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ABSTRACT

The aim of this Master thesis is to study the é¢feé@-nucleating/clarifying agent on
photodegradation of polypropylene. Samples of polgglene with different amounts of
commercial a-nucleating agent Millad 3988 based on 1,3;2,43ps(
dimethylbenzylidene)sorbitol were exposed to the-fddfiation for several exposition
durations and then examined by several methods. cHamges in the samples were
monitored by infrared spectroscopy, X-ray scattgratifferential scanning calorimetry and
optical microscopy. It was found thainucleating agent Millad 3988 does not significantl
influence the extent of photooxidation. Howevemffects the course of oxidation, mainly

the formation of the cracks on the surface of Hraes.

ANOTACE

Cilem této diplomové prace je studium vlisenukleaniho ¢inidla na fotodegradaci
polypropylenu. Vzorky polypropylenu éanym obsahenmu-nukleaniho ¢inidla Millad
3988 na bazi 1,3;2,4-bis(3,4-dimethylbenzyliderhgotu byly vystaveny UV zé&ni
v riznych¢asovych intervalech a naslédonkoumany iiznymi metodami. Zrny, které se
vyskytly ve vzorcich, byly sledovany infrarvenou spektroskopii, rentgenovou difrakci,
diferencialni skenovaci kalorimetrii a optickou noigkopii. Bylo zjiS¥no, Ze pouZitio-
nuklea&niho ¢inidla Millad 3988 nema zasadni vliv na rozsah éxidace. Ovliviuje vSak

priabéh oxidace, a to zejména vznik trhlin na povrchurkio
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INTRODUCTION

Polymers are relatively new class of materials.yThave been developed to take
place of some natural materials for their speqifioperties. Initially the polymers were
produced without the exhaustive knowledge of theaperties. The result was the financial
loss, which inspired distrust to this material. Qrighe causes of ineffectual applications
of polymeric materials was the bad knowledge ofrthesistance in their surrounding
environment. The plastics are not suitable forthersal use. The applicability depends
on their chemical composition, structure, the amamd the composition of the fillers,
impurities and admixtures. The way of processindyengsical composition and

specifications of the environment have to be atstsered.

This Master thesis is addressed to photodegradafiennucleated polypropylene.
Polypropylene belongs to the group of polyolefimgjich represent quantitatively the
greatest group of synthetic polymers. Isotacticypapylene (iPP) is one of the most
important semicrystalline polymers. This polymehigxs excellent chemical resistance,
low density, relatively high tensile strength anghhmelting pointPolypropylene is called
as polymorphic material. By using varied preparatiprocedures iPP exhibits four
morphological forms on the crystal lattiae:(monoclinic),B (trigonal),y (orthorhombic)

and smectic.

Isotactic polypropylene is frequently used for e applications. However, the
sunlight radiation, with connection with other weat conditions like temperature or
humidity, strongly influences durability of polygglene and its useful properties. The loss
of these properties is the reason of lifetime deseeof polypropylene products. Therefore,

the study of degradation and possibilities of@isrdation are on a main interest.

Specific nucleation of PP lynucleating agent is used to reduce processingtone
to improve properties of polypropylene, especidfiytransparency. The-nucleation of PP
is described in many papers [e. g. 1, 2]. It hankeund that the commerciainucleating

agent Millad 3988 which is used in this study, eastive to thermal degradation [3]. On
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the other hand, nearly no interest is focused eretfect of Millad 3988 on photooxidative

degradation of polypropylene [4].

The aim of this Master thesis is to study the ¢fté@-nucleating/clarifying agent on
photodegradation of polypropylene. This work comegaand describes the process of
fotodegradation of iPP samples with different amtewf commerciab-nucleating agent
Millad 3988. The specimens were prepared via cosgwa moulding and subsequently,
the specimens were exposed to UV-light in accaeddraigeing device. The extent of
photooxidation was measured using infrared spemtms X-ray scattering, differential

scanning calorimetry and optical microscopy.



TBU in Zlin, Faculty of Technology

10

|. THEORETICAL PART



TBU in Zlin, Faculty of Technology 11

1 POLYPROPYLENE

Polypropylene is one of the most often used syrtipetlymers, especially due to its
good availability and low price. The worldwide cangption of polypropylene occupies
third place among commodity plastics, after lowsign polyethylene and

polyvinylchloride but before high-density polyetagke and polystyrene [5].

Moreover, polypropylene is very well processed hyiaus technological processes
and it has useful properties. It is a linear hydrbon polyolefin or saturated polymer. This
material was introduced to the large scale prodadt 1957 as a plastic and fibre forming

material [6].

1.1 Polymerization

As early as 1869 propylene was polymerized by Réothby reaction with
concentrated sulphuric acid. The resulting visamysat room temperature, did not exhibit
interesting properties for industrial applicatidts. industrial importance results from the
appearance of crystalline high molecular weight ypapylene, which was first
polymerized in 1955 by Natta from organo-metalliatatysts based on titanium and
aluminium (Fig. 1.1). The resulting semi-crystadlirpolymer has strong mechanical

properties which explain its rapid industrial dephent.

H H Zieglar-Natta H H
W g polymerization |
o= - —+Cc—Cc+
r n
H \CH or retallocene | |
3 catalysis H CH;
propylene

polypropylene
Fig. 1.1: Polymerization of propylene [7]

The monomer for PP production is obtained by tlaeling of petroleum products,
such as natural gas or light oils. For the prepamabf polypropylene the £fraction
(propylene and propane) is the basic intermediateiacan be separated from the other

gases without undue difficulty by fractional dikstilon. Polypropylene is then prepared
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using Ziegler-type catalysts or metallocene cataligg a polymerization. A typical catalyst
system may be prepared by reacting titanium triatddo with aluminium triethyl,

aluminium tributyl or aluminium diethyl monochlogdn naphtha under nitrogen to form
slurry consisting of about 10 % catalyst and 90 &bhtha. The properties of the polymer

are strongly dependent on the catalyst compositiwhits particle shape and size [8].

1.2 Structure

Polymerization of the non-symmetrical propylene @cale leads to three possible
sequences: head-to-head, head-to-tail and tadltofihe steric effect of the methyl group
highly favours the head-to-tail sequence, whictegia high chemical regularity of the PP
chain [9].

