CHAPTER II

THEORETICAL BACKGROUND

In order to improve the physical properties of PVC, the used rubber tire is
utilized by mixing with PVC as a based resin. Background knowledge of each

component and relate theory about blends are reviewed as follows.
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Scheme 2.1 PVC compound production



2.1.1 Properties and application

The microstructure of PVC is atacticc PVC is an amorphous polymer.
In addition it is a brittle polymer, glass-transition temperature (Tg) is at 80-84 °C.
Its specific gravity is 1.337 g/em®. Since its physical properties and mechanical _
properties of this material is not suitable enough to use for producing the plastic ware,
properties of such PVC are improved by adding additives. Then the compounded
PVC is called as PVC compound.
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There are two types of eompounded P@l e. rigid PVC (unplasticized PVC
or R-PVC) and soft PVC iplastlmzed PVC or S-PVC). Commonly R-PVC is
consisted of pure PV:,;*/%Sed polymer, stabilizer, lubricants and modifiers.
Sometime plasticizer is xed to improve the physical properties of R-PVC and

S-PVC. The amount of plasticizer is. less‘* than 20 phr (part(s) per hundred resin).

The rigid PVC is veryhar and' very difficult to make a material for use, but its

chemical and enviro re stance 1S Nery high. Such R-PVC is usually used for
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To produce the S- PVC the plastlclzgr added in the range of 20-50 phr is used

outdoor application, pipe,

for mixing in PVC ba,sed polymer Tts ﬂexxblllty and proﬁesmblhty is better than the

R-PVC. However, f.tsfhardness thermal resistance, and ehwronment resistance are
less than the rigid one. The plasticized or soft PVC is applied for the electrical

insulators, waterproof films..rain coats, boot etc.

2.1.2 Compounding of PVC [21]

When PVC is contacted with heat higher than 100°C, the thermal degradation
process is taken place. This phenomenon is a cause of the change in physical
properties. Generally additives; for example, stabilizers, lubricants, plasticizers,

fillers, processing aids, pigments, etc., are filled to modify its physical properties.



Stabilizers

When the thermal degradation of PVC occurs, not only hydrogen chloride gas
is generated but the physical appearance especially its color is changed as well.
Whenever the process of degradation takes place, it is very difficult to halt this
phenomenon. Therefore the stabilizers are added in order to inhibit the degradation
process. Mostly stabilizers are metal salts such as lead stabilizers as a single salt and a
mixed salt for example barium/cadmium stabilizers, barium/cadmium/zinc stabilizers,
barium/zinc stabilizers, calcium/zine stabiliigfy;nd SO on.
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Lubricants
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According to PVGHis not.only a }h'd and brittle polymer but thermal sensitive

polymer as well. Therefore b;e processmg of PVC is very difficult to handle.
Lubricating agent is used for red cmg thesfnctlon of melted PVC molecule. There are

two kinds of lubricants; and exte{mal lubricants. The external one decreases
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the viscosity of the melted P C mplecule_f hereas the other decrease the attractive
force between the melted P molecule anet}ﬁg,surface of machine. Furthermore, the
amount of lubricants should be proper If it xs,-not enough lubricant, the PVC molecule

is degraded because of heat. On the other hand if lubncghts are over loading, it will
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be difficult to melt. Phe example of lubricants for PVC_f_compound are stearic acid,
metal soap, paraffin wax and oils, low molecular weight polyethylene, oxidized

polyethylene wax mineral natural and synthetic waxes, etc.
Plasticizers

The aim of plasticizers for PVC is the increasing of flexibility of polymer
molecule. It means that PVC compound can be used for several applications such as
pipe PVC, medical tubing and also gum boots. There are a lot of plasticizers that is
phthalate ester, trimellitate ester, phosphate ester, adipate, sebacated ester, and

polymeric plasticizer.



Fillers

Normally fillers are added to PVC compound for reducing the production cost.
Besides fillers result in the physical properties especially impact strength of PVC. It is
called as a reinforced filler if the impact of based polymer is increased. The examples

of fillers are talc, wollustonite, china clays, calcium carbonate, rubber and so on.

Processing aids
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The processing aid;@C is a@esin or hydrocarbon resin, low

molecular weight. The fu process is the same as the plasticizer.
Moreover, the melting o ne } ) hbmxand uniformed.

