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ABSTRAKT

Diplomové prace se zabyva vlivem nékterych fyzikalnich faktort, jako jsou tloustka

materidlu nebo zpiisob jeho zpracovani, na fotodegradaci izotaktického polypropylenu.

Vzorky byly pfipraveny lisovanim nebo vstfikovanim a nasledné¢ v laboratornich
podminkach vystaveny UV zafeni. Rozsah degradace byl urcovan za pouziti infracervené
spektroskopie s Fourierovou transformaci (FTIR) nebo za pouziti techniky infracervené
spektroskopie se zeslabenou tuplnou reflektanci (ATR). Déle byl zkouman degradacni

profil lisovanych vzorkii metodou mikro-infracervené spektroskopie.

Klicova slova: Izotakticky polypropylen, fotodegradace, fyzikdlni faktory, tloustka,

zpracovani, degradacni profil.

ABSTRACT

Master thesis is focused on the role of physical factors such as thickness or mode of
processing in photodegradation of isotactic polypropylene. Specimens were prepared by
compression moulding or injection moulding. Subsequently, they were exposed to UV
radiation in accelerated ageing device. The extent of degradation was determined by using
Fourier transform infrared spectroscopy (FTIR) or attenuated total reflection infrared
spectroscopy (ATR). Next, the degradation profile of compression-moulded specimens

was observed by micro-infrared spectroscopy.

Keywords: Isotactic polypropylene, photodegradation, physical factors, thickness,

processing, degradation profile.
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INTRODUCTION

It would be difficult to imagine the modern world without plastics. Today they are an
integral part of everyone’s life-style, with products varying from commonplace domestic

to sophisticated scientific products [Rosato et al., 2004].

Plastics are major materials with many unique applications. They substitute traditional
materials such as stone, metals, and wood. The production of plastics however grows faster
than that of other materials. The rapid growth of the plastics production is caused by three
factors: (1) world population growth, (2) average increase of living standard, and (3)

replacement of older materials by plastics [Elias, 2003].

The growth of the plastic industry for over a century has been spectacular evolving into
today’s routine to sophisticated high performance products. Example of these products
include packaging, building, and construction, electrical and electronic appliance, and

automotive and aircraft parts [Rosato et al., 2004].

Polyolefins, i.e., the polymers synthesized from olefinic monomers, are the major
commercial thermoplastics [White and Choi, 2005]. Isotactic polypropylene (iPP) is one of
the most important semicrystalline polymers [Rosato et al., 2004]. This polymer exhibits
excellent chemical resistance, low density, relatively high tensile strength and high melting
point. From the scientific point of view, PP is interesting because of its polymorphism (o, 3
and vy crystalline phases) [Cermak et al, 2005]. Polypropylene is one of two largest
thermoplastics in volume and it is fabricated into filaments, films, and moulded parts

[White and Choi, 2005].

The increased outdoor use of plastics has created a need for a better understanding of the
effect of the environment on plastics materials [Shan, 1998]. The changes that can occur in
a material with photo-ageing can affect its application, performance, and lifetime;

therefore, a study of this effect is very important.

Polypropylene (PP) is unstable in the presence of oxidation conditions and UV radiation.
Without the stabilizers, PP in a form of the films, the plates or in the fibers exposed to the
common utilization outside conditions degrades readily and looses its mechanical

properties [Grossetete, 2001].

The aim of this master thesis was to assess the effects of individual physical factors in

photodegradation of polypropylene. The specimens were prepared via compression



TBU in Zlin, Faculty of Technology 7

moulding and injection moulding. Subsequently, the specimens with various processing
history and shapes were exposed to UV-light in accelerated ageing device. The extent of
photooxidation was measured using FTIR spectroscopy, ATR spectroscopy and micro-

infrared spectroscopy.
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1 POLYPROPYLENE

The first polymer of propylene was already prepared in 1869 by Marcelin Berthelot. A
product of a propylene and sulphuric acid reaction was at the time a sticky precipitate
[Lapcik and Raab, 2004]. Thus, PP with his asymmetric carbon atoms was known as a
rubbery waxy non-crystalline material [White and Choi, 2005]. No utilization was found
for this substance. Therefore, modern history of PP started in 1952 [Lapcik and Raab,
2004].

Giulio Natta was a research assistant in Ziegler’s Miilheim laboratory and became very
familiar with his new system of linear low-pressure polyethylene synthesis occurring
trough catalysis by aluminium alkyls with an addition of titatnium co-catalysts. He was
aware that Ziegler had tried to polymerised propylene but had not considered it successful.
In 1953—-1954, Ziegler sold pails of his catalysts to various industrial companies and one of
them — Montecatini Company from Italy — made arrangements with Prof. Giulio Natta and
his co-workers to apply these catalysts to a range of monomers. The first crystalline PP
was synthesized by Natta et al. in March 1954. It has a density of 0.91 g/cm’ and
crystalline melting temperature of about 165 °C [White and Choi, 2005].

The development of catalysts for PP polymerisation in the 1950’s made the production of
stereospecific PP possible and led to the rapid growth rate of PP that is still occurring
today [Maier and Calafut, 1998]. Isotactic PP is produced by many world prominent
companies either in a pure form or with various modifiers. Among the most widely known
foreign producers of PP in the Czech Republic belong: Slovnaft (TATREN), Vestolen
(VESTOLEN), BASF (NOVOLEN), Hoechts (HOSTALEN), Borealis, PCD (DAPLEN),
DMS (STAMYLAN P), EIf Atochem (APPRYL), Solvay (ELTEX), Montell (MOPLEN),
Hungarian TIPPLEN, American companies Exxon (ESCORENE), Dow, Amoco and
others. Czech Chemopetrol produces iPP under the name MOSTEN. Technology is based
on Amoco license [Lapcik and Raab, 2004].
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1.1 Polymerization reaction

H H ZhaglorNatis HH
:E:('.:: - —[—%—% -
H CI o metallecone H CH
propylono polypropylene

Figure 1. Polymerisation reactions of propylene units [www 1]

PP is prepared by polymerizing propylene, a gaseous by-product of petroleum refining, in
the presence of a catalyst under the carefully controlled heat and pressure. PP is an
unsaturated hydrocarbon, containing only carbon and hydrogen atoms. In the
polymerization reaction, many propylene molecules are joined together to form one large
molecule of PP. A long, linear polymer chain of carbon atoms is formed, with methyl
(CH3) groups attached to every other carbon atom of the chain as shown in Figure 1.
Thousands of propylene molecules can be added sequentially until the chain reaction is

terminated [Maier and Calafut, 1998].

1.2 Structure of polypropylene

—-CH,—CH-}
Hj

Figure 2. One mer unit of the
propylene macromolecular

chain [www 1]

The basic building unit is a repeating unit of propylene. The arrangement of a monomer
propylene unit is relatively exactly determined by the valence angles between the carbon
atoms. The propylene units are asymmetric, thus they may compose the macromolecule in

different ways. According to this way there are three types of PP — isotactic, syndiotactic
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and atactic [Lapc¢ik and Raab, 2004]. Each kind is determined by the orientation of the

pendant methyl groups attached to alternate carbon atoms [Maier and Calafut, 1998].

1.2.1 Atactic polypropylene

Atactic

Figure 3. Atactic polypropylene structure
[Osswald and Menges, 2003]

Generally atactic polymers are characterized by their tacky, amorphous behaviour and low
molecular weights. Atactic portion provide the same effect as plasticizer, by reducing the
crystallinity of the PP. A small amount of atactic polymers in the final polymer can be used
to improve certain mechanical properties. This provides properties to the final polymer
such as improved low temperature performance, elongation, processability and optical
properties (transparency), but sacrifices flexural modulus or stiffness, and long-term heat

ageing units [Mark and Alger, 1989].