Three stereo-configurations of polypropylene arevkm isotactic, syndiotactic and

atactic (Fig. 1.2).

lantaciac

SRR o8
CH)~ F):@“‘}:fcn Hy— QEHL

N
AL
(cny) (ch) /

. @ (CH, () @
7/ X : J: Y
E)={oR= ===~ {on)- )
b CH, n

.
=i

Atactic (Fandom)

Fig. 1.2: Stereo-configurations of propylene seaasn
a) isotactic; b) syndiotactic; c) atactic [10]

1.2.1 Isotactic polypropylene

In isotactic polypropylene (iPP), the most commommercial form, pendant methyl

groups are all in the same configuration and arthersame side of the polymer chain [10].
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Due to its tacticity, iPP is the most stereo-reguimuctured polypropylene when
compared to atactic and syndiotactic polypropylené thus higher degree of crystallinity
(60-70 %) is involved. Increased crystallinity d? lPesults in good mechanical properties
such as stiffness and tensile strength. This allge$/propylene to be used as a

replacement for engineered thermoplastics, su&B&s[12].

Molecules of polypropylene cannot crystallize iplanar zigzag form because of the
steric hindrance of the methyl group, but crystallin a helix, with three molecules being
required for one turn of the helix [8]. The heliancbe either right- or left-handed, with a
periodicity of 0.65 nm. The position of the metlgybup with respect to the chain axis can

be either up or down [11].

1.2.2 Syndiotactic polypropylene

Syndiotactic polypropylene (sPP) is defined by mietimoups arranged alternatively
on both side of the zigzag chain, and it is obthibg alternative addition of the two
stereoisomeric configuration form of propylene mmeo. In the early 1990s syndiotactic
polypropylene became available from a number ofrsuand were joined in the late

1990s by Dow using metallocene catalyst system3][8,

Sequence for each syndiotactic unit sets up a hatix two syndiotactic units per
turn with a period of 0.74 nm. The stable structofesPP has a unit cell which includes
two left- and two right-handed helices in a regwliernation along both thee and theb
axis. In real crystals the regular left-right paxkiis often dislocated, leading to lattice
disorder. This disorder is known to increase widtrdasing crystallization temperature
(Te). Syndiotactic polypropylene forms both hedritesl apherulites, depending on the
Going to lowerT,, an increasing tendency of branching and splagingrowing lamellae

continuously changes the hedrites into spherylitép

Interest in this material is a consequence of asspssing greater toughness, clarity
and heat resistance (softening point) than corredipg isotactic polypropylene [8].
Syndiotactic polypropylene finally found the apglion in adhesives, caulks, and cable-

filling compounds [7].
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1.2.3 Atactic polypropylene

Atactic or amorphous polypropylene (aPP) is charastd by a random steric
orientation of the methyl pendant groups on theatgr carbon atoms along the molecular
chain. The random sequence of these methyl substguis linked to an atactic
configuration. Due to its fully amorphous natur@®Pais easy soluble (even at ambient
temperatures) in a great number of aliphatic amenatic hydrocarbons, esters and other

solvents in contrast to the isotactic PP of sersiatiine feature [13].

Generally atactic polymers are characterized by theky, amorphous behaviour and
low molecular weights. Atactic portion provide theme effect as a plasticizer, by reducing
the crystallinity of the polypropylene. A small aombd of atactic polymers in the final
polymer can be used to improve certain mechanicglgsties. This provides properties to
the final polymer, such as improved low temperatyrerformance, elongation,
processability and optical properties (transpargnbyt sacrifices flexural modulus or

stiffness, and long-term heat ageing properties [7]

Most polymers are predominantly isotactic, with Braaounts of atactic polymer.
New metallocene catalysts make possible other ateemical configurations, such as
hemiisotactic polypropylene. In this configuratidine most pendants methyl groups are on
the same side of the polypropylene chain, as itacsic polypropylene; however, other

methyl groups are inserted at regular intervaltheropposite side of the chain [10].

1.3 Morphology

On the crystal lattice level, iPP exhibits thredfedent morphological forms:
a (monoclinic),p (trigonal) andy (orthorhombic), distinguished by the arrangemdrhe
chains. Another form of iPP with a degree of ordetween crystalline and amorphous
phases is a smectic form. Preparation of these sfodepends on the crystallization
conditions, such as pressure, temperature, cooditegand addition of nucleating agents
[10, 11].
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1.3.1 a-form

The predominant crystal structure of pure isotapitypropylene at atmospheric
pressure is the monoclinicstructure.The equilibrium melting temperature of thdorm
of iPP crystalsT..) was reported between 186 and 209C [11, 15].Turner-Jones et al.
calculated the parameters of a unit cell, whichtaiois four three-fold helical chains, and
found: a = 0.666 nm, b = 2.078 nm, ¢ = 0.6495 fAins, 99.62° anda =y = 90°. The
number of repeating units involved in each unit celtwelve, and the crystallographic

density is 0.946 g.cth[16]. A model ofa-form crystal structure is schemed in Fig. 1.3.1.

Fig. 1.3.1: Crystal structure af-phase of iPP [13]

Polymer chains in the-phase form a helical structure in a monoclinic weil, and
fold into lamellae with thicknesses of 5-20 nm. Radrowth of lamellae is dominant;
however, lamellae can also associate tangentiaitis, the tangential lamella branching off
approximately orthogonally from the plane of theliah lamellae. This forms a cross-
hatched structure in the lamellae, which aggregaterm spherulites [8]. The-form of

IPP exhibits three types of spherulites [11]:

1. Positive birefringence spheruliteg)(can be developed at an isothermal crystallization
temperature below 13Z;

2. Negative birefringence spheruliteg ) can be prepared at a temperature greater than
138°C;

3. Mixed birefringence spherulites){) can be observed at any temperature up to°C50
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The lamellar structure produces positive, negatisad mixed birefringence.
Negative birefringence results from spherulitegvimch radial lamella are dominant, while
positive birefringence is due to spherulites witedgominantly tangential lamellae. Both
negatively and positively birefringent spherulittBm a Maltese cross pattern under
crossed polarizers. In spherulites with mixed bingence, neither tangential nor radial
lamellae are predominant, and a distinct Maltess<cis not formed. The birefringence
changes from positive to negative with increasimgstallization temperature, as the
tangential lamellae undergo premelting. Tdiphase of isotactic polypropylene is the

primary phase of polypropylene obtained under upt@dessing conditions [8].

