , tr a n sm iss io n  f lu id , w in d sh ie ld  w a sh e r  f lu 
id , c o o la n ts , and b a ttery  ac id . T h e  tu b in g  is  a m u lt ila y e r  c o n s tr u c tio n  c o n s is t in g  o f  
f iv e  la y ers . It p r o v id e s  a barrier la y e r  in  lo w -p e r m e a tio n  a u to m o tiv e  fu e l l in e s . In ad 
d it io n  to  b e in g  e a s i ly  p r o c e s se d  o n  c o n v e n tio n a l c o -e x tr u s io n  e q u ip m e n t, th is  in n o v a 
t iv e  fu e l lin e  c o n s tr u c tio n  e x h ib its  e x c e lle n t  c o ld  tem p era tu re  im p a ct s tren g th  (-  
4 0 ° C ) , c h e m ic a l r e s is ta n c e  and d im e n s io n a l s ta b ility . It is  a ls o  c o m p a tib le  w ith  a  
w id e  ran g e  o f  fu e l-a lc o h o l b le n d s  and  is  a v a ila b le  in  a c o n d u c tiv e  v e r s io n . It ca n  b e  
u sed  a s  a p r o te c tiv e  c o a t in g  o v e r  carb o n  s te e l ,  fu e l an d  b rak e f lu id  l in e s , and  u n d er
c h a s s is  a p p lic a t io n s . It c a n  b e  a p p lied  in  v e r y  th in  la y ers  and  m a in ta in s  d u ra b ility  and  
c o r r o s io n  r e s is ta n c e . It can  a lso  b e  a p p lie d  a s  a liq u id  c o a tin g , a s  a  p o w d e r  c o a tin g , 
or  b y  c r o ss -h e a d  e x tr u s io n .

2 .3 .2 .4  F u n ction a l P o w d e r  C o a tin g
B a se  o n  th e  r e s is ta n c e  to  o i ls  and  m a n y  f lu id s , a  c o r r o s io n  

r e s is ta n c e , and  n o n -e f f e c t iv e  w ith  uv lig h t, it is  su ita b le  fo r  e x te r io r  an d  in ter ior  ap 
p lic a tio n s . It m a y  b e  u se d  to  c o a t  c a rb o n  s te e l p arts as a lo w - c o s t  a ltern a tiv e  to  s ta in 
le s s  s te e l. T h is  p o w d e r  c o a tin g  is  d u ra b le  and m a y  b e  a p p lied  in  v ery  th ic k  c o a t in g s  
up to  100 m m .

2 .3 .2 .5  E lec tro ch ro m ic  T ech n o logy
F rom  th is  te c h n o lo g y , P V D F  can  b e  u se d  to  co n tr o l th e  

tr a n sm iss io n  o f  v is ib le  and  uv l ig h t  th ro u gh  a u to m o tiv e  w in d o w s . W in d o w s  w i l l  
d ark en  or lig h te n  to  co n tr o l th e  a m o u n t o f  lig h t  p erm itted  in s id e  a  v e h ic le . T h is  b e 
c a u se  th e  e le c tr ic a l p rop erty  o f  P V D F . T h is  P V D F  is  a lso  u se d  in  lith iu m  io n  b a tte 
r ie s  w h ic h  c a n  b e  u se d  in  h yb rid  e le c tr ic  v e h ic le s  (H E V ).

2.4 Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)

P o ly (3 -h y d r o x y b u ty r a te -c o -3 -h y d r o x y v a le r a te )  or  P H B V  is  a k in d  o f  b io d e 
gra d ab le  p o ly m e r  b e lo n g in g  to  th e  a lip h a tic  p o ly e s te r s  c la s s . It is  a n a tu ra l-b a sed  p o 
ly m er  d e r iv e d  from  co rn sta rch  w ith  1 0 0  %  b io d e g r a d a b ility . P H B V  is  a c o p o ly m e r  o f  
p o ly h y d r o x y b u ty r a te  (P H B ) an d  p o ly h y d r o x y v a le r a te  (P H V ) w h ic h  m a d e  fro m  b a c 
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teria l ferm en ta tio n  p r o c e s s  w ith  v a r ie ty  o f  fe e d s to c k . T h e  c h e m ic a l s tru ctu res o f  P H B , 
P H V , and  P H B V  are in d ic a te d  in  F ig u r e  2 .2 2 . It h a s  h ig h  b io lo g ic a l  c o m p a tib ility  
and  ca n  b e  d ig e s te d  b y  b a cter ia  a lso  u tter ly  d e c o m p o s e  to  carb o n  d io x id e , w a ter  and  
b io m a ss  in  s o i l  or u n d er c o m p o s t in g  c o n d it io n .