Configuration of atactic polypropylene (aPP) is randomly distributed in the repeat units.
The structure is irregular, the polymer is weakly rubbery compared with isotactic
polypropylene, which is hard and stiff. Atactic polypropylene cannot crystallize.
Macromolecular chain of atactic PP is shown in Figure 3 [Mark and Alger, 1989; Lapcik
and Raab, 2004].
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1.2.2 Sydiotactic polypropylene

Syndiotactic

Figure 4. Syndiotactic polypropylene structure
[Osswald and Menges, 2003]

Syndiotactic polypropylene (sPP) is defined by methyl groups arranged alternatively on

both side of the zigzag chain, and it is obtained by alternative addition of the two

stereoisomeric configuration form of propylene monomer [Monasse and Haudin, 1995].

Syndiotactic polypropylene structure is presented in Figure 4. Sequence for each

syndiotactic unit has setting up a helix with two syndiotactic units per turn with the

identity period 0.74 nm [Cermaék, 2005].

Table 1. The unit cell parameters of sPP crystalline forms [White and Choi, 2005]

PP Crystalline form | Chain Unit cells
conformation (Length: nm)
Form I S(21)2 helix: Orthorombic
[Lotz et al.] (T2G2)2 (a=145b=1.12,c=074,a=B=7y=
90°)
Form II S(21)2 helix: Orthorombic
Q
5 [Corradini et al., | (T.G2)2 (a=1.45,b=0.56,c=0.74)
< 1967]
S
) Form III Planar zig-zag: | Orthorombic
E [Chatani et al., | (TTT) (a=0.522,b=1.117,¢c = 0.506)
1990]
Form IV (TeG2T2Gy) Triclinic

[Chatani et al.,
1991]

(a=10.572,b=0.764, c = 1.160, a. = 73.1°,
B=288.8°, y=112.0°
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The stable structure of sPP possesses a unit cell which includes 2 left - and 2 right - handed

helices in a regular alternation along both the @ and the b axis [Cermak, 2005].

A stable modification characterized by a chain in the s(2;)2 helical conformation can be
packed in different crystalline cells (named Form I and II) depending on the degree of
stereoregularity and the mechanical and thermal history of the sample. A different form
(Form III) can be obtained by stretching the compression-moulded samples and it is
characterized by a chain in zigzag planar conformation. Form IV was obtained by Chatani
et al. [1991] by exposing fibre specimens in the zigzag conformation to organic solvents,
such as benzene. It is characterized by helices in a (T¢G,T>2G;), conformation, packed in

triclinic cell [Guadagno et al., 1999].

As mentioned before, highly stereoregular sPP samples have been made available mainly
because of the new metallocene-catalyst technology [Wang et al., 2001], commercial
production is not possible with ZN catalysts [Graves, 1994]. Syndiotactic PP has finally
found the exercise in adhesive, caulks, and cable-filling compounds [Mark and Alger,

1989]. The unit cell parameters of sPP crystalline forms are listed in Table 1.

1.2.3 Isotactic polypropylene

Figure 5. Isotactic polypropylene structure
[Osswald and Menges, 2003]

The most common commercial form is iPP. In this modification pendant methyl groups are
all in the same configuration i.e. are on the same side of the polymer chain as shown in
Figure 5. Due to this regular, repeating arrangement, iPP has a high degree of crystallinity
[Maier and Calafut, 1998]. Isotactic PP structure is one of the most complex commercially
developed polymeric materials, because it has a number of crystal modifications [Al-

Raheil et al., 1998].



TBU in Zlin, Faculty of Technology 14

1.3 Polymorphism of isotactic polypropylene
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Figure 6. Four possible arrangements of the
iPP chain in a crystal lattice [Karger-Kocsis,
1999]

The chains of the iPP form 3;-helix conformation in crystalline regions. The helix is either
left - or right - handed with up or down position of pendant methyl groups (see Figure 6)
[Cermdk, 2005]. The identity period is 0.65 nm long [Lapéik and Raab, 2004]. Depending
on crystallization conditions, such as, temperature, cooling rate, and pressure, the helixes
can be packed into three different crystalline forms denoted a, B, y which differ in crystal
lattice and, consequently, in properties. Each of these forms manifests specific diffraction

spectra as shown in Figure 7 [Cermék, 2005].
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Figure 7. The diffraction spectra of

crystalline o, f and y forms of iPP
[Obadal, 2002]

In addition to crystalline forms, mesomorphic smectic modification was also identified in

iPP [Cermak, 2005]. Morphologies of the a- and B- forms are usually spherulitic, in the

case of melt crystallization [Al-Raheil et al., 1998].

Table 2. The unit cell parameters of iPP crystalline forms [White and Choi, 2005]

PP Crystalline form | Chain Unit cells
conformation (Length: nm)
a-form 3, helix: Monoclinic
[Natta and (a=0.665,b=2.096, c = 0.650, B = 99.3°,
Corradini, 1959] a=7=90°
B-form 31 helix: Trigonal
O [Karger-Kocsis, (a=b=1.101 nm, ¢ = 0.650 nm)
5 1999]
<
S y-form 3, helix: Orthorombic
%)
[Briickner and (@a=0.854,b=0.993,c=4.241, 0= =y
Meille, 1989] =90°)
Mesomorph 3, helix: ————
(smectic) [Natta
et al., 1959]
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1.3.1 o-form

Figure 8. Crystal structure of a-form of iPP
[Karger-Kocsis, 1999]

Commercial iPP grades have crystallized mostly in a-modification under the usual thermal
conditions with only sporadic occurrence of B-modification [Al-Raheil et al., 1998]. The
monoclinic a-structure is thermodynamically the most stable form of all crystalline
modification [Zheng et al., 2004]. It has a monoclinic unit cell [White and Choi, 2005].
The unit cell contains two left- and two right-handed helices The crystal structureof a-form
of iPP is given in Figure 8. The unit cell parameters of a-form are listed in Table 2. The
melting temperature of a-monoclinic form ranges from 165 to 170 °C, whereas the most
reliable value of the equilibrium melting point of the a-form is ranging between 185 °C
and 209 °C [Cheng, 1995; Obadal, 2002]. The crystallographic density has been
determined 0.938 g/cm’ [Obadal, 2002].

The crystal structure produces positive, negative, and mixed birefrigence. Negative
birefrigence results from spherulites in which radial lamellas are dominant, while positive
birefrigence is due to spherulites with predominantly tangential lamellas. It has been
recognized that this lamellar branching is characterized by a constant angle between
tangential and radial lamellas [Karger-Kocsis, 1999]. Khoury has determined value of

angle branching about 80° [Obadal, 2002].



TBU in Zlin, Faculty of Technology 17

Both negatively and positively birefringent spherulites form a Maltese cross pattern under
crossed polarizers. In spherulites with mixed birefrigence, neither tangential nor radial
lamellas are predominant, and a distinct Maltese cross is not formed. The birefrigence
changes from positive to negative with increasing crystallization temperature, as the

tangential lamellas undergo premelting [Philips and Wolkowicz, 1996].

1.3.2 pB-form

Figure 9. The trigonal unit cell of p-form of
iPP [Addink and Bientema, 1961]

The B-crystalline form was first identified in 1959-1960 [White and Choi, 2005]. Under
normal melt-crystallization, the B-phase of iPP occurs only sporadically among the
predominant a-phase. It is believed that acquiring more B-phase crystal is possible under
special conditions, such as quenching the melt to a certain temperature range, directional
crystallization in a temperature gradient field, shear-induced crystallization [Zheng, 2004].
B-crystalline form can also be induced by a range of nucleating agents [White and Choi,
2005]. It has been proved that regardless of whether nucleating agents are present or not,
high content of B-phase crystal can only be obtained within a limited range of
crystallization temperature. Recently, a new experimental phenomenon has been reported,

that the B-crystal of the neat PP occurred after vibration plastication in a vibration internal

mixer [Zheng, 2004].

The B-form has a trigonal unit cell as shown in Figure 9. There has been much controversy
over the unit cell. Keith et al. [1959] proposed the unit cell of B-form to have hexagonal
form of a =1.274, ¢ = 0.635, y = 120° and a = B = 90°, but it has been verified by Varga
[2002] that the crystal arrangement of the B-form is trigonal. The crystal parameters of
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trigonal unit cell are listed in Table 2. The B-form consists of the same 3; helices [White
and Choi, 2005]. The B-form is metastable [Zheng, 2004]. The crystallographic density has
been determined 0.92 g/cm® [Obadal, 2002]. The melting temperature of B-phase is in
range of 150-153 °C. The B-form spherulites are characterized by strong negative
birefrigence. Padden and Keith [1959] have denoted two types of B spherulites. The
spherulites characterized by strong negative birefrigence that are formed below 128 °C are
denoted as negative radial spherulites. The seconds formed in a temperature range 128-135

°C are specified as negative annular spherulites.