1.3.2 p-form

The B-modification of IPP was firstly identified in 1958y Keith et al. In the
crystallization of conventional iPP grades, a snathount of 3-modification occurs
sporadically at high supercoolingg. & 130°C) or in quenched samples. However, under
special crystallization conditions, when the terapgne gradient method is used or when
selective 3-nucleating agents are present a high amourf-wfodification is produced
(B-iPP i.e. iPP with dominari-structure). The most widespread high acfiveucleating
agent is a--quinacridone red pigment. Some two-component cam@e obtained by the
reactions of certain organic acids with CaC@lso possess a very highnucleating
activity. The -modification of iPP has a trigonal unit cell stiwe, with more disorder
than thea-modification (Fig. 1.3.2) [10, 17].

The parallel, stacked lamella does not show crasshing. Lamella has been
observed to form sheaf-like spherulitic structuséth interconnected boundaries, different
from the distinct boundaries afmodification spherulites. The derivation of thetuell of
the B-modification has been attempted by many reseasclemore satisfactory model of
the unit cell is the trigonal, which contains thisechiral helices with a = b = 1.101 nm
and ¢ = 0.65 nnp = 0.92 g.crit [18].
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Fig. 1.3.2: Crystal structure gf-phase of iPP [13]

The B-form exhibits negative birefringence under crosgeldrizers and can convert

to thea-form on slow heating. Two types Pfspherulites were developed [11]:

1. Negative radiaB-spherulites, which grow below 12€;

2. Negative ringef-spherulites which are observed between 128 and@35

Some properties of-iPP differ significantly from those o#é-iPP except glass
temperature, which is identical. In comparison witlPP, B-iPP possesses lower crystal
density, melting temperature and fusion enthalgye €hemical resistance pfiPP seems
to be lower than ofi-iPP. The impact strength and toughnes$-tPP exceed those of
a-iPP, but at the other hand, it has a lower eligtrnodulus and yield stress tharPP
[18].

1.3.3 y-form

This form was discovered in 1961 by Addink & Bemte[19]. It was produced by
crystallization at elevated pressures from higheowlar weight homopolymer [11]. The
y-form predominates when the pressure during thstatyzation is higher than 200 MPa.
Other procedure which leads to the growth of tbignfis crystallization from the melt of

high molecular weight stereoblock copolymer witheimmmounts of ethylene or but-1-ene.
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The crystal structure and unit cell geometry of y#ferm in iPP are known only
approximately, and bear strong resemblance to tbbdeea-form. They-form was firstly
identified as triclinic [15]. By contrast, the calructure proposed by Brickner et al. has a
face-centered orthorhombic unit cell with paranmsetar= 0.85 nm, b = 0.993 nm and
c = 4.241 nm containing isochiral helices (Fig. .3)3 It is unique in polymer
crystallography: the chain axes in adjacent crysgers are not parallel. The angle
between the chain stems is about’80rhe density of-form is the same as the density of
a-form [11, 13].

Fig. 1.3.3: Four unit cells of themodification of iPP
according to the nonparallel chain packing model of
Meille et al. [20]

On the spherulitic level, puneform shows negative birefringence, lathlike stanet
of the a-form is absent in thg-spherulites. The melting point of theform is mostly

reported in the range of 125 to 1%0 for low molecular weight samples. In the case of
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pressure-crystallized samples of high moleculagteiPP, the melting occurs above 150

°C [11].

1.3.4 Smectic form

The mesomorphic or smectic form of polypropyleneaisnoncrystalline phase,
intermediate in order between crystalline and ammows forms. Early experiments
indicated that this form might be a paracrystallipiease resulting from deformed or
distorted lattice structures. Examples of lattieéedts include atoms forced out of normal
lattice or unit cell positions due to surroundimgaaphous material, changes in polymer
chain folding, presence of atoms of foreign matenahe lattice, and screw dislocations
that disrupt the spherulite structure by initiatiagnellar growth in an irregular location.
Polymer chains have been shown to form helicaksires, but the unit cell and lamellar
structures have not yet been well resolved. Exparisindicate a lack of lamellar order in
addition to a low density and small size of ordesdctures. These characteristics result in

high clarity, useful in quenched film applicatidi®)].

1.4 Properties

Commercial PP is 90-95 % isotactic. The averageeoutdr weights of iPP are in
range M, = 38 000-60 000 g.mdl and M,, = 220 000-700 000 g.nmblwith a
polydispersity of 6-12. The crystalline regions éaa density of 0.94 g/chmand the
amorphous regions have a density of 0.85 {yau that overall, PP has a density about
0.90 g/cni with a crystallinity of about 50 %. PP melts may guenched to give an
amorphous polymer. The maximum melting temperaftisgvalue is 165 °C with narrow
(about 5 °C) melting range, so that PP softens @irsiderably higher temperature than
polyethylene (PE). Its major amorphous transitisrat about 0 °C so that the polymer

embrittles markedly on cooling [7].

PP is stiffer than PE, having a tensile modulud @00-1 300 MPa and a tensile
strength of 25-35 MPa. Its elongation at breakOs3®0 % and its impact strength (1zod)
is 0.3—4.3 J. Polypropylene is highly solvent resis and environmental stress cracking

resistant. It has very high electrical resistividowever, the presence of a tertiary carbon
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on each repeated unit makes it very susceptibtxittative degradation. Although usually
opaque, thin film, especially if biaxially orientechay show a sparkling degree of clarity.
Unaxially oriented film may be readily split in thtBrection of orientation to give tape,

twine or fibres [7].

Mechanical properties of PP are strongly dependenits crystallinity. Increasing
crystallinity enhances stiffness, yield stress, diedural strength, however, decreases
toughness and impact strength [10]. Some propesfiesmmercial PP are summarized in
Table 1.1.