CH3

o -----HC------CHtC-

PHB

ÇH2CH3 o
o -----HC----- CH2C-

-*n ÇH3 o ÇH2CH3 ๐I I I
o — H C ----------- CH2C------o -------- C H  CH2C-

P H B V

-'n
P H V

Figure 2 .2 2  T h e  c h e m ic a l stru ctu res o f  P H B , P H V , an d  P H B V .

2 .4 .1  P ro p erties  o f  P H B V
T h e m e c h a n ic a l p ro p er tie s  and th e  d eg ra d a tio n  rate o f  P H B V  d e p e n d  

o n  th e  ra tio  o f  P H B  and P H V  in  th e  P H B V  c o p o ly m e r . P H B  h o m o p o ly m e r  is  v e r y  
s t i f f  and  b rittle , but th e  in tro d u c in g  o f  P H V  to  P H B  p o ly m e r  b a c k b o n e  m a k e s  it b e 
c o m e  to u g h er , m o re  d u c tile  and  f le x ib le  b e c a u se  P H B V  r e d u c e s  th e  c r y s ta l l in ity  and  
lea d s  to  th e  m o re  p r o c e s s  a b ility  and  im p r o v e  m e c h a n ic a l p ro p er tie s . It c a n  w ith sta n d  
th e  tem p era tu re  up  to  1 4 0  ๐c .

In 2 0 0 5 , W a n g  e t a l. s tu d ie d  o n  c h a r a c te r is tic s  and  b io d e g r a d a tio n  
p rop erties  o f  p o ly (3 -h y d r o x y b u ty r a te -c o -3 -h y d r o x y v a le r a te ) /o r g a n o p h ilic  m o n tm o -  
r illo n ite  (P H B V /O M M T ) n a n o c o m p o s ite . T h e y  c a n  e x te n d  th e  d eg ra d a tio n  t im e  o f  
P H B V  b y  a d d in g  O M M T  in d ic a te d  fro m  th e  v e r y  h ig h  p ercen t w e ig h t  r e m a in in g  o f  
th e  c o m p o s ite  at th e  t im e  o v e r  3 0 0  hr a s  sh o w n  in  F ig u re  2 .2 3  and  th e  in c r e a s in g  o f
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d eg ra d a tio n  t im e  and  th e p er c e n t w e ig h t  r e m a in in g  can  b e  c o n tr o lle d  b y  in c r e a s in g  
th e  am o u n t o f  O M M T  in  th e  n a n o c o m p o s ite .

Figure 2.23 T h e  w e ig h t  r e m a in in g  o f  P H B Y  and  P H B V /O M M T  n a n o c o m p o s ite s  in  
s o il  s u sp e n s io n  (W a n g  et a l ,  2 0 0 5 ) .

In 2 0 0 8 ,  W a n g  e t a l. d em o n stra ted , th e  a d d it io n  o f  P E G  c a n  d ram a ti
c a l ly  in c r e a se  th e  d e g ra d a tio n  rate o f  p o ly (d ,l- la c t id e )  (P D L L A )  and  th e  b le n d s  o f  
P D L L A / P H B V  in  a so i l at ro o m  tem p era tu re  as sh o w n  th e ir  d eg r a d a tio n  resu lt  in  
F ig u re  2 .2 5  and  th e  a p p ea ra n ce  o f  sa m p le  su r fa ce  a fter  d eg ra d a tio n  fro m  o p tic a l m i
c r o s c o p e  is  sh o w n  in  F ig u re  2 .2 4 .