Pigments

In general pig
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2.2 Recycled Tire Ru@er <

Tire mﬁ: %ﬂﬂ%%ﬁﬁ dflﬁqsite materials topped

with rubber. General components are carcase, made with chemical cords that is
, ¢ |
compogt e e f unds' 1 rubber<(NR), styrene-

butadiene rubber (SBR) or butadiene rubber (BR). In order to improve the mechanical

properties rubbers are vulcanized before producing the tire rubber.



Eigure2.1 Tire construction [22]
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Once the tires are vorn out after a long usage, they must be thrown away.
Increase of tire waste in thg'weorld has lea? to many researches that aim to recycle the
used tires. Reclaimed tize rubber (RTR) i;{one of many products from the tire waste.
The waste vulcanized scrap rubber :tire is ﬁé:aféd to produce a plastic material, which
can be easily processed, compguﬁi_iéd ancig}.ill_lg;gnized with/with out the addition of

either natural or synthetic rul;beijs. The _gTQiiuction of RTR begins with a size
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reduction of tire scrap. The tire bead wire is eithér. cut from the carcase before

grinding or manuall'yf?removed after the first pass throu"gh the cracker. To remove
remaining bead wire ari_d steel belt wire, the ground rubber is passed over magnetic
separation equipment. iAoreover the fiber from the coas;e—ground tires is removed by
some sort of fluidized-bed. The action of controlled streams of air moving through a
bed of ground Tubber on an inclined gyrating of special design causes the fiber to
separat€ frodi the clsanirubber. So\thelgtound rubberiscrap iscalled @s ground rubber
tire (GRT). The size of the rubber particles may now be further reduce to perhaps 20
or 30 mesh by fine grinding.

Then the ground rubber scrap or GRT is processed further in order to achieve
the application in a plastic material by devulcanization. There are three processes for

producing reclaimed tire rubbers explained as below.
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ution of water and reclaiming
agents. These agent m d/or heavy oils, plasticizer,
tackifier and chemical vent of synthetic rubber, the

digesting solution also inc dsm;ayﬁtlc y.remove free sulfur and to act as a

defibering agent. The process was. ;ggnezar{Wd to as the alkali digester method.
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Moreover, the scr

ubber containing SBR mﬁ'ncompatlble with alkali
cooks so the indust 'veloped the neutra
{

are used as the deﬁber:@ agents.
. e @/
Weighﬂ%,ﬂa@, m&lﬁﬂl@ W %Q&@ems are dumped into

the digester andq'{he cook cycle is started. Steam.is injected in to,the jacket of the
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rubber bécame devulcanized and the fiber becomes hydrolyzed. After digestion, the

zinc of calcium chloride

charge is blown down and washed to remove the decomposed fiber and caustic soda
or metallic chloride. The washed, devulcanized rubber particles are conveyed to a
dewatering press and then to a dryer. The material is now ready for the final, refining

stage of the reclaimed tire rubber manufacturing process.



2.2.2 Heater or Pan Process

The ground rubber is mixed with reclaiming agents in an open ribbon mixer
then placed into containers rolled into the vessel. The main consideration is to allow
an even penetration of heat in the mass of rubber. To achieve this uniform steam
penetration, shallow panes are used as the stock containers. Line steam at pressure of

100 to 250 psi. with cycle times of 5 to 12 hours are typical.

This process yields fairly good resdi.tg j):vfxfth some types of rubber scraps such
as butyl inner tubes and marginal quality with other types such as find ground tires or
- -

low-specific-gravity natural-rubber scraq.
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is the Eon*y commercially successful continuous

The reclaimator proces

technique for devulcanizing ti e scrap, dl‘l the others are batch process. Tires are
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ground, the metal and fi mechamca.ld} separated and then the rubber is further

ground to a fine particles size: This ﬁne-gmu,nd rubber and the various reclaiming

agents are all metered into a blendmg systenn@d conveyed to the reclaimator.
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The reclalmatdr isa special type of screw-extrusmnl machine. It is jacketed to

provide for several zones of controlled temperature using either hot oil or cooling
water; furthermore, the ¢learances betweenithe screw and the chamber wall are close
and adjustable; The object is to'subject the rubber fo a controlled amount of high heat
and pressure in & continuously moving environment. The residence time of the rubber
in the /machine |is~Jess than 5 ‘minutes. ‘During this period, th¢ rubber undergoes
devulcarization. After the softened rubber is discharged from the head of the
machine, it is cooled and further processed in refining mills just as is done in other

reclaiming methods.