Table 1.1: Some mechanical and thermal propertiemmercial polypropylenes

Property Test method Homopolymers Copolymers
Melt flow index
(/10 min) (a) 3.0 0.7 0.2 3.0 0.2
Tensile strength (MPa) (b) 34 3( 29 29 25
Elongation at break (%) (b) 350 11p 175 A4( 240
Flexural modulus (MPa) O 1310 1170 1100 1290 | 1030

Brittleness temperature ICI/ASTM

(°C) D.476 15 0 0 -15 -20
Vicat softening point (°C) BS 2782 145-150 148 148 148 147
Rockwell hardness O 950 | 90.0| 90.0 950/ 885
(R-scale)

Impact strength (J) (c)135 34.0 46.0 46.0 571.5 [

(a) Standard polyethylene grader: load 2.16 KB8at°C
('b) Straining rate 18 in/min
( ¢) Falling weight test on 14 in diameter mouldeavls at 20 °C

1.5 Applications

Polypropylene has many applications. Injection-nmgdapplications cover a broad
range from automotive uses such as dome lightk pénels, and car battery cases to
luggage and washing machine parts. Filled PP carsee in automotive applications such
as mounts and engine covers. Elastomer-modifiedsRRBed in the automotive area for
bumpers, fascia panels, and radiator grills. Slotbare another application for these
materials. Structural foams, prepared with glaksefiPP, are used in the outer tank of
washing machines. New grades of high-flow PPs oe/img manufacturers to mold high-

performance housewares. Polypropylene films ared use a variety of packaging
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applications. Both oriented and non-oriented films used. Film tapes are used for carpet
backing and sacks. Foamed sheet is used in a waoktapplications including
thermoformed packaging. Fibers are another impbrégplication for polypropylene,
particularly in carpeting because of its low castl avear resistance. Fibers prepared from

polypropylene are used in both woven and non-wdabkrics [21].
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2 NUCLEATION

Primary nucleation is the precursor of crystal gtownd of overall crystallization
processes. Crystallization in polypropylene stattseeds which pre-exist or are formed in
molten PP. Seeds give rise to crystal lamellae hvgiow then radially to form discs or
spheres, forming crystalline aggregates called rsiitess. At later stages, growing
spherulites impinge and form a spherulitic struetufhe classical concept of crystal
nucleation is based on the assumption that fluctaatin the supercooled phase can

overcome the energy barrier at the surface of tystal [13].

The crystallization of iPP from melt could be enteoh in the temperature region
where heterogeneous nucleation is observed by gddime extra heterogeneous nuclei.
The interest in such procedure was stimulated Qustrial efforts to decrease the size of
spherulites for improvement of transparency andhaeical properties. By adding finely
subdivided foreign material, it was shown that dsliliquids, and even gas bubbles, are
able to nucleate PP spherulites [9]. The additibmuxleating agents provides a large
number of sites for the initiation of crystallizati, so that spherulites formed are smaller
and more numerous than in unnucleated polypropyledecleation increases the

crystallization temperature and the rate of crligition [10].

Nucleated materials have usually higher tensilensgtih, stiffness, flexural module
and heat deflection temperatures than unnucleatgdrials, but impact strength is lower
[6]. The high levels of crystallinity can resultieduced tolerance to radiation sterilization
as compared to unnucleated polypropylene, andfteetigeness of hindered amine light
stabilizers and other stabilizing additives canréduced. Clarity is enhanced due to the
increased cooling rate and the decreased sphesigite which reduces the scattering of
light as it passes through the material. Smalléreggdites can reduce warpage in some

applications and can provide a harder, more stsisteat surface [10].

Nucleating agents used in polypropylene includeb@aylic acid salts, benzyl
sorbitols, and salts of organic phosphates. Alls¢henucleating agents cause the
crystallization into monoclinica-phase. Carboxylic acid salts provide limited diari

enhancement but do enhance the mechanical prapbytian increase in the crystallization
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rate. Dibenzylidene sorbitols reduce crystal siaerdhtically, resulting in greatly improved

clarity. Benzyl sorbitols can result in odor geniera during processing which produces
odor in the finished part. Pigments, such as pb#yanine blue and green and phthalyl
blue, and mineral fillers such as talc can alscagahucleating agents, although talc is not

taken as effective [8].

Sorbitol-based nucleators provide significant iny@mment over conventional
nucleating agents in both nucleating efficiency aladity. The most common examples of
this type are 1,2,3,4-bis-dibenzylidene sorbitol B and
1,2,3,4-bis-f-methoxybenzylidene) sorbitol (DOS). The major dvaek of DBS is its fast
evaporation rate during processing. Modified stites of DBS such as 1,2,3,4-bis-(
methylbenzylidene) sorbitol (MDBS) and 1,2,3,4-(8s4-dimethylbenzylidene) sorbitol
have been developed to solve this problem and iweptbe nucleating efficiency. The
sorbitol derivative 1,2,3,4-bis-(3,4-dimethylbendghe) sorbitol (DMDBS), commercially
known as Millad 3988, is the most successful gfarg agent (Fig. 2.1[R9].

Fig. 2.1: Three-dimensional optimalization of DMDRE&emical
structure [29]

Unlike the dispersion-type nucleators, it dissolueghe molten PP and disperses
uniformly in the matrix. When the PP cools, theleator first crystallizes in the form of a
three-dimensional fibrillar network of nanometriameénsions. The nanoscale fibril
network serves as nucleating sites for PP, duts large surface area, leading to enhanced

nucleation of small polymer crystd29].
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3 PHOTODEGRADATION

Polyolefins are often used for outdoor applicatioBy virtue of the weather
conditions, the material age and change its prgseembrittiement, cracking of the
surface, color changes, decrease of the mechdemtaires etc.) Weathering of polymers
may be caused by various factors as for examplehamical stress, oxidation, heat- or
biodegradation. One of the most severe factorsriboing to degradation is ultraviolet

radiation.

The process of the degradation caused by solatiawlj usually ultraviolet radiation
(UV) is called UV-degradation or photodegradati@unsidering the mechanism and the
conditions of the reactions the oxygen takes pladeed, when gear the reactions. That
means that in normal conditions when the polymees wsed the provisions for the
degradation caused by the UV-light and the oxyggether have to be made. This type of
degradation is called photooxidative degradationo{poxidation). A lot of polymeric
materials are, more or less, sensible to the adMofadiation. For iPP the UV-degradation

is the most considerable type of the degradation.

3.1 Photophysics

Visible light, infrared, ultraviolet, andy-rays are each a distinct form of
electromagnetic radiation (Fig. 2.1). Each propegah space as waves of electronic and
magnetic fields. Electromagnetic waves carry ardiecamount of energy depending on

their frequency, as stated by Planck’s Law [22]:

E=h 1)

where E = energy of radiation [J]
v = frequency of radiation [1/s]

h = Planck’s constghs]
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The frequency of radiation depends on the conditionwhich this radiation was
formed. With a temperature increase, the light spatis shifted to the left, meaning that

more UV and visible light is emitted [22].

It is evident that radiation with higher frequeneygo with lower wavelength, carries
a greater amount of energy. At the earth’s surfi@sethe most energetic solar radiation in

region of ultraviolet wavelength in electromagnef@ctrum.