The spherulites of B-phase recrystallized into a-modification (Ba recrystallization) when

slowly heated [Baran, 2001].

Some properties of B-iPP differ significantly from those of a-iPP. In comparison with a-
iPP, B-iPP possesses lower crystal density, melting temperature and fusion enthalpy, but a
similar glass transisiton. The chemical resistance of B-iPP seems to be lower than that of a-
iPP [Jacoby et al., 1986]. B-iPP compared with a-iPP has a lower E-modulus and yield
stress, but higher ultimate tensile strength and strain [Varga, 1995]. The impact strength
and toughness of B-iPP exceed those of a-iPP [Karger-Kocsis and Varga, 1996].

1.3.3 y-form

The crystalline y-form was first observed by Addink and Beintema [1961] and has been
subjected to extensive study since that time. As with the B-phase, there was much
controversy over the unit cell. Various unit cells have been also proposed by Turner-Jones
et al. [1964], Morrow and Newman [1968], and Briickner and Meille [1989]. The view of
the latter authors is now generally supported. They proposed an orthorhombic unit cell.
The crystallography parameters are listed in Table 2. In the unit cell of the y-form
macromolecules co-exist with non-parallel chain axes, which form an angle of 81° to each

other [White and Choi, 2005].

The y-modification may form in low molecular weight iPP or in samples crystallized under
high pressure [Al-Raheil et al., 1998]. Other procedure is crystallization from melt of high
molecular weight stereoblock copolymer with small amounts of ethylene or but-1-ene
[Phillips and Mezghani, 1996]. The a-form is present at atmospheric pressure; as the
pressure is increased, the y-form begins to co-exist with the a-form until it becomes

dominant at a pressure of 200 MPa [Kressler, 1999].
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1.3.4 Smectic form

It is possible to prepare a smectic form by quenching thin sheets of iPP from the melt into
the ice water [Phillips and Mezghani, 1996]. The smectic structure is less organized than
the previous structures; however there are small areas with specific level of arrangement
[Natta and Corradini, 1960]. The density of smectic form has been reported by Natta
[1959] as 0.88 g/cm’ [Phillips and Mezghani, 1996].

1.4 Properties of polypropylene

Commercial PP is 90-95% isotactic and has a number average molecular weigh of 40 000-
60 000 with a polydispersity of 6-12. The crystalline regions have a density of 0.94 g/cm’
and the amorphous regions have a density of 0.85 g/cm’, so that overall, PP has a density
about 0.90 g/cm’ with a crystallinity of about 50%. PP melts may be quenched to give an
amorphous polymer. The maximum T, value is 165 °C with narrow (about 5 °C) melting
range, so that PP softens at a considerably higher temperature than polyethylene (PE). Its
major amorphous transition is at about 0 °C so that the polymer embrittles markedly on

cooling [Mark and Alger, 1989].

PP is stiffer than PE, having a tensile modulus of 1000-1300 MPa and a tensile strength of
25-35 MPa. Its elongation at break is 50-300% and its impact strength (Izod) is 0.3—4.3 J.
PP is highly solvent resistant and environmental stress cracking resistant. It has very high
electrical resistivity. However, the presence of a tertiary carbon on each repeated unit
makes it very susceptible to oxidative degradation. Although usually opaque, thin film,
especially if biaxially oriented, may show a sparkling degree of clarity. Unaxially oriented
film may be readily split in the direction of orientation to give tape, twine or fibres [Mark

and Alger, 1989].

As a plastic material PP is mainly used as an injection-moulded material [Mark and Alger,

1989].

1.5 Morphology associated with processing

It is widely recognized that the morphology of plastics articles strongly depends on
processing history. While the moulding polymer is affected by various thermal, mechanical

and flow conditions resulting in differences of crystallinity, orientation, and shape and size
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of supermolecular aggregates [Cermak, 2005]. The processing of a linear-chain polymer
that is glassy or partially crystalline at use temperature requires heating to soften pieces or
sheets of the material to be fabricated. Either as or after the object is formed, it is subjected
to cooling. In thick samples, a temperature gradient can exist during the cooling phase,

causing the outer portion to cool more rapidly than the innermost parts [Woodward, 1995].

The structure of injection-moulded polymers differs from the morphology of compression-
moulded polymers. Thus, the difference in a crystal structure causes diffrent,

photochemical behaviour during photo-degradation.
1.5.1 Skin-Core and related morphologies

1.5.1.1 Impact of injection moulding on morphology of polymers

Injection-moulded specimens possess different morphologies at the sample surface (the
skin) and in the interior (the core), or a trilayer structure consisting of a skin, an
intermediate region and a core [Woodward, 1995]. Studies on injection-moulded PP have
shown that at least two regions are discernible trough the wall thickness [Cermak, 2005].
The skin-core morphology, actually, displays a strong structural heterogeneity trough the
specimen thickness, and a complicated profile of degradation ca be expected. This

structural development consequently affects specimen degradability [Obadal et al., 2005].

The injection of a polymer melt into a mould by the application of pressure causes chains

to assume elongated conformations in the direction of applied stress. [Woodward, 1995].

If the surface of the mould is cold and the sample is thin, solidification will occur quickly,

freezing in some or all of the chain orientation throughout the sample [Woodward, 1995].

If the surface of the mould is cold but the sample is thick, cooling of the polymer in the
interior is slower than near the surface, and morphological differences will be observed
due to a return to less elongated conformations of the interior chains prior to solidification.
The center portion of thick samples (the core) will contain non-deformed spherulites and

the surface (the skin) will consist of highly oriented chains [ Woodward, 1995].
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Figure 10. Structure of injection-moulded
sample skin-intermedite-core [Woodward,

1995]

For some samples, the spherulites in a region between the skin and the core have conical
shapes due to thermal gradients that occur during their formation. The skin-intermediate-
core morphology has been observed for PE, polyoxymethylene and iPP. A drawing
depicting skin-intermediate-core morphology is given in Figure 10 [Woodward, 1995].

1.5.1.2 Impact of compression moulding on morphology of polymers

During compression moulding pressure is applied to force the material into contact with all
mould areas, and heat and pressure are maintained until the moulding material is solidified.
Material is not subjected to the pressure to induce flow and because the pressure
facilitating flow is not applied before cooling, thus the molecular chains in the upper layer

are not oriented.

The supermolecular architecture trough the sample of compression-moulded polymer
consists of two regions. For upper layer cooling can lead to form conical spherulites. The

innermost layer of specimen contains non-deformed spherulites.


http://en.wikipedia.org/wiki/Heat
http://en.wikipedia.org/wiki/Pressure
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2 DEGRADATION

The increased outdoor use of plastics has created a need for a better understanding of the
effect of the environment on plastics materials. The environmental factors have significant
detrimental effect on appearance and properties. The severity of the damage depends
largely on such factors as the nature of environment, geographic location, type of
polymeric material, and duration of exposure. The effect can be anywhere from a mer loss
of colour or a slight crazing and cracking to a complete breakdown of the polymer
structure. Any attempt to design plastics parts without a clear understanding of the
degradation mechanisms induced by environment would result in a premature failure of the

product. The major environmental factors that seriously affect plastics are [Shan, 1998]:
» Solar radiations-UV, IR, X-rays

Microorganism, bacteria, and fungus

High humidity

Ozone and oxygen

Water: vapour, liquids, or solid

Thermal energy

vV Vv YV V¥V VY V

Pollution: industrial chemicals [Shan, 1998]

Resistance against the influence of environment on polymeric materials depends on their
chemist, molecular structure, amount and type of additives, presence of impurities, mode
of processing and processing conditions and effecting environment. Ageing of plastics is
defined as a complex of irreversible changes of material characteristics caused by
chemical, physicochemical and physical processes leading to undesirable non-reversible
changes of the polymer features. Deterioration of polymeric materials is effected by light,
weather conditions, temperature, ozone, oxygen, chemical attack or mechanical stress.
Degradation is defined as a complex of destructive reactions of polymers that include
processes leading to splitting of macromolecule to smaller elements. There are several

types of degradation processes: [Dolezel, 1981].
» Thermic degradation is caused by thermic stress without presence of oxygen.