F rom  th e  resu lt in  F ig u re  2 .2 5 ,  th e  n ea t P H B V  (c u r v e  1) d eg ra d ed  a  
l it t le  b it fa ster  th a n  n ea t P D L L A  (c u r v e  2 ) . T h e  in c r e a s in g  o f  P E G  in  th e  
P D L L A /P H B V  b le n d  c o m p o s it io n  o f  7 0 /3 0  (c u r v e  5 and  6 ) p r o v id e s  th e  h ig h e r  rate  
o f  d e g ra d a tio n  th an  th e  b len d  w ith  n o  P E G  ad d ed  (c u r v e  3 ) ,  b e c a u s e  th e  h y d r o p h o b ic  
o f  P D L L A  and  P H B V  th e m s e lv e s . P H B V  a ls o  e n h a n c e s  th e  d e g ra d a tio n  rate o f  th e  
b le n d , th e  d eg ra d a tio n  rate in c r e a se s  w ith  in c r e a s in g  P H B V  c o n te n t a s  sh o w n  in  
c u r v e  4 , 6 , and  7  w h ic h  refer  to  0 , 3 0 , and  70 %  P H B V  c o n te n t.
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Figure 2.24 T h e a p p ea ra n ces  o f  sa m p le  su r fa ce  b e fo r e  an d  a fte r  (3 0  d a y s )  o f  th e  e n 
v ir o n m e n ta l d e g ra d a tio n  te st  b y  o p tic a l m ic r o s c o p y  ( A )  P D L L A  (b e fo r e ) , (a )  P D L L A  
(after); and  (E ) P D L L A /P H B V /P E G  ( 7 0 /3 0 /2 0 )  (b e fo r e ) , ( e )  P D L L A /P H B V / P E G  
( 7 0 /3 0 /2 0 )  (a fter ) (W a n g  e t a l.,  2 0 0 8 ) .

B o th  P H B V  an d  P D L L A  w e r e  u n d e r g o n e  h y d r o ly s is  rea c tio n  an d  th e  lin ear  
c h a in s  w e r e  b ro k en  d o w n  at th e  e s te r  b on d  in  th e ir  stru ctu res and  f in a lly  r e su lted  in  
m o le c u la r  w e ig h t  an d  m a s s  lo s t .
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Figure 2.25 T h e  w e ig h t - lo s s  c u r v e s  o f  P D L L A /P H B V /P E G  b le n d s  (W a n g  e t a l., 
2 0 0 8 ) .

In th e  sa m e  yea r  2 0 0 8 , P H B V  ca n  b e  im p r o v e d  th e  m e c h a n ic a l p ro p 
erties  w ith o u t  d e c r e a se  th e  d eg ra d a b le  e f f ic ie n c y  b y  b le n d in g  w ith  p o ly (e th y le n e  
su c c in a te )  (P E S ) w h ic h  is  a b io d e g r a d a b le  p o ly e s te r . T h is  p r o v e d  b y  M ia o  e t a l. 
T h ey  fo u n d  that P E S  w a s  im m isc ib e  w ith  P H B V  b e c a u se  th e  tw o  c o m p o s it io n  in d e 
p en d e n t g la s s  tr a n sitio n  tem p era tu res and  th e  b ip h a s ic  m e lt  w e r e  o c cu rred  a s  in d i
ca ted  in  D S C  th erm o g ra m s are sh o w n  in F ig u re  2 .2 6  and 2 .2 7 . T h e  im p r o v e m e n t in  
m e c h a n ic a l p ro p erties  o f  the b len d  is  a ls o  sh o w n  in  F ig u re  2 .2 8 .

I
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Figure 2.26 T h e  D S C  tra ces  o f  P H B V /P E S  b le n d s  a fter  m e lt -q u e n c h in g  at a h e a t in g  
rate o f  20  ๐c /m i n  (M ia o  e t a l . , 2 0 0 8 ) .

Figure 2.27 T h e  su m m a ry  o f  th e  resu lts  o f  Tg an d  T m o f  P H B V /P E S  b le n d s  a fter  
m e lt-q u e n c h in g  at a h e a t in g  rate o f  2 0  ๐c /m in ;  D , 0 :  TgS o f  P E S  an d  P H B V , r e s p e c 
t iv e ly ;  A :  T m  o f  P E S ; V ,  O :  T ms o f  P H B V , r e s p e c t iv e ly  (M ia o  et a l.,  2 0 0 8 ) .
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Weight fraction of PES (%)

Weight fraction of PES (%)

Weight fraction of PES (%)