Ultraviolet wavelengths from sunlight are an impott component in outdoor
degradation. The energy from sunlight is mainlyibles and infrared light; ultraviolet
makes up less than 5 % of sunlight. However, thetqutegradation of exterior plastic

materials is caused mainly by UV-light (Fig. 3.1.1)

ELECTROMAGNETIC SPECTRUM

VIOLET RED

COSMIC | GAMMA | y pays | ULTRA | on = | INFRA [ micRo RADHIO
RAYS | RAYS VIOLET RED WAVES WAVES
m
10-13 10-9 10-=-T7 1a-1

SHORT WaNWVE LWV VEWE | AEVE | VISIBLE
(U=} uw uw LIGHT
{UW-A]

XK R&YS WACULEM N

100 200 254 280300 315 400 gog M

Fig. 3.1.1: Electromagnetic spectrum

Under normal conditions, most organic moleculesiarthe ground state {5 The
lowest energy state for these molecules is a distgge in which electrons with opposing
spins are paired in the molecular orbitals. Thguently-used Jablonski diagram shows the

possible outcomes when molecules absorb energy3Rid) [22].
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Fig. 3.1.2: Jablonski diagram

At first electrons in molecule of polymer absorle tladiation energy. Depending on
the energy absorbed by the molecule, the electamaspromoted from ground state to
higher energy state levels. The absorbed energhes dissipated either in radiative
processes as fluorescence and phosphorescencenon-radiative processes. In them is
absorbed energy converted. This process, in depeadm the balance of energy available
in a particular molecule and in the chemical stitetof the excited molecule, can lead to
cleavage into free radicals, abstraction of hydnogatom, photosensitization,
decomposition with formation of two or more molexsyl photodimerization or
crosslinking, intramolecular rearrangement or plzotmerization. Which reaction type
predominates partly depends on the environments& pegmary photochemical reactions
are mostly followed by secondary reactions; prawgly with oxygen or ozone and

photooxidation is realized [22].

3.2 Photochemistry

Most commercial organic polymers undergo chemieattion upon irradiation with

ultraviolet light, because they posses chromophgrizips (as regular constituents or as
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impurities) capable of absorbing UV light. Carbogybups play a prominent role among
these chromophoric groups [23]. Therefore, the @tlwemistry of ketone polymers was
selected to demonstrate how light-induced chentieattions proceed. As can be seen
from Fig. 3.2.1, light absorbed by carbonyl growas include bond scission by either

Norrish type | or type Il processes.

(9] 0]
B “x , hv \"'I- \x ,
a

— — / e ol 0
v, o “-. A
’ #

-/ Y 4
H=C v H Cy
A LAY

0 Ch — 0 CP
A\Y ') AW !
Cc—Ca ol

Fig. 3.2.1: Norrish | and Il reactions [24]

The fraction of absorbed photons, utilized for cleaintransformation, depends
significantly on polymer mobility. The importancé molecular mobility derives from the
fact that in type Il processes the close approdatxoited carbonyl groups to H atom at
y-carbons is a prerequisite for reaction. Moreowage recombinations of radical pair

(produced e.g. in type | processes) become lesmple, as the mobility increases [23].

The most common photoreaction for all materialphstooxidation. Usually, free
radicals are generated as transient species irplghotprocesses. Since oxygen reacts
readily with most free radicals, peroxyl radicaldl we formed. Photolysis, therefore, can
give rise to autoxidative free radical chain reacti The primary reaction steps are
following (Fig. 3.2.2):
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Initiation: RH —2 R, 0. H0,
H,0, —= 20H

OH + RE — H,0 + R

I ion: o :

ropagation R+ 0, — ROO
ROO' + RH —= ROOH *+ ¢
ROOH + RH — R=0 * H,0 + R
R=0 — R,C=0 + CH,R,

HO, + RH —— HOOH + K

Chain branching; ROOH — Rd + oy

Termination: R+ R* —= RR
ROO + R® —— ROOR
2RO0 — R=0 *+ H;0 + q,
2HO; — HOOH + 0,
RO; + HO, ——= ROOH *+ O,

Fig. 3.2.2: Photooxidation of polyolefins [24]

Hydroperoxide groups are formed in the propagatéaction. At wavelengths below

300 nm hydroperoxides are photolytically decompdség 3.2.3).

ROOH + hv - RO- +-OH

Fig. 3.2.3: Formation of
hydroperoxide groups

This reaction is considered to be very importanth@ photoinitiated oxidation of
many commercial polymers because of presence oikjoler groups as chemically bound
impurities, originating from processing at elevatethperature in the presence of oxygen
[23].
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3.3 Photodegradation of Polypropylene

The degradation mechanism of polypropylene is \g#nyilar to other polyolefins.

The primary events following irradiation of polypyene with UV light in vacuum are

bond scission and crosslinking (Fig. 3.3.1) [23, 25

CH; CH; CH; CH;
I I I I
-CH;-CH-CHy- CH- — -CHp-CH- +-CHp-CH-

Fig. 3.3.1: Chain scission of PP

Another probable reaction is the dissociation eboa-hydrogen bonds at the tertiary
carbon (Fig 3.3.2).
CH; CHs CHs CHs.

I I I I
-CH;-CH-CHz- CH- — -CHp-C-- CHp-CH-+ H-

Fig. 3.3.2: Dissociation of carbon-hydrogen bonds

This may lead to chain scission by a disproportionareaction (Fig 3.3.3) [25].

CHs CHa CHs. CHs.
I I I I
-CH-C--CH;- CH- — -CH=CH +-CH:-CH-

Fig. 3.3.3: Chain scission of PP by a
disproportionation reaction

When two polypropylene radicals react crosslinforsned (Fig. 3.3.4).

R
2—CH,—C*—CH,—CH— —CH,—C—CH,—CH— o
I | > I recombination
CH, CH;, —CHZ—(|Z——CH2—C]IH——
CH; CH,
CH, CH;,
2—CH,—C*—CH,—CH— —CH,—C=CH—CH— . .
| | - + disproportionation
CH, CH, —CH,—CH—CH,—CH—
CH;, CH,4

Fig. 3.3.4: Crosslinking of polypropylene radic§®6]
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Degradation reactions during outdoor exposure #rers then during irradiation in
vacuum. Saturated hydrocarbon polymers (e.g. 'RR¥are intrinsically transparent to the
incident sun spectrum and should not be affectethbysolar radiation. Commercial PP,
however, absorbs weakly at wavelengths above 28%amanits sensitivity to sunlight is a
consequence of light absorbing impurities, paréidyl oxygen-containing species and
other species present arising from production Eee® i.e. polymer manufacture, melt
processing and fabrication. These impurities seesénd accelerate PP photooxidative
degradation under service conditions involving esype to light (outdoors and indoors)

resulting in changes of properties [27].