» Thermo-oxidative degradation is thermic process occurring in presence of oxygen.
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» Photodegradation is destruction caused by the light.

Y

Photo-oxidative degradation is similar to the photodegradation but in presence of

oxygen.
Biological degradation.
Mechanodegradation is caused by mechanical stress.

Chemodegradation is degaradation influence by the chemicals.

YV VvV VYV V

Ionizing degradation [Dolezel, 1981].

Table 3. Relative weather resistances of unmodified thermoplastics [Shan, 1998].

Polymer Resistance
Acrylics High
PTFE and other fluorocarbons High
Polycarbonate Medium
Thermoplastics polyester Medium
Nylons Medium
Polyurethanes Medium
Rigid PVC Medium
Flexible PVC Low
ABS Low
Polyethylene Low
Polysulfone Low
Polystyrene Low
Polypropylene Low
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3 PHOTODEGRADATION

3.1 Light source

In practical applications of polymers the sun is the most important light source. The
spectrum of sunlight penetrating to the earth’s surface ranges from about 290 to 3000 nm.
The spectral distribution depends on atmospherical conditions and the latitude. Somewhat
less than 10% of the sunlight at the earth’s surface is UV-light, about 50% is visible and
about 40% is IR light [Schnabel, 1981].

3.2 Electromagnetic radiation

- Frequency (3™
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Figure 11. Electromagnetic spectrum [www 2]

Electromagnetic radiation is classified into types according to the frequency of the wave.
In order of increasing frequency these types include: direct currents, induction heating,
radio waves, microwaves, terahertz radiation, infrared radiation, visible light, ultraviolet
radiation, X-rays, y-rays and cosmic photons [www 3]. A portion of the electromagnetic
spectrum is shown in Figure 11, along with the names associated with various regions of

the electromagnetic spectrum [www 2].

Electromagnetic waves travel at the speed of light (c), and are characterized by frequency
(v) or wavelength (1) and amplitude. The frequency and wavelength are related by the

equation [www 2]:
c=0*A1 [m/s]. (3.2.1)

The relationship between energy and frequency is given by Planck’s Law. It describes the

amount of absorbed energy [www 4]:
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E=h*v/[J], (3.2.2)

where E is energy emitted by light photon of radiation and 4 is Planck’s constant

[6.626x107*].s] [www 4].
Planck’s Law can be also expressed as [www 2]:

E:h

*c
i [J]. (3.2.3)

Electromagnetic radiation carries energy and momentum which may be imparted when it
interacts with matter [www 3]. Polymers can absorb UV-light, X-rays, y-rays and cosmic

radiation [Hagen, 1977].

3.3 Impact of ultravilolet radiation on polymers

Light-induced polymer degradation concerns the physical and chemical changes caused by
interaction of polymers with UV or visible light. Therefore, photoreactions are usually
induced when organic polymers are subjected to outdoor exposure [Schnabel, 1981,
Hagen, 1977]. The photo-oxidation process is conditioned by absorbing of radiation
energy to polymer and absorbed energy quantum must be larger or at least equal to the
bonds dissociation energy [Hagen, 1977]. The resulting chemical processes may lead to
severe properties deteriorations, such as the chains scission, crosslinking and when it

occurs in presence of oxygen to activation of oxidation processes.

The polymers exposed to UV-light have a tendency to oxidize mainly because of presence
of impurities called the chromophores which can be contained in material matrix. These
constituents can absorb UV-light. Photochemically important chromophores absorb in the
UV range (i.e. at wavelengths below 400 nm). Light absorption in a molecule means a
specific reaction of certain chromophoric group with a photon of given energy. The
remainder of the molecule remains unaffected during the absorption act.The existence of
chromophores in the macromolecules (or in additives) is a prerequisite for the initiation of
photochemical reactions. It explains, in most cases, the instability of polymers, which,
according to their chemical constitution, should be resistant to solar radiation [Schnabel,

1981].

Light is absorbed statistically by the chromophores in a system. Thus, we know there is a

probability for the absorption of a certain photon by a certain chromophores, but we do not
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know when it happens. In a light absorbing homopolymer there is equal probability for the
absorption of a photon by all base units. Chemical reactions occurring subsequent to light

absorption can be initiated at any place in the macromolecule [Schnabel, 1981].

Saturated compounds possessing bonds such as C-C, C-H, O-H and C-CI absorb light at
wavelength A <200 nm. Carbonyl groups and conjugated C=C bonds absorb above A =200

nm and have absorption maxima between 200 and 300 nm [Schnabel, 1981].

In general, photoreactions in commercial polymers are harmful. They cause embrittlement

and colour changes [Schnabel, 1981].

3.3.1 Process of light absorption

The chance of an absorbed photon to induce a chemical change in the molecule depends

principally on the photophysical processes following the absorption act [Schnabel, 1981].

The absorption of a photon can proceed either as Sy + hv — S;or as Sy + hv — T;. The
extinction coefficients differ appreciably: ¢ (Sy — S;) >> ¢ (Sy — T1). Therefore Sy — T}
processes (designated as “forbidden™) are negligible with respect to photochemical
changes. Commonly, owing to their relatively long lifetimes, chemical reactions originate

from §; or T states [Schnabel, 1981].

After light quantum is absorbed molecule comes from the ground state Sy to the excited
state S;0 Sp + hv — S;. A molecule in its excited singlet-state, S;, can relax by various
competing pathways. It can undergo “non-radiative relaxation” in which the excitation
energy is dissipated as vibrations or heat. Relaxation of an §; state can also occur trough
emission of photon. It results in fluorescence (emission): S; — Sy + hv. Fluorescence
occurs when a molecule relaxes to its ground state after being electronically excited [www

51.

Excited molecules can also relax via conversion to a triplet state 7;. The triplet state may
subsequently relax via phosphorescence: [www 5] Sy + hv — S; — T — Sp + hv’ [www
6]. Phosphorescence is a process in which energy absorbed by a substance release

relatively slowly in the form of light [www 6].

Radiative and radionless deactivation processes of S; states occurs rapidly. Generally

fluorescence occurs much faster than phosphorescence [Schnabel, 1981].
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3.4 Photoageing of PP

Table 4. Factors affecting resistance of material to photodegradation [Grossetete, 2001]

UV + TEMPRERATURE + OXYGEN

PHOTODEGRADATION

Factors affecting photochemical behaviour of material

CHROMOPHORES CHEMICAL PHYSICAL
STRUCTURE STRUCTURE

Impurities Repeating units Crystallinity

Processing Molecular weight Orientation

Tacticity Crystal size

Ageing of a polymer material within its utilization induces a deterioration of its
mechanical properties. This oxidative ageing depends on many factors such as
environment conditions (UV, temperature, pollution); thermo-mechanical history

(processing of a sample) and material structure [ Grossetete, 2001].

3.4.1 Mechanism of polypropylene photo-oxidation: Radical mechanism

Without the stabilizers, PP in a form of the films, the plates or in the fibres exposed to the
common utilization outside conditions degrades readily and looses its mechanical
properties. The loss of the material properties results from numerous chain breakdowns
that than cause the modification of the chemical structure of macromolecules. The
formation of numerous oxidation products which are the result of the radical reaction is
evident from the polymer analysis. The radical reaction has three main phases which are

initiation, propagation, termination [Grossetete, 2001].
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In an oxidative reaction the products such as hydroperoxides and ketones are formed The
hydroperoxides are unstable (thermally and photocemically), they are simply decomposed.
Ketones are decomposed by incidence of sunlight according to Norrish type reaction I.
During the PP photo-oxidation some other photoproducts are detectable. Their presence
generally explains a complex structure of an absorption peak in the carbonyl area (between
1900 and 1600cm™). The lactones, perlactones, esters or peresters and carboxyl acids are

formed as the other products of photo-oxidation of PP [Grossetete, 2001].