2.2.4 Further Advantages of Reclaiming and Applications

Reclaimed tire rubber can be expected to break down in mixing much more

indirect savings in the form of greater productivity more product using less labor and
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overhead cost per unit. Furthermore, the reduced mixing time also reduces power
consumption during mixing. Other advantages also include the conservation of
petrochemical raw materials, conservation of the energy required to convert the
petrochemicals into synthetic rubber, and conservation of the foreign exchange

needed to pay for imported oil, a large proportion of the petrochemical’s source [23].
2.3 Blending Method

On the whole polymer blends ha<1,¢’ )een prepared commercially by melt
mixing, solution blending or latex mixing. Elastomer-plastic blends of the type have

2 ) .. .
generally been prepared E}:_Ln;lt-mixin techniques. Melt mixing avoids problems of

contamination, solvent or removal, ete. Banbury mixers, mixing extruders and

the newer twin-screw mixer are propér for melt-mixing elastomer with plastics.

However, the dispersing e imixed p'_aﬁicle is always concerned. There are four

types of dispersions s n Fi rre“2.3. or well distributed and well dispersed, it is
called as “dispersed pasticle m, rphpiogy"{:{ The theory of polymer blend is discussed
oy B o T 4:
as follows. T
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Poorly distributed Well distributed
Poorly dispersed Poorly dispersed

Poorly distributed Well distributed
Well dicnerced Well dicnercad

Figure 2.3 The distribution pattern of blended polymer [24]
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2.4 Polymer Blend [25]

Once two or more polymers are mixed together, normally the interaction, a
physical interaction more than a chemical one, is taken place along each polymer
chain. Because of this, the properties of blended polymer are different from a pure
one. The aim of polymer blending is

1) To improve the propertles er, impact or weathering resistance, but
low cost Wm

2) To extend the e of b@ymer for replacing an expensive

one. /

3) Torecyclet

Normally, blende dllowing chart.

miscible blendsl

ALUEANEN TN
Homogehcous| [Heterogencous Compatible Incompatible
AAINTUAMINTAE

9

Scheme 2.2 Classification of blended polymers

As above, there are two categories: a polymer which each phase cannot be
distinguished by using SEM and shown only one glass transition temperature (Tg), so
called “miscible blends”. On the other hand, a mixed polymer exhibiting multiphase is

call “immiscible blend”. From Figure 2.4, in the case of miscible blends polymer A
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can be mixed in polymer B homogeneously, whereas in the case of immiscible blends

polymer A cannot dissolve in polymer B.
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Figure 2.5 The relationship between the mechanical properties and the mixing ratio

of polymer A and B which are miscible blended polymer [25]
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From above, it indicates that the qualities of each polymer will affect the
mechanical properties of blended polymer. Moreover, Tg of blended polymers is

estimated by using the equation.

+
Tg, — Tga Wa+Tgp Wp
W+ Wg
Where Tgy: Glass transition temperatargof blended polymer

Tga: Glass transition temperattiie’of polymer A
Tgg: Glass transition temperature of polymer B
Wa: Weighisfraciion of A
Wpg: Weight fraction of B

In the above eguations, . itl commonly expresses the Tg-composition

relationships for misciblé copolymers and plasticizer-polymer compositions [26].

Most immiscible polymers.form cdé}se‘., mixtures with comparatively large
domain sizes and shape interface. as a result of the high interfacial tension between
the components. This: leads to poor interfaéiail adhesion. The properties of blend
depend not only on‘the mechanical behavior of the interface, but on the size of the
respective polymer phase as well. When therc is a lot more polymer A than polymer
B, polymer B separates inte,little sphericalyglobs. The sphere of polymer B will be
separated from each other by the matrix of polymer-A, as shown in Figure2.6. In this

case, polymer A is called the major component and polymer B is the minor

componhent:
] ® &
e @ L
&
e ® o
s ®* %,

Figure 2.6 Phase morphology of immiscible polymer blends.
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When more polymer B is put into the immiscible blend system, the spheres
will get bigger until they join together and form a co-continuous phase (the middle
picture of Figure 2.6) or a region of phase inversion. And if more polymer B is
added, the co-continuous phase of polymer B will become a major phase or a matrix

phase, and polymer A will become a minor phase or a dispersed phase [27].