Polypropylene
A, Shear
(melt processing)
?OH
e ?H -CH; F ~CHy
CH, CH;

hvl
0!

I [
#=CH-CHy C~CHy-~ + OH

CH, CH, il)
N N—flsn-éﬂ, + +C=CHpae
P-scission o CH,
- fi an éf hy
(EH-CH;C CH, CO + CH~nr —y Radical products
0 CH CH; + éHs (oxidation initiators)
Il 3

r
C~ CH;~CH-CH~ o
Il

CH,
\ H CH,-C-CH
+ Norrish II ? / e
wr-CHCH 4 { CH2=C-CH3]

* hv
o ?H —CH, CH;

CH, oot
0,RH

|
hy
~ CH-CH; ——»= Further photo-initiation
CH,

Fig. 3.3.5: Polymer hydroperoxidation during prosegy and further
photoinitiation by the hydroperoxides and the dedicarbonyl compounds [31]
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Hydroperoxides formed during melt processing aee niost important impurities
(photoinitiators). They play a major initiating eolduring the early stages of PP
photooxidation, while the derived carbonyl-contagiproducts exert deleterious effects
during later stages of photooxidation (e.g. by Mbrrtypes | and Il reactions), see
Fig. 3.3.5. Hydroperoxides and their decompositmoducts are responsible for the
changes in molecular structure and overall molassmaf PP which are manifested in
practice by the loss of mechanical properties andhanges in the physical properties of

the polymer surface [27].

A higher temperature of oxidation speeds both tbemétion rate and the
decomposition rate of hydroperoxides. When carb@ayicentration is high, the rate of
formation of hydroperoxides is dependent on th&ainthermooxidative processes. As a
result of photodegradation, more ester groups @madd and an aldehyde group is also
generated. Carbonyl groups and hydroxyl groupgeeterentially formed on the exposed

surface, and their concentrations increase alnmasry with time of exposure.

3.4 Effect of Morphology on Photodegradation

The process of degradation of PP depends on th&gathystructure, as well as for
other semicrystalline polymers. Degree of crystdii strongly influences the degradation
kinetics. The higher is the crystallinity, the laws the oxygen permeability and thus the

lower is the rate of oxidation.

alpha-PP 0.1 mm beta-FP 0.1

Fig. 3.4: Surface cracks om-PP and PP specimens after
240 h UV exposure [28]
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The effect of PP polymorphism on the degradationpolypropylene (especially
induced by UV-irradiation) is also observed. Ifasind, that the3-nucleation specifically
affect the processes of UV degradation of isotaptitypropylene [28]. The molecular
degradability of B-nucleated polypropylene is lower as compared to ngom
a-polypropylene. Figure 2.17 shows the micrographsudfaces of degradediPP andB-
IPP. Deep and relatively distant macroscopic craxkshe surface ai-iPP specimen are
seen while the surface @@-iPP is damaged by a dense network of fine craoksy

microscopically observable [28].



TBU in Zlin, Faculty of Technology 33

4 EXPERIMENTAL METHODS

4.1 Accelerated Weathering Test

Most data on the ageing of plastics are acquireautih accelerated tests and actual
outdoor exposure. The latter is a time-consuminthote accelerated tests are often used
to expedite screening the sample with various coatlmns of additive levels and ratios. A
variety of light sources are used to simulate #ueimral sunlight. The artificial light sources
include carbon arc lamps, xenon arc lamps, fluemisseun lamps, and mercury lamps.
These light sources, except the fluorescent, goalta of generating a much higher light
intensity than natural sunlight [30].

Fig. 4.1: Accelerated weathering device [31]

A laboratory environment is chosen as a suitableepil@aconduct experiments for a
variety of reason2]:
- conditions are well controlled;
- more precise detection instruments are available;
- the environment is clean so contamination caelipeéinated or accurately controlled;
- small samples can be used, waste can be minimizest perexperiment can be
minimized, experienced labor is available, lessotals needed than in field testing

simultaneous experiments can be carried out gifastgr results.
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A scientist working on material degradation (weatigriuses laboratory because
[22]:

- accelerated test gives results sooner than wmailobtained by outdoor weathering;
- outdoor conditions are too variable and cannatdserolled;
- samples exposed outdoors become contaminatedthmydare unsuitable for some

instrumental analysis.

4.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measure thiee and degree of heat change
as a function of time or temperature. In additiortltese direct energy measurements, the
precise temperature of the sample material at angt gluring the experiment is also
monitored. Since DSC can measure both temperatmekieats of transitions or reactions,
it has replaced differential thermal analysis (DTA$ the primary thermal analysis

technique, except in certain high-temperature appbns[32].

The basic principle underlying this technique iatftwhen the sample undergoes a
physical transformation such as phase transitimse (or less) heat will need to flow to it
than the reference to maintain both at the samedeature. Whether more or less heat
must flow to the sample depends on whether theggsors exothermic or endothermic. For
example, as a solid sample melts to a liquid it vetjuire more heat flowing to the sample
to increase its temperature at the same rate asfdrence. This is due to the absorption of
heat by the sample as it undergoes the endothgainaise transition from solid to liquid.
Likewise, as the sample undergoes exothermic psesesuch as crystallization) less heat

is required to raise the sample temperature [32—-34]

In a cell designed for quantitative DSC measuremjénio separate sealed pans, one
containing the material of interest and the othmmtaining an appropriate reference, are
heated (or cooled) uniformly (Fig. 4.2.1) [32]. TRSC cell uses a constantan disk as the
primary means of transferring heat to the sampld eeference holders and also as
one element of the temperature-sensing thermoiggatrction. Samples in powder, sheet,
film, fiber, crystal, or liquid form are placed disposable aluminum sample pans of high

thermal conductivity and weighed on a microbalan€ee sample is placed in one
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sample holder and an empty sample holder servesf@a®nce. Sample sizes range from
0.1 to 100.0 mg [32].