Figure 2 .2 8  T h e  M e c h a n ic a l p ro p erties  o f  P H B V /P E S  b len d s: (a ) te n s i le  stren g th , (b )  
e lo n g a t io n  at b reak  an d  ( c )  Y o u n g ’s  m o d u lu s  (M ia o  e t a l., 2008).
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M ia o  e t a l., 2 0 0 8  a lso  fou n d  that th e  P E S  c a n  im p r o v e  th e  p ercen t  
e lo n g a t io n  at break w h i le  m a in ta in  th e  h ig h  te n s i le  stren g th  and  Y o u n g ’s m o d u lu s  in  
P H B V -r ic h  p h ase . T h is  im p r o v e m e n t and th e  100%  b io d e g r a d a b le  s ti ll r em a in  are 
e x p e c te d  to  th e  p ractica l a p p lic a t io n s  o f  P H B V  in  s o m e  f ie ld  that are grea t im p o r
tan ce .

2 .4 .2  A p p lic a t io n s  o f  P H B V
P H B V  is  cu rren tly  in  m a n y  c o m m e r c ia l u se s . T h ere  is  a  w id e  ran g e  o f  

a p p lic a tio n  su ch  a s  b io -a d d it iv e  and b io -c o lo r a n t  w h ic h  are a d d it iv e  an d  c o lo r  c o n -  
' cen tra te  for  B io d e g r a d a b le  P o ly m e r s . It can  u se  a s  b io d e g r a d a b le  ta b le w a r e , b io 

p a c k a g in g  and a lso  b ath  ro o m  a c c e ss o r ie s . It is  u se d  fo r  b lo w  m o ld e d  s h a m p o o  b o ttle  
. in  th e  U S , G erm a n y , and  Japan e v e n  u sed  to  m a k e  razor h a n d le s  (N a r a y a n , R ., 1 9 9 4 ).

2.5 Epoxidized Soybean Oil (ESO)

E p o x id iz e d  so y b e a n  o il  (E S O ) is  s y n th e s iz e d  fro m  th e  o x id a t io n  reac-  
,  t io n  o f  tr ig ly c e r id e s  an d  th e  free  fa tty  a c id  as a s c h e m a tic  sh o w n  in  F ig u re  2 .2 9 .

Figure 2.29 T h e  sc h e m a tic  o f  E S O  sy n th e s is  (P ark  e t a l., 2 0 0 4 ) .
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2 .5 .1  A p p lic a t io n s  o f  E S Q
T h e  a p p lic a t io n s  o f  E S O  are fo u n d  in  th e  h ig h e r  v a lu e -a d d e d  

p ro d u cts  su c h  a s  c o m p o s ite s ,  e p o x y  b a se d  th e r m o se t  m a te r ia ls , an d  a s  p la s t ic iz e r s . It 
is  fo u n d  that E S O  had b e e n  u sed  a s  p la s t ic iz e r s  for  d iffe r e n t p la s t ic  resin  a lm o s t  o n e  
h u n d red  m il l io n  p o u n d s  p er  year. B u t it is  v e r y  sm a ll w h e n  c o m p a r e d  to  1 .3 2 4  b ill io n  
p o u n d s  in  p e tr o c h e m ic a l p la s t ic iz e r  that fo u n d  in p la s t ic  area (N a ra y a n , R ., 1 9 9 4 )  
that can  b e  sh o w n  in  F ig u r e  2 .3 0 .

T O T A L : 1.6 b illio n  p o u n d s  
P r ice : $ 0 .5 0  - 3 .0 0 /lb

Figure 2.30 T h e  p la s t ic iz e r  p r o d u ctio n  fro m  p lan t o i l s  an d  p e tr o c h e m ic a l f e e d s to c k s  
in  th e  บ .ร . ,  m il l io n s  o f  p o u n d s  p er  y ea r  (N a r a y a n , R ., 1 9 9 4 ).

M o s t ly , E S O  w a s  u se d  to  p la s t ic iz e d  p o ly (v in y l  c h lo r id e )  (P V C ) b e 
c a u se  it ca n  g iv e  th erm a l s ta b ility  to  m a ter ia ls  in  a d d it io n  to  p la s t ic iz a t io n . N o w a d a y s ,  
it ca n  b e  u se  to  im p r o v e  p ro p er tie s  fo r  m a n y  k in d s  o f  m a ter ia ls .