Normally, immiscible blends are divided into two types: compatible blends,
the mixed polymer containing a strong interfacial force of both difference phases, and
incompatible blend. The properties of the lé&p}g’ne depend on the structure of major

component.

2.5 Rubber toughened y; I'l

Amorphous polymeérs 7'u,c’h as PMMA PS and PVC which have high glass-

n‘

ar ugually brigtle full step. For PVCs, a plasticizer is not

transition temperature’
usually used for improvi tougMesinecause the tensile strength, modulus, and
hardness of modified PV eduaed Ity?rder to enhance the toughness of a brittle
plastic, rubbers are added td' suph plastlc fo?‘t}us purpose. The dispersing of rubber
particles called dispersed part1cle morpholﬁgy is taken place when the amount of

loading rubber is suuable Moreover, its partlcle size, jhape and adhesion at the

surface of rubber pam'cle also affect the mechanical prop_e.nltles of a mixing polymer.
A finer dispersion of one phase in another can be obtalned by enhance adhesion by
coupling the phase togethier, and stabilizinggthe dispersed the dispersed phase against
coalescence [28]. Copolymers represent the mast extensive use as a compatibilizer for
the stabilization“of phase structures, They may be added separately or form during
compolnditig masfidation-or ‘polyrmerization of a‘moliomér [in the. présence of another
polymer# The copolymer compatibilizers often contain segments, which are either
chemically similar to those in blend components (non-reactive compatibilizer) or
miscible or adhered to one of the components in the blend (reactive compatibitlizer).
In case of a reactive copolymer compatibilizer, the segments of the copolymer are
capable of forming strong bonds (covalent or ionic) with at least one of compounds in
the blend. In the non-reactive copolymer compatibilizer, the segments of the

copolymer are miscible with each of the blend components. The classical view of how
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such copolymers locate at interfaces is shown in Figure 2.7. Copolymer structure and

molecular weight impose important influence on their effectiveness [29].

The behavior of small amounts of copolymer-compatibilizer in an immiscible
blend has been described as a classical emulsifying agent, similar to the soap

molecules at an oil-water.

Phase A

Interface

Phase B

2.5.1 Rubber @ugﬁ- ing Mec L'l
Toughﬂ% Ue’rg WW@% ﬂ fﬁfiﬂﬁgenals There are two

categories of toughening mechamsms in dlspersed systems: the energy is absorbed

::mmwrmﬂmmﬁ s

due to the following effects, energy absorption by rubber particles, matrix crazing,

shear yielding or a combination of shear yielding and crazing.
2.5.1.1 Energy Absorption by Rubber Particles [30].

Merz, Claver and Baer [29] proposed the idea of rubber particles absorbing

energy for the toughening mechanism of toughened polymers. They observed that in
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high-impact polystyrene (HIPS) an increase in volume and stress whitening
accompanied elongation of the material and concluded that these phenomena were
associated with the formation of many microcracks. More recently kunz-Douglass,
Beaumont, and Ashby [32, 33] have proposed a similar mechanism for rubber
modified epoxies in which the elastic energy stored in the rubber particles during
stretching is dissipated irreversibly when the particles rupture. However, the main
disadvantage of these proposed theories is that then is primarily concerned with the
rubber rather than with the matrix. It has been calculated [34] that the total amount of
energy associated with the deformation of thesrubbery phase accounts for no more
than a small fraction of the observed enhanced“impact energies. Consequently, this
mechanism plays only a minoriele in the toughening of multiphase polymers. Further
toughening theories concentrated on the deformation mechanism associated with the

matrix, which are enhanced bythe presence of the rubber phase.
2.5.1.2 Matrix Crazing

Crazing is a more localized form qf-;lyai'elding and occurs in planes normal to
the tensile stress. Crazes grow by macrosco;i;} j_ptemal drawing of materials from the
crazes walls to increase the fibril length. A c_:ﬁ_ze_ _chsists of polymer mocrofibrils (0.6
to 30 nm. In diaméter) stretéhed in the -di;ection of tensile deformation. The
microfibrils are surrounded by void space, which can represént as much as 90% of the

total volume of the craze.