3.5 Consequences of photo-oxidative degradation

3.5.1 Fissuring

Fissures develop in polymers which are subjected to outdoor exposure. An apparition of
the fissures is related to a process of photo- or thermo- degradation with defined irradiation
time and oxidation degree. Most of authors agree with location of fissuring initiation into

the amorphous phase of semicrystalline polymers [Grossetete, 2001].

According to Sarwade et al. [1999] an appearance of microfissures on the photo-oxidized
surface of polymer results from a chain scission. Free radicals can break away a hydrogen
atom from a macromolecular chain and form fragments which occupy larger extent than
the original macromolecule. This phenomenon causes stresses and deformations on the

polymer surface where the formation of the fissures starts [Grossetete, 2001].

According to Friedrich et al. [1983] photo-degradation causes creation of microzones that
are highly disarranged and oxidized. In these areas it is probable a formation of empty
microspaces. Migration of instable photoproducts and concentration of the empty
microspaces are becoming to be sufficient enough in order to inner initiative stresses cause
initiation of material cracking. The material cracking is influenced by temperature
parameters, deformation rate (during the applied stress) and material characteristics. It
concerns the transformation affecting the macromolecular orientation. Conditions of
injection moulding that influence directly a morphology cause creation of different types

of nets of fissures [Grossetete, 2001].

» In films fissures are formed according to spherulites rays;
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» on a surface of plates they are formed perpendicularly to the direction of injection

[Grossetete, 2001].

3.5.2 Influence of processing, irradiation and oxidation parameters

Conditions of processing which affect the physic structure directly and various
chromophores in the material play an important role in photo-degradation [Grossetete,

2001].

Oxidation process of polyolefins is controlled mainly by the amount of chromophores
which are present in material. However, the physique structure of PP that includes
crystallinity, molecular orientation and extent of spherulites affects the photo-oxidation as
well. Molecular weight distribution, crystallinity and molecular orientation affect mobility
of radicals and control the extension of the termination by recombination [Grossetete,

2001].

The photo-oxidation process essentially depends on an oxygen diffusion. The rate of the
oxygen diffusion decreases with increasing crystallinity and orientation of macromolecular
chains [Obadal, 2005]. For injection-moulded specimens (thick-walled articles)
determination of the degradation level is made more difficult because of the oxygen-
diffusion limited effect. If the rate of oxygen consumption exceeds the rate of oxygen
permeation, oxidation occurs in the surface layers whereas the core remains virtually
unoxidized. This effect is influenced by intrinsic parameters like reactivity of the polymer,
presence of chromophoric impurities or physical structure and external factors (i.e.
conditions of accelerated ageing or oxygen pressure) [Obadal et al., 2005]. From the
scheme of degradation profile depending on the polymer thickness it is perceptible that the
oxidation in the surface layers is more apparent than in the inside layers [Grossetete,

2001].

The irradiation conditions affect the stoichiometry and the rates of the formation of
oxidation products. Light intensity affects a mechanism of decomposition of
hydroperoxides with regard to stoichiometry of the photoproducts. The augmentation of
light intensity supports formation of esters and low molecular weight acids. Decreasing of
light intensity supports formation of carbonyls (1720 cm™) and carboxyl acids (1712 cm™).

This stoichiometry modification can be explain by accumulation of hydroperoxides which
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either decompose to form mostly acids or react with carbonyls to form esters [Grossetete,

2001].

3.5.3 Influence of crystallinity

Amorphous and crystalline phases affect diffusion of free radicals or oxygen into a
polymer. In an amorphous part of semicrystalline polymer oxygen molecules react with
free radicals from the beginning of their formation whereas they penetrate harder into a
crystalline phase. The radical formed in the crystalline part must diffuse on the crystallite

surface to react with oxygen [Grossetete, 2001].

Photo-oxidation of polyolefins induces changes of a crystallinity degree. It has been
proved that the crystallinity degree increases during photo-oxidation. It has been attributed
to a recrystallization that follows the chain scission. A recrystallization evokes an
apparition of small lamellas which are formed at the beginning of ageing process
[Grossetete, 2001]. But it is not sufficient to explain an increasing of density during
irradiation. Photoproducts such as acids and hydroperoxides aggregate in a polymer
matrix, thereby the amount of oxygen increases. As the photo-oxidation time increases a
number of photoproducts increases as well; so there is an irregularity of the PP
macromolecular chains which crystallize harder. An augmentation of density during
irradiation is, thus, influenced by recrystallisation when small lamellas which are formed
by branching appear; and by augmentation of oxygen amount. Oxidation products

accumulate in a polymer [Grossetete, 2001].
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4 ACCELERATED WEATHERING TESTS

Most data on the ageing of plastics are acquired through accelerated tests and actual
outdoor exposure. The latter is a time-consuming method; accelerated tests are often used
to expedite screening the sample with various combinations of additive levels and ratios. A
variety of light sources are used to simulate the natural sunlight. The artificial light sources
include carbon arc lamps, xenon arc lamps, fluorescent sun lamps, and mercury lamps.
These light sources, except the fluorescent, are capable of generating a much higher light

intensity than natural sunlight [Shan, 1998].

4.1 Accelerated ageing device — SEPAP 12.24

The SEPAP 12.24 is a device for performing accelerated tests in order to examine
photoageing of polymer materials. The behaviour of the material properties is observed as

a function of the duration of exposure [www 7].

The SEPAP 12.24 is the result of extensive studies carried out by the Photochemistry
Laboratory at the Blaise Pascal University (Clermont-Ferrand, France) in the field of
photoageing mechanisms of polymer materials. Prof. Lemaire from CNEP laboratory
(Centre National d’Evaluation de Photoprotection - A centre transferring the results of
fundamental research on organic materials ageings) invented SEPAP 12.24 weathering
device about 20 years ago. The SEPAP test is based on an ultra photo-oxidation
acceleration of polymer materials and was originally designed for testing of thin films (up

to 50 um) [www 8].

This unit makes possible to run accelerated photoageing tests under controlled conditions
relevant to natural ageing. It is strongly recommended to follow the chemical evolution of
the polymer compounds, either by analyzing the formation of chemical groups occurring
during the phototransformation of the matrix and the photooxidation process, or, by
analysing the evolution of the stabilizers. This test equipment allows to predict the lifetime
of polymer matrices as well as to develop either photostable or photochemically
degradable compounds. Thus, a rapid, non-destructive and highly relevant method is
implemented to study the complexity of phenomena involved in the photoageing process

[www 7].
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4.1.1 Components of SEPAP 12.24

The type of radiation used simulates the process of natural photoageing. The four mercury
vapour arc lamps with a borosilicate envelop emit intense light in the wavelength range
between 290 and 450 nm, thus providing a significant contribution to the accelerated
testing. The employed light sources provide a constant radiation level for a period of

approx. 4.000 hours as well as a uniform spectral distribution. [www 7].

The precise and air-permeable design of the sample carousel optimises air circulation and
thus temperature distribution on the surface of the samples. The rotating movement of the

carousel on which the samples are fixed guarantees uniform irradiation on their surfaces.

The SEPAP 12.24 allows for the simultaneous exposure of 24 or 48 samples (depending on
size). The temperature probe is in direct contact to one of them. For inserting the samples

the carousel is removed from the test chamber and mounted on a pedestal [www 7].

Figure 12. Accelerated ageing
device SEPAP 12.12 [www 7]

The temperature is controlled by the microprocessor which regulates the air input and the
heaters. The air flow produced by two fans guarantees a homogenous temperature
distribution on the sample surface. The Pt (Platinum) temperature sensor (4-wire design)
measures the temperature on the surface of the sample. The values are within a range of +

45 °C to + 80 °C, with a £ 2 °C accuracy [www 7].