REFERENCE PAN SAMPLE PAN
e T (G 1
Ty
1 I"--~---..____“‘I #_,4-"'" sample
reference | | T
matanal = Ftresistance
themmomealer

|-ﬂNVW\ NN\NV—]/
(000000 [OO000000)
h

haatars

Fig. 4.2.1: Schematic diagram of differential scargncalorimetry [35]

The result of a DSC experiment is a heating oringaturve (Fig. 4.2.2). This curve
can be used to calculate enthalpies of transitidhss is done by integrating the peak

corresponding to a given transition.

4 AH/At
crystalline melting
peak | oxidation/
(onset)
arga =
Gida heat of fusion

—_—
Heating scan
(typically 20°C/min)

Cooling scan

TEMPERATURE

o
-

* Important characteristics: Tg , T, ,» heat of fusion on heating; T, on cooling

Fig. 4.2.2: Typical polymer DSC thermogram [36]
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4.3 X-ray Diffraction

X-ray Diffraction (XRD) is a powerful technique wbkdo uniquely identify the
crystalline phases present in materials and to nnedke structural properties (strain state,
grain size, epitaxy, phase composition and defieattsire) of these phases. XRD is also
used to determine the thickness of thin films andtifayers, and atomic arrangements in
amorphous materials (including polymers) and arfates [37]. Other information which
can be obtained by X-ray diffraction includes caysize and perfection, the long period in
lamellar polymers (= lamellar thickness + interldlareregion), crystallinity, the degree of
preferred orientation in polycrystalline samples)dain some recent studies, the

conformation of chains in amorphous polymers hanloketermined as well [38].

The principle is diffraction (viewed in Fig. 4.3j the X-ray radiation beams on the
regular structure consequently on the crystaldettiTrhe crystal diffracts an X-ray beam
passing through it to produce beams at specifitesrdepending on the X-ray wavelength
(about 10 nm), the crystal orientation and thecstme of the crystal [39].

incident substrate Wiri Tl
o~
X-rays -
gg diffracted
/ -~ X-rays
.'III ‘J’
’Qdeteclor

diffracting
crystallite

atomic planes

incident
X-rays 0

diffracted
X-rays

Fig. 4.3: Basic features of a typical XRD experin@&d] .
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X-rays are scattered when interacting with thetedes in the atoms. If the atoms are
organized in planes (the matter is crystalline) Hradistances between the atoms are of
the same magnitude as the wavelength of the X-ragsstructive and destructive
interference occurs and a diffraction pattern forfgliffraction pattern records the X-ray
intensity as a function a9 angle @ angle is the angle of diffraction and for practical
reasons this angle as measured by diffractometee tw26 angle). The distance between
similar atomic planes in the interatomic spacingatied thed-spacing and measured in
nm. The wavelength of the incident X-radiationymbolized by the Greek letter lambéa

andnis an integer [40]. These factors are combinedragBs law:

. = 2dsing) (2)

XRD is an excellent, noncontact and nondestruatiathod for identifying phases
and characterizing the structural properties af filims and multilayers which makes it

ideal for in situ studies. It is inexpensive andye@ implement [37].

4.4 Infrared Spectroscopy

The physical principles underlying infrared spestapy have been appreciated for
more than a century. As one of the few technighas ¢an provide information about the
chemical bonding in a material, it is particuladyeful for the nondestructive analysis of
solids and thin films, for which there are few at@ive methods. Liquids and gases are

also commonly studied, more often in conjunctiothvather techniques [37].

Infrared (IR) radiation is electromagnetic radiatim the wavelength range 0.78—
1 000 mm which corresponds to the wave number ra@gg00-10 cil The IR portion is
usually divided into near- (13 000—4 000 Bmmid- (4 000200 cff) and far-IR region
(200—10crit), whereas most widely used is mid-IR region [41].
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A beam of IR light is passed through a sample,taechmount of energy absorbed at
each wavelength is recorded [42]. In an outputpBctrum energy is plotted as a function

of a wavelength.

IR radiation can only been absorbed by bonds wighmolecule, if the radiation has
exactly the right energy to induce a vibration loé toond. This is the reason why only
specific wavelengths are absorbed [43]. Radiasasbsorbed resulting in a series of peaks
in the spectrum, which can then be used to idettidysample. Peaks in the spectrum can
be also used for quantitative analysis of someracgeompounds. A wavelength of light
which has been absorbed is characteristic of tleenatal bond. Therefore, the chemical

bonds in a molecule can be determined by intermyetn IR absorption spectrum [44].

@ Detector
Sample

N s S

micror

s

mm Fixed mirror
IR =ource

Fig. 4.4: Schematic sketch of the essential featwfea Fourier transform
infrared spectrometer [45]

Fourier-Transform Infrared (FT-IR) Spectromefeiy. 4.4). The FT-IR spectrometer

provides speed and sensitivity. A Michelson intenfieeter, a basic component, consists of
two mirrors and a beam splitter. The beam splitt@nsmits half of all incident radiation
from a source to a moving mirror and reflects hbalé stationary mirror. Each component
reflected by the two mirrors returns to the bearittep in which the amplitudes of the

waves are combined either destructively or constrely to form an interferogram as seen
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by the detector. By means of algorithms the integeam is Fourier-transformed into the

frequency spectrum. This technique has severahdisidvantages:

1. The FT-IR spectrometer scans the infrared syctn fractions of a second at moderate
resolution, a resolution that is constant throughisi optical range. It is especially
useful in situations that require fast, repetitseanning (for example, in gas or high-

performance liquid chromatography).

2. The spectrometer measures all wavelengths simedusly. Scans are added. The signal
is N times stronger and the noise is N1/2 as gssathe signal-to-noise advantage is
N1/2.

3. An interferometer has no slits or grating; itergy throughput is high, and this means

more energy at the detector where it is most ne8#d

4.5 Optical Stereomicroscopy

Stereomicroscopy is used for three dimensional ingagvhere the perception of
depth and contrast is critical to the interpretatod specimen structure. The wide field of
view and variable magnification of stereomicros®pend them for application in both
industrial assembly and in biological researchttier manipulation of delicate and sensitive

living organisms [46].

The human eyes and brain function together to predwhat is referred to as
stereoscopic vision, which provides spatial, thdgeensional images of the objects. This
is because of the brain's interpretation of the shghtly different images received from
each of the retinas. The average human eyes aagaseq by a distance of approximately
64-65 mm, and each eye perceives an object frommeewhat different viewpoint that
differs by a few degrees from the other. When tratied to the brain, the images are fused
together, but still retain a high degree of depthcpption, which is truly remarkable. The
stereomicroscope takes advantage of this abilitpdaceive depth by transmitting twin
images that are inclined by a small angle (usuadiiyveen 10 and 12 degrees) to yield a

true stereoscopic effect [47].
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Stage
i o

Fig. 4.5: Optical stereomicroscope configuratiory[4

Stereomicroscopes are used to examine specimers bath reflected (episcopic)
and transmitted (diascopic) light. Often transndittand reflected light sources are
combined to take advantage of particular specimeatufes to best reveal its

characteristics.