Figure 2.8 An example of craze fibrils [29]
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From the above figure, it reveals the cross section of a craze showing its
discontinuous structure and expanded volume. The craze consists of highly drawn
treads of polymer associated with empty space. This means that the craze occupies
roughly double the volume of the undrawn polymer and it achieves this by doubling
only one dimension. When plastic materials fail principally by crazing, the impact
modifier must initiate a large amount of crazing, the same modifier must then also
terminate the craze. If it does not terminated the crazes a critically large void could
from that would lead to formation of a crack and hence failure. The ability of an
impact modifier to initiate and terminated craze is related to the size of its particles

where they are distributed in polymer matrix.
v

2.5.1.3 ShearYaielding

|
Shear yielding in the matrix phase-also plays a major role in the mechanism of
rubber toughening in polymer blends; she;: yielding involves macroscopic drawing of
material without a change in volume. Tl{ne polymer will form regions of localized
shear deformation, shear bands, whlch dev%éé:at angle of 45° to the stretch direction.
As a matter of fact, shear band formation is @gl:pminant mode of deformation during

tensile yielding of ductile polm@_rs._ TR

Figure 2.9 An example of shear banding [28]

An example of shear banding is shown in Figure2.9, a host of shear bands

developed in conjunction with rubber particles. As before, the rubber particles provide
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stress field perturbations, but the rubber by itself adds an extra feature, compression
of the matrix. Shear yielding usually occurs in addition to elastic deformation. Not
only does this phenomena act as an energy absorbing process but also the shear bands
present a barrier to the propagation of crazes and hence crack growth, therefore

delaying failure of the material.

Although cavitations of the rubber particles involve energy absorption, the
enhanced shear yielding of the matrix is 1he major absorbing mechanism. However,
cavitations of the rubber particles is a perqu)é‘ Siie }or enhanced toughness where shear

yielding is the principal mechanism.
J

2514C;a?l/ﬁ’2;ﬁd5he r Yield

Crazing and she e u‘lg may “occur simultaneously in many rubber

toughened plastic. The d mechaxslsm is the one by which the unmodified

matrix would typically fails H wever, the contribution of each mechanism to the

}-4 ¥

toughening of the system d end upon a.ljr;umber of variables such as the rubber

particle size and dispersion, the; cpr_lccntratm_n;q@the rubber particles and the rate and
temperature of the test. The_dc_o?ﬁibution?ﬁgf;-_pich mechanism to the toughening

process can be assessed to some extend by using tensile diﬁgpmeter. It is assumed that

deformations such as;,oiding and crazing are dilatationiaurocesses, which manifest

themselves by an increase in volume strain. Unfortunately, if both voiding and crazing |
occur simultaneously, it is' impossible to separate their contributions to volume strain.
However, when"shear yielding occurs, a decrease in the volume strain rate occurs

since shear yielding is a non-dilatatiopal or constant volume process.
2.6 Parameters affecting the toughening
Due to the rubber particles act as stress concentrators in rubber toughened

plastics, the impact properties and tensile properties are and tensile properties

significantly dependent upon the parameters of the rubber.
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2.6.1. Rubber type

The effect of the rubber is difficult to evaluate as it depends on the mechanism
by which toughening is believed to occur, be it as a stress concentrator to initiate
crazes or shear bands or to alleviate local hydrostatic stress by cavitations. When the
modulus difference between the rubber and matrix, Gr/Gy > 0.1 Where Gr and Gy
are the shear moduli of rubber and matrix, respectively, the stress concentration of the
particle-matrix interface occurred, these will be improvement in toughening [35]. The
modulus difference will cause the concentraiion of stress around the particles, leading

>

to a nucleation of crazes or shear bands [36].
)

2.6.2 Loading of rubber: .E

The percent loadi g of fhé _rubber. was the major factor that affected
mechanical properties :Zlhe blends Ins;reasmg the loading of the rubber phase
decreases the blend mo lu?’ ar;d tensﬂe strength irrespective of whether the matrix is

FRAY ¥

brittle or pseudo-ductile. The mam ﬁndmgf ?re that up to 30% rubber the T, values of
the two phase are not affected by rubber conéalratlon in PA6-EPDM blends, but the

brittle-bough transition temp_er_gtu:c Tar }F_}xgdyced as the loading of rubber is

increased [37].
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2.6.3 Particle size and distribution of rubber.