In the most cases polymer oxidation is evaluated with infrared analysis by screening the

C=0 value [www 8].
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5 METHODS OF ANALYSIS

5.1 Infrared spectroscopy
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Figure 13. Infrared spectroscopy correlation table [www 9]

Infrared (IR) spectroscopy is subset of spectroscopy that deals with the infrared region of
the electromagnetic spectrum [www 9]. IR spectroscopy is very useful for qualitative
analysis (identification) of organic compounds because a unique spectrum is produced by

every organic substance with peaks corresponding to distinct structural features [www 10].

IR radiation is electromagnetic radiation in the wavelength range 0.78—1000 mm which
corresponds to the wave number range 12 800—10 cm™. The IR portion is usually divided
into near- (13000-4000 cm™), mid- (4000-200 cm™) and far-IR region (200—10cm™),
whereas most widely used is mid-IR region [www 11] (studying the fundamental

vibrations and associated rotational-vibrational structure [www 9]).

A beam of IR light is passed through a sample, and the amount of energy absorbed at each
wavelength is recorded [www 9]. In an output IR spectrum energy is plotted as a function

of a wavelength.

Energy is usually expressed as a Transmittance (T) or as an Absorbance (A). Energy
function on a wavelength is logarithmic, consequently a wave number is often used in the
place of a wavelength; a wave number is defined as a reciprocal value of a wavelength;

therefore the energy function on a wave number is linear [www 11].
A transmittance is a fraction of light intensities which passed trough a sample (I) to light

intensity coming out of a light source (Ip) and it denoted in percents.

I 0
T=—[%] (5.1.1)

0
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An absorbance is defined as minus common logarithm of transmittance [www 11].
A=-logT [-] (5.1.2)

IR radiation can only been absorbed by bonds within a molecule, if the radiation has
exactly the right energy to induce a vibration of the bond. This is the reason why only

specific wavelengths are absorbed [www 10].

Radiation is absorbed resulting in a series of peaks in the spectrum, which can then be used
to identify the sample. Peaks in the spectrum can be also used for quantitative analysis of
some organic compounds. A wavelength of light which has been absorbed is characteristic
of the chemical bond. Therefore, the chemical bonds in a molecule can be determined by
interpreting an IR absorption spectrum [www 12]. For example, a carbonyl group, C=0,
always absorbs infrared light at 1670—1780 cm™', which causes the carbonyl bond to stretch

[www 10].

5.1.1 Fourier transform infrared spectroscopy

It can be applied to a variety of types of spectroscopy including IR spectroscopy. Fourier
transform infrared spectroscopy (FTIR) is perhaps the most powerful tool for identifying

types of chemical bonds (functional groups) [www 12].

Measurement on the Fourier transform infrared spectrometer (FTIR spectrometer), is based
on the spectrum interference principle, thus it monitors interference of the beam of IR light
after IR radiation is passed trough the sample [www 11]. The amount of energy absorbed
at each wavelength is recorded and the spectra are collected [www 9]. FTIR spectrometers
uses Fourier transform mathematic method to obtain conventional transmission spectrum
[www 11]. Fourier transform instrument allows measuring of all wavelengths at once

[www 9].

FTIR can be used to identify chemicals from spills, paints, polymers, coatings, drugs, and
contaminants. FTIR spectra of pure compounds are generally so unique that they are like a

molecular "fingerprint" [www 13].


http://en.wikipedia.org/wiki/Fourier_transform
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5.1.1.1 Micro-infrared spectroscopy

Micro-infrared (p-IR) spectroscopy is an experimental arrangement in which IR
spectrometer is coupled with a microscope. This arrangement allows and examination of

the degradation profile [Obadal et al., 2005].

5.1.1.2 Attenuated total reflection infrared spectroscopy

Sample in contact

/ with evanescent wave

\ \ To Detector
Infrarad ATR

Beam Crystal

Figure 14. Attenuated total reflection infrared spectroscopy accessory

[www 13]

Attenuated Total Reflection (ATR) is a sampling technique used in conjunction with IR
spectroscopy which enables samples to be examined directly in a solid or liquid state
without further preparation. An ATR accessory operates by measuring changes that occurs
in a totally internally reflected IR beam when the beam comes into contact with a sample

as indicated in Figure 14 [www 14].

The IR beam is directed onto an optically dense crystal with a high refractive index at a
certain angle. This internal reflectance creates an evanescent wave that extends beyond a

surface of the crystal into a sample held in contact with the crystal [www 15].

In regions of an IR spectrum where the sample absorbs energy, the evanescent wave will
be attenuated or altered. The attenuated energy from each evanescent wave is passed to the
IR beam, which then exits the opposite end of the crystal and is passed to the detector in
the IR spectrometer [www 15]. The system then generates an IR spectrum [www 14]. The

penetration depth into the surface of the sample is in ones of mm [www 11].

The penetration depth (d,) into the surface of the sample depends on the IR wavelength
according to the Harrick equation [Suetaka, 1995]:
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d, :1/[2Hnl(sin2 ®—(n, /n,) )”2} .1)

where d, is the analysed thickness at the incidence wavelength 4; n; and n, are the

refractive indexes of the crystal and the sample, respectively; @ is the incidence angle.

For the technique to be successful the sample must be in direct contact with the ATR

crystal, because the evanescent wave only extends beyond the crystal 0.5 um—5 pm [www

14].

The refractive index of the crystal must be significantly greater than that of the sample or
else internal reflectance will not occur — the light will be transmitted rather that internally

reflected in the crystal [www 14].

Typically, ATR crystals have refractive index values between 2.38 and 4.01 at 2000 cm’.
It is safe to assume that the majority of solids and liquids have much lower refractive

indices [www 14].

ATR design is commonly horizontal in which a sample is clamped against a horizontal
face of the crystal. The crystal is a parallel — sided plate, typically about 5 cm by 1 cm,
with the upper surface exposed (see Figure 14). Number of reflections at each surface of
the crystal is usually between five and ten, depending on the length and thickness of the

crystal and the angle of incidence [www 14].
There are three types of ATR crystal materials — Zinc Selenide, Germanium and Diamond.

Zinc Selenide (ZnSe) and Germanium are by far the most common used. ZnSe is relatively
low cost ATR crystal material and is ideal for analysing liquids and non abrasive pates and
gels. But the ZnSe scratches quite easily and there is a problem with a working in the pH
range 5-9. Germanium has a much better working pH range and can be used to analyse

weak acids and alkalis [www 14].

In the case of a solid sample, generally, they are best analysed with diamond crystal
material. It is preferred because for its durability and robustness [www 14]. The solid
sample is pressed into direct contact with the crystal. The evanescent wave into the solid
sample is improved with a more intimate contact [www 15]. The original purchase cost is
obviously higher than that of other crystal materials available, but over the instrument’s
lifetime replacement costs should be minimal. The same cannot be said of Zinc Selenide or

Germanium, both of which can scratch and break wit improper use [www 14].



TBU in Zlin, Faculty of Technology 37

5.1.2 Comparison of ATR and FTIR spectroscopy

The optics involved in ATR is quite different from that used in the transmission
experiment. As a result, the IR spectrum of a sample obtained by ATR exhibits some
significant differences when compared to its transmission counterpart [Nunn and

Nishikida, 2003].

Some of these differences are desirable and have been used to considerable advantage. An
example of an advantage of ATR is that it is sensitive to the surface of the sample. As a
result, the technique has found utility in the characterization of coatings and the

identification of surface contaminants [Nunn and Nishikida, 2003].

Less desirable characteristic of ATR are its distortion of relative intensities of bands and
the introduction of a shift to lower frequencies. Therefore, these distortions create
problems when comparing spectra obtained by ATR and transmission, but the Advanced
ATR correction algorithm corrects for band intensity distortion and peak shifts [Nunn and

Nishikida, 2003].
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II. EXPERIMENTAL
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6 MATERIAL

The basic material used throughout this study was isotactic PP Mosten 58 412
manufactured by Chemopetrol Litvinov a.s., the Czech Republic. This polymer is intended

for preparing uniaxially oriented tapes and fibres.
Isotactic PP Mosten 58 412 is characterized by a melt flow index of 3 g/10min (2.16 kg,

230 °C, ISO 1133), a weigh-average molecular weigh approx. 320 000 (GPC) and an
isotacticity index of 98% (ISO 9113). The material contained a standard stabilization
package based on phenol-phosphite stabilization including Irganox 1010, Irganox 1076
and Irgafos 168 produce by Ciba Specilalty Chemicals Inc., Basel, Switzerland.
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7 SAMPLES PREPARATION

According to the mode of processing two types of samples were prepared. The processing

methods — compression-moulding and injection-moulding — were applied.