In 2 0 0 3 ,  C h o i e t a l. d em o n str a te d , E S O  ac  as p la s t ic iz e r  o f  P H B . It 
ca n  b e  m is c ib le  to  P H B  d u e  to  th e  and  im p r o v e  th e  m o b ility  o f  P H B  m o le c u la r  
c h a in s  in a m o r p h o u s  p h a s e  e x h ib ite d  in  th e  d e c r e a s in g  o f  Tg in  F ig u r e  2 .3 1  and  th e  
in c r e a s in g  o f  im p a ct s tre n g th  in  F ig u re  2 .3 2 .
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Figure 2 .3 1  T h e  TgS o f  P H B V  b le n d  a s  a fu n c t io n  o f  a d d it iv e  (S O  and  E S O )  c o n ten t  
(C h o i e ta l . ,  2 0 0 3 ) .

Figure 2 .3 2  T h e  im p a ct s tren g th  o f  P H B V  b le n d  a s  a  fu n c t io n  o f  a d d it iv e  (S O  and  
E S O ) c o n ten t (C h o i e t a l ,  2 0 0 3 ) .



39

N e x t  y ea r  later, th e ir  s tu d y  w a s  a ls o  fou n d  that E S O  can  b e  p la s t ic iz e d  
and  c o m p a tib iliz e d  P H B V  but n o t m u ch  m o re  th an  o th er  p la s t ic iz e r s  su ch  a s  d ib u ty l 
p h th a la te  (D B P )  and  tr ie th y l c itra te  (T E C ) a s  in d ica ted  in th e  r e su lts  s h o w s  in  F ig u re
2.33-2.34.

Figure 2.33 T h e  m e c h a n ic a l p ro p er tie s  o f  P H B V /p la s t ic iz e r  b le n d s  (C h o i e t a l . , 
2004).
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Figure 2.34 T h e  S c a n n in g  e le c tr o n  m ic r o g r a p h s  o f  P H B V /p la s t ic iz e r  b len d s: (a )  so , 
(b )  E S O , ( c )  T E C , and  (d )  D B P  (C h o i e t a l ,  2 0 0 4 ) .

E S O  c a n  r e d u c e  t e n s i le  stren g th  an d  m o d u lu s  o f  P H B V  but im p r o v e d  
e lo n g a t io n  at b reak  an d  im p a ct stren g th . It e x h ib its  a la rg e  m ic r o d o m a in  o n  P H B V  
than th o se  o f  T E C  and  D B P .

R e c e n t ly  in  2 0 0 9 , A l i  eP a l. in d ica ted  that E S O  im p r o v e d  f le x ib i l i t y  o f  
P L A  b y  m e lt  b le n d in g . T h e  D M A  r e su lt  in F ig u re  2 .3 5  s h o w s  th e  TgS from  tan  Ô p eak  
w e r e  sh ift  to  lo w e r  tem p era tu re  w ith  in c r e a s in g  E S O  c o n te n t im p lie d  th e p artia lly  
m is c ib le  o f  E S O  in  P L A . T h e  stre ss -s tr a in  c u rv e  in  F ig u r e  2 .3 6  e x h ib its  th e  f le x ib i l i 
ty  im p r o v e m e n t o f  P L A  b y  in tr o d u c in g  E S O . T h e  S E M  m icro g ra p h  in  F ig u r e  2 .3 7  
in d ic a te s  th e  larger  d o m a in  o f  E S O  w ith  th e  in c r e a s in g  E S O  c o n te n t  refer  to  th e  in 
c r e a s in g  f le x ib i lity .
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Figure 2.35 T h e  tan Ô o f  n ea t P L A  and P L A /E S O  b le n d s  a s  a fu n c t io n  o f  tem p era 
ture (A li  et a l ,  2 0 0 9 ) .

Figure 2.36 T h e  stre ss -s tra in  c u r v e s  o f  n ea t P L A  and  P L A /E S O  b le n d s  ( A li  e t a l., 
2 0 0 9 ) .



(a) (b )

Figure 2.37 T h e  S E M  m icro g ra p h s o f  fracture su r fa ces  o f  P L A /E S O  b len d s: (a )  
1 0 0 /1 0  (b )  1 0 0 /2 0  ( A li  e t a l ,  2 0 0 9 ) .
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