The particle; size and distribution of the dispersed phase significantly
influences the deformation and failure properties of heterogeneous blends. The
rubberyyphaseé can actias an effective stress concentration- and enfiances both crazing
and shear yielding in the matrix when highly dispersed. Ultimately the optimization of
the size distribution of the dispersed phase depends on identifying the preferred
deformation mechanism of the matrix polymer. A crazing mechanism is better suited
to a higher particle size than a shear yielding mechanism. Generally, for the rubber to
be effective the particle size has to be small (0.1-2 pum). Very small particle sizes are

not effective.
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2.6.4. Rubber-matrix adhesion.

When the bond between the rubber and the matrix is weak to make the craze
termination mechanism also fails. Instead of stabilizing the craze, a weakly bonded
rubber particle is pulled away from the matrix, leaving a hole from which the craze
can propagate further, and from which breakdown of the craze to form a crack is
probable. When there is good adhesion between the rubber and the surrounding
matrix, fracture surfaces reveal rubber particles that have fractured into halves along

the equatorial plane. fﬁ,

2.6.5. Matrix ty? k}

If the molecular wei "t of the matrix is higher the melt viscosity increases

and a fine dispersion i§ obtai d mpre e 1ly,. The high molecular weight has also the

advantage that the number of entanglem‘ents per chain is higher. In this way the

l’ae p

material is more resistant to raze formam')f and some what higher impact strength

can be expected. A = *,{;
L ;‘r"‘-i--
2.7 Literature review, £
e -
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Up to now there are several reports relating to the toughness improvement of
thermoplastic like PVC by using rubbers, tire;rubber waste and even modified rubber.
Here are a numbers of examples who are interésted in thisrésearch area. Their studies

are exhibited as'the following:

Zainal and coworker [38] reported an optimum condition to improve the
physical properties of PVCs was by using epoxidized natural rubbers. The proper
ratio was 80/20 which PVC was a major component. Moreover, the effect of modified
rubber or waste tire rubber on mechanical properties of thermoplastic polymer was

studied.

Naskar and Bhomick [39] found that the surface chlorination of GRT could be

performed by using trichloroisocyanuric acid (TCICA). Moreover, the dielectric
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constant of chlorinated GRT increased depending on the chlorination and reached a
maximum at an optimum degree of chlorination, beyond which it decreased.
Chlorinated GRT, when molded, formed a biphasic morphology consisting of the
rubbery phase and a hard phase, which was formed by the dipolar interaction. In spite
of the loosy nature of GRT and chlorinated GRT (as compared to the PVC
compound), their blends with the plasticized PVC compound did not show a high
dielectric loss factor. This indicated that the blends could be used as dielectric
material. While the activation energy for the dielectric relaxation of the PVC phase
was not influenced by the presence of GRT 1n the compound. The presence of
chlorinated GRT lowered the activation ena;g‘j", indicating a higher degree of
compatibility through dipole-dipole inté;laction between PVC and chlorinated GRT.

From Ref. [40}/f(md1cated d\iat chlorinated ground rubber tire powders
(CI-GRT) could be used a Allerfin a p1a§tICIZCd PVC compound. Maximum 40 phr
of CI-GRT could be lo?aﬂ beyond whlfh,physwal properties like tensile strength,
ultimate elongation, SY tear strength were adversely affected. SEM
photomicrographs mdlcawd that ﬁll.er pant}cles were dispersed in the PVC matrix.
Stress relaxation study of the comp051t10ns 5%}yed improved adhesion between PVC
and CI-GRT, which restricts dewéttmg at Tﬁg E)terface by the application of strain.
Results of DMTA and solvent swellmg stud; provgde evidence for enhanced
interaction between,]’VC and CI-GRT compared to EVC GRT interaction. The

PVC/CI-GRT compos_l_te also exhibited reprocessabllv_lf_y characteristics of a melt-

processable rubber..

In addition, the effect of GRT particle was also investigated by Naskar A. K.
and hi§_groap [3]41t was foundthat smallei particles Coiitainiless polymer, but have
higher amounts of fillers and metals with respect to polymer. NR compound
containing smaller GRT particles showed better physical properties, but poorer aging

characteristics.

From a few papers above, the concentration are on the utilization of RTR with
PVC. From this point of view, this study concentrated on the effect of modified RTR
on the mechanical properties of rigid PVC. The results of this study are discussed in

the next section.
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