7.1 Compression-moulded samples

From polymer pellets films with thickness of approx. 80, 180, 400, 500 and 1000 pm was
compression-moulded. After 6-min pressing at 210°C each film was cooled at 60 °C for 8
min. From each compression-moulded film, rectangular specimen for IR, p-IR and ATR

spectroscopy measurements was cut.

Compression-moulded samples can be divided to three groups according to an analysing
method that was applied after irradiation. Groups, applied analysing methods and thickness

of analysed films are listed in Table 5.

Table 5. Groups of compression-moulded samples: Applied analysing methods and
thickness of analysed films

Group Method of analysing Thickness of analysed
films [pm]
1 FTIR spectroscopy 80, 180, 400, 500
2 p-IR spectroscopy 180, 400
3 ATR spectroscopy 1000

7.2 Injection-moulded samples

From the polymer pellets standard impact testing bars (4 x 10 x 80 mm) were injection-

moulded. The injection-moulded samples were prepared under processing conditions listed

in Table 6.
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Table 6. Processing conditions of the injection-moulded specimens

Mould temperature [°C] 60 | Holding time [s] 40
Injection pressure [MPa] 65 Cooling time [s] 15

Injection speed [mm/s] 33 Cycle time [s] 100
Holding pressure [MPa] L




TBU in Zlin, Faculty of Technology 42

8 ACCELERATED PHOTOAGEING

All samples of iPP were irradiated in a SEPAP 12.24 irradiation instrument at the

temperature of 60 °C. This instrument has been described in chapter 4.

8.1 Compression-moulded samples

A table of irradiation times that were applied on Groups 1, 2 and 3 is given in Table 7.

Table 7. Table of applied irradiation times and irradiation conditions

Group | Times of irradiation [hours]| Conditions of Analyzing
irradiation * method
1 24, 48, 60, 70.58, 83.58, 96,120 144,192 Non-covered (FTIR)
2 70 hours 35 minutes (70.58 h) Non-covered (u-IR)

From both specimens a slice of irradiated material of thickness 15 um was cut

perpendicularly to the oxidized surface using a microtome.

Degradation profile trough a sample was observed from the non-irradiated

side.

3 12, 24, 36, 60, 72, 96, 120, 132, 156, 172 | Covered (ATR)

(*) The conditions of irradiation say whether a back of the samples were covered by a

piece of black paper during the irradiation.

8.2 Injection-moulded samples

Table 8. Table of applied irradiation times and irradiation conditions for injection-

moulded samples

Sample | Times of irradiation [hours] Conditions of Analyzing

irradiation * method

Testing bar | 12, 24, 36, 60, 72, 96, 120, 132, 156, 172 Covered (ATR)
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9 ANALYSING METHODS AND DEVICES

Fourier transform infrared spectroscopy

Isotactic PP films of different thickness (in the range of 80—500 um) were first irradiated in
various irradiation times. Chemical changes for films were detected by FTIR spectroscopy.
Films were studied by a spectrometer NICOLET Magma IR 760 (nominal resolution 4 cm’

! 128 scans summation).

Attenuated total reflection infrared spectroscopy

Isotactic PP rectangular specimens were irradiated in various irradiation times. Samples
were studied by ATR monoreflexion SPECAC with diamond crystal (nominal resolution 4

-1 .
cm , 128 scans summation).

Micro-infrared microscopy

Irradiated iPP specimens were studied by a spectrometer NICOLET Magma IR 760
(nominal resolution 4 cm™, 128 scans summation) coupled with microscope NIC-PLAN.
This experimental arrangement is called a micro-infrared spectroscopy (u-IR). For these
purposes, slices 15 um thick were cut perpendiculary to the oxidized surface using

microtome.
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III. RESULT AND DISCUSSION
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10 PHOTOCHEMICAL BEHAVIOUR OF FILMS HAVING
DIFFERENT THICKNESS

The compression-moulded films with different thickness were exposed to UV radiation in
accelerated laboratory conditions. After each irradiation time all films were studied by

FTIR spectroscopy.

We obtained absorption spectra from which two absorption bands were the most important
for this experiment — a carbonyl absorption band (from 1700 to 1800 cm™) and a reference

absorption band (from 2700 to 2750 cm™).
The intensity of carbonyl absorption peak presents an amount of carbonyl photoproducts.

The shape of the carbonyl band is typically broad as it reflects several degradation

products.

The absorption bands are generally ascribed to carbonyl by-products as convolutions of
carboxylic acids, carbonyls, peresters and lactones [Cermék et al., 2005]. The evolution of

infrared spectra in the region of carbonyl absorption is presented in Figure 15.

Absorbance

= . T
1950 1900 1850 1800 1750 1700 1650 1600
Wavenumbers (cm-1)

Figure 15. FTIR changes on photo-oxidation of iPP film of thickness about 180 um in

carbonyl vibration area. Irradiation at . >300 nm at 60 °C from 0 to 192 h
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The reference absorption band associated with CH bending and CHj stretching is narrow,
and it is affected neither by photo-oxidation nor by varying crystallinity. Moreover, it is
not overlapped with other absorption bands. Therefore it is frequently used as reference.
The intensity of reference absorption peak is proportional to the thickness of a sample. In
Figure 16 the evolution of a reference and of a carbonyl absorption region of a film of

thickness of 180 pm from 0 to 192 h is shown.

Absorbance

Wavenumbers (cm-1)

Figure 16. Absorption bands in the reference and carbonyl absorption area of iPP

compression-moulded specimen of thickness 180 um in different times from 0 to 192 h

Infrared spectra, which were obtained, were analysed by Nicolet OMNIC software.

Because some photoproducts in the carbonyl absorption area can be formed not only under
direct experimental irradiation — they are formed in paucity in material in dependence on
processing and storage conditions before the experiment — therefore, the intensity of
carbonyl absorption peak in zero time was graphically — by using OMNIC software —

subtracted from the intensity of carbonyl absorption peak in defined time:

Ao =Acp (t = xhours)— Ao (t = Ohours) (11.1)
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The result of the subtraction was used in Eq. 11.2 as the intensity of carbonyl absorption
peak Aco. Therefore, Aco is in fact proportional to the amount of carbonyl photoproducts,

which were formed only under irradiation at the experiment.

In Figure 17 the intensities of carbonyl absorption peaks Aco (after subtraction) for various

thicknesses of films are plotted as a function of irradiation time.
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25 A 250 um
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27 —0—500 um
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Figure 17. Intensity of carbonyl absorption peaks plotted as a function of ageing time
In Figure 17 no influence of the thickness is observed until about 24 h.

After 24 hours the kinetics of formation of carbonyl photoproducts of thin films is quite
different from these of thick films. Significantly lower concentration of photoproducts in
thin film can be assigned to lower portion of material that can undergo degradation

process.
However, in general no influence of thickness of films is perceptible from Figure 17.

After 192 h of exposure, the thin film absorbance measured at 1720 cm™ is divided by 2

and more in comparison with thick films as listed Table 9.



TBU in Zlin, Faculty of Technology 48

Table 9. Absorbance measured at 1720 cm™ versus specimen thickness during photo-

oxidation after 192 h

Thickness 80 um 180 um 250 um 400 pm 500 pm

Absorbance 0.852 1.925 2 2.229 2.406

For quantified description of the degradation process the carbonyl index was used. It was
calculated as the intensity of the carbonyl absorption peak Aco (at 1720 cm™) related to the
intensity of a reference peak Acy (2750 cm™) as it is defined in Eq. 11.2:

A
Carbonyl index = —<2 (11.2)

CH(ref)

Figure 18 shows kinetic curves of the formation of carbonyl products upon photo-

oxidation of iPP films of different thickness.
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Figure 18. Effect of UV exposure on the carbonyl index of iPP films of different thickness

First, the induction period (defined as the time-lag during no photo-products is detected)

seems to be similar and the initial oxidation rate appears to be independent of the film
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thickness. After 24 hours the radical reaction accelerates and the differences between

degradability of films of different thickness begin to be apparent.

The carbonyl absorption data become strongly thickness-dependent through the

degradation period (after about 48 h of irradiation).
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11 DEGRADATION PROFILE

Micro-infrared spectroscopy allows an examination of a degradation profile of thicker

specimens, i. €. to define distribution of carbonyl photoproducts as a function of thickness.

Nevertheless, an analysis of first microns of specimens was difficult to provide because of
consequences of oxidation and a microtome cut. The cut made by a microtome causes

propagation of fissures and avulsion of first oxidized layers.
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Figure 19. The effect of UV irradiation (approx. 70.5 h) and thickness on degradation
profile of iPP specimens

Figure 19 shows the degradation profiles of iPP compression-moulded specimens and their
relation to the thickness. Two samples of thickness 180 and 400 pum irradiated for approx.
70.5 h and after they were be observed by p-IR spectroscopy from non-irradiated side.

Data were received directly from spectrometer NICOLET coupled with microscope NIC-

PLAN.
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Generally, a degradation profile shows how level of degradation, expressed by carbonyl
index (i. e. an amount of photoproducts), is changed in dependence on thickness of

specimen (1. e. through cross section of specimen).

In Figure 19 it can be seen that the oxidation in the surface layers is more apparent than
that in the innermost layers. The carbonyl index decreases equally on both sides of
specimen with increasing distance from the surface. In the centre area of the specimens the
carbonyl indexes are the least significant. The photodegradation in the surface layers

occurs more intensively than in the innermost layers.

As can be observed in Figure 19, the degradation profiles confirm heterogeneous

distribution of carbonyl photoproducts.

From Figure 19 it is also apparent that the level of degradation drops with increasing
specimen thickness. It results from an equation of carbonyl index where intensity of
reference peak is dependent on thickness. Therefore, the influence of thickness is apparent
if carbonyl index of specimens with different thickness are compared. It is possible to say
that thicker specimen is less degraded towards its thickness than thinner specimen after
same time of irradiation. It confirms the fact that the thickness of the specimen influence a

lifetime of material.

As mentioned in the theoretical background, photodegradation is diffusion controlled and
the oxidation rate increases with increasing oxygen permeability through the material. This
process is significantly influenced by structural characteristics, in particular degree of
crystallinity and molecular orientation. Therefore, the degradation profiles are subjected to
the rules of oxygen diffusion and, thus, dependent on numerous material parameters such
as permeability (morphology, chains orientation, crystallinity or structure of amorphous

regions).
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12 PROCESSING-INDUCED MORPHOLGY

Isotactic PP specimens were exposed to UV irradiation. We investigated how mode of
processing affects photochemical behaviour of an injection-moulded (testing bar 4 x 10 x
80 mm) and a compression-moulded (film of 1000 pum) specimens. To investigate the

surface layers, degradation extent was measured by ATR.
Obtained spectra were evaluated in the same way as spectra in a preceding experiment.

For intensity of carbonyl absorption peak a graphical subtraction was made as defined by
Eq. 11.1. Degradation was characterized by carbonyl index that was calculated according

to Eq. 11.2.

The evolution of IR spectra in the region of carbonyl absorption (1700-1800 cm™) is

presented in Figure 20.
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Figure 20. FTIR changes on photo-oxidation of iPP film of thickess about 1000 um in
carbonyl vibration area. Irradiation at A >300 nm at 60 °C from 0 to 172 h. Spectra are

displayed after subtraction in ascending order from 24 to 172h.
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Figure 21. Effect of UV exposure on carbonyl index of compression- and injection-

moulded specimen

Figure 21 shows the effect of the ageing on carbonyl index of compression- and injection-
moulded specimens. What can be seen are different effects of UV radiation on the
specimens. These different effects of UV exposure can be explained by different structural
arrangements resulting from the mode of processing. The difference in crystal structure

causes various photochemical behaviour during photo-degradation.

As described before in chapter 1.5 the flow effects during mould filling and thermo-
dynamical gradients during solidification of the melt play a primary role during a
formation of typical compression- or injection-moulded structure. Injection-moulded
specimens possess a trilayer structure consisting of the non-spherulitic oriented skin, the
intermediate region with conically shaped spherulites and the core with developed
spherulities. The supermolecular architecture through the sample of compression-moulded
polymer consists of two regions. For upper layer, cooling can lead to form conical

spherulites. The innermost layer of specimen contains non-deformed spherulites.
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Although both specimens were cooled at 60 °C, in the compression-moulded specimen
cooling is slower. Temperature of a mould decreases slowly to 60 °C. Chains have more
time to order, whereas chains in injection-moulded specimen are cooled immediately while

touching the mould.

As it is evident from Figure 21, the effect of UV-exposure is substantially more
pronounced for injection-moulded specimen and particularly evident at higher ageing
times. Higher degradability of the injection-moulded sample reflects its particular

morphology of surface layer, which is induced by flow during mould filling.

As oxygen diffusion to the polymer matrix controls a rate of photo-degradation process,
the oriented surface layer of injection-moulded specimen probably simplifies oxygen

diffusion.

As we supposed the surface layer of the sample which was injection-moulded is less stable

under ultraviolet irradiation than that of the compression-moulded sample.

It can be assumed that processing and thermo-mechanical conditions during moulding of
polymer significantly affect the structural development of polymers, and subsequently their

susceptibility to photo-oxidation.
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CONCLUSION

Isotactic polypropylene is one of the most common semicrystalline thermoplastics that
exposed to UV-light tend to photo-oxidize. This master thesis deals with the effect of
physical factors such as thickness or mode of processing on photochemical behaviour of
isotactic polypropylene Mosten 58 412. Analysis of degradation profile was performed to

confirm or disconfirm a hypothesis that the photo-oxidation occurs homogeneously.

An influence of thickness of irradiated compression-moulded specimens was investigated
by Fourier transform infrared spectroscopy. It was found that an influence of thickness of
analysed films on photo-oxidation is evident only if a level of degradation is expressed as
carbonyl index. Actually, it means that the value of carbonyl index depends on material
thickness. If the level of degradation is expressed as the intensity of carbonyl absorption
peak the extent of degradation is not dependent on thickness. However, the thinnest film of
80 um become to be less degraded after certain irradiation time. This is caused by total
oxidation of specimen. Thus, it can be assumed that the thickness does not have direct

influence on the extent of degradation.

A degradation profile was analysed by micro-infrared spectroscopy on irradiated
compression-moulded specimens. The degradation profiles confirm heterogeneous

distribution of carbonyl photoproducts through a cross section of the sample.

An influence of mode of processing was investigated by attenuated total reflection infrared
spectroscopy by analysis of the surface layers of compression- and injection-moulded
samples. It is recognized that the mode of processing and thermo-mechanical conditions
during moulding of polymer significantly affect the structural development of polymers.
Consequently, their susceptibility to photo-oxidation is affected. It was found that the
surface layer of the sample which was injection-moulded is less stable under ultraviolet

irradiation than that of the compression-moulded sample.
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LIST OF SYMBOLS AND SHORTCUTS

PP Polypropylene

PP Isotactic polypropylene

aPP Atactic polypropylene

sPP Syndiotactic polypropylene

Tm [°C] Melting temperature

A [m] Wavelength

¢ [m/s] Speed og light

h [J.s] Planck’s constant

E [J] Energy of photon

So Ground state of molecule

Sy Excited state of molecule

T, Triplet state of molecule

IR Infrared

I[-] Intensity of light passed through the sample
Io[-] Intensity of light coming out of the source
T [%] Trasmittance

A -] Absorbance

FTIR Fourier transform infrared spectroscopy
ATR Attenuated total reflection spectroscopy
p-IR Micro-infrared

dp [pm] Analysed thickness

n [-] Refractive index of a crystal

ny [-] Refractive index of a sample

D [°] Incidence angle
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