There are three main techniques for the stereosdapnination of specimens:

Oblique lllumination— useful for specimens that are nearly transparenblorless, where
regular brightfield illumination is insufficient. iater contrast and visual clarity can be
achieved with illumination directed from a singlausce which strikes the specimen at an

oblique angle.

Darkfield lllumination — requires a specialized stand containing a redleamirror and
light shielding plate, these act to direct an ite@rhollow cone of light, at oblique angles
towards the specimen. The principles behind dddkfilumination are similar in

stereomicroscopy as regular compound microscopes.

Fluorescence (GFP) llluminatior With applications in both biological and indusstr
work, stereomicroscopes are used widely in GFP rgh8en and are known as GFP

illuminators [46].
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5 MATERIALS

The basic material used throughout this study vgasactic PP Mosten GB 005
manufactured by Chemopetrol Litvinov a. s., theddzRepublic. Polypropylene Mosten
GB 005 is a general purpose homopolymer, intendad irijection moulding and
for production of thermoforming films. It can besal used for production of various
compounds. This polymer is intended for preparingaxially oriented tapes and fibres.
Some characteristics of this material featured tdpcer are shown in Table 5.1. The

material is stabilised by a standard package basgihenol-phosphite stabilizers.

Table 5.1: Characteristic of PP MOSTEN GP 005

Property Unit Typical value | Test method
MELT FLOW RATE ( 230/ 2,16) g/10 min 5 ISO 1133
YIELD STRESS MPa 35 ISO 527
ELOGATION AT BREAK % >100 ISO 527
FLEXURAL MODULUS MPa 1600 ISO 178
CHARPY NOTCHED IMPACT STRENGHT 23°C kd/m * 4 ISO 179
CHARPY NOTCHED IMPACT STRENGHT -20°C kd/m * - ISO 179
VICAT SOFTENING TEMPERATURE °C 157 ISO 306
HDT (1,8 MPa) T 57 ISO 75
M, g/mol 65 600 -

My g/mol 360 000 -

M, g/mol 1 050 000 -
My/Mp - 5.6 -
ISOTACTICITY INDEX % 98 ISO 9113

In order to increase the transparency in the san@pecifica-nucleating agent
Millad 3988 produced by Milliken Chemical is 1,3:2,4-di(3,4-

dimethylbenzylidene) sorbitowith the chemical formula shown in Fig. 5.1.

was usedt

HsC
e I\ 0 ) _r:H3
0 . e
HO
HO

Fig. 5.1: Chemical structure of Millad 3988
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For the purpose of the study three blends of PR weed and, for comparison, also
the neat PP was studied. The concentrations-mdicleating agent Millad 3988 in the

blends were 0.2, 0.5 and 0.8 wt.%. For better dggi®n of the nucleating agent 0.3 wt.%

6 BLENDS PREPARATION

of paraffin oil were used. The composition of thenls is given in Table 6.1.

Table 6.1: Composition of blends

Blend No. | Nucleator Polypropylene Parafin Oil Suma
wt.% | (9) wt. % | (9) wt. % )] (ml) )]
1 0 0 100 2250.00 0 0 0 2250
2 0.2 4.50 99.5 2238.75 0.3 6.75 7.759 2250
3 0.5 11.25 99.2 2232.00 0.3 6.75 7.759 2250
4 0.8 18.00 98.9 2225.25 0.3 6.75 7.759 2250

Paraffin oil and subsequently nucleating agent waenually immixed into iPP

pellets. Blends were then processed using twinasesdruder Brabender DSK 42/6D and

finally pelletized.

Processing prameters of extruder: feed section.....80.°C

transition section
metering section

screw speed

200 °C
210 °C
60 min




TBU in Zlin, Faculty of Technology 44

7 SAMPLES PREPARATION

Samples for X-ray scattering, DSC and polarizethtligmicroscopy were prepared

from produced pellets.

Samples for Xenotest, X-ray scattering, DSC, FTiRl aptical microscopy were
prepared from the blends plates, which were comspesnoulded using a manual press
and mould with inside dimensions 125x60x0.2 mmnhatfollowing conditions:

* Temperature = 210 °C;
* Preheating time = 2 min;
* Pressing time = 5 min;

» Cooling time in a hydraulic press at tempera20€C = 5 min.

Samples with dimensions 30x10 mm were cut from phepared plates. These
samples were placed into steel frames which werapatible with Xenotest, X-ray

difractometer and Infrared spectrometer (Fig. 7.1).

Fig. 7.1: Clamp holder for irradiated samples

The samples for DSC measurements were taken froamrridifiated specimens. The
samples of weight of approx. 5 mg were put intodaheninium pan and covered with the
aluminium cover. The pan and the cover were crimpétl a special tool supplied by

Perkin-Elmer.
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8 METHODS AND DEVICES

8.1 Accelerated Weathering Test

The specimens were irradiated in Original Hanau KERST® 150 at 50+5 °C
(Fig. 8.1.1). The light source is the Xenon lamp2%€0, the light from which both in the
visible region (400-700 nm) of the spectrum anduitraviolet region (300-400 nm),

approximates very closely to sunlight. A test tiofe24 hours in the Xenotest is equal to

the radiation of about 10 days in the open air ¢theraverage during the year.

Fig. 8.1: Original Hanau XENOTEST® 150

During the irradiation the samples were carriedalominium frames and the
exposure was applied for 0, 12, 24, 36, 48, 60962,120, 144, 192, 240, 288, 336, 384,
432, 480 and 528 hours.

8.2 Differential Scanning Calorimetry

For the purpose of the crystallization studies,iféer@ntial scanning calorimeter
Perkin-Elmer Pyris 1, was employed (Fig. 8.2.1)trd¢jen as a purge gas was used and
constantly passed 20 ml/s through the heat sink et the cells. The temperature

calibration was performed using indium as a stashdar
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Fig. 8.2: Differential scanning calorimeter Perkigimer Pyris 1

To obtain measurements for crystallization, sampiesbout 5 mg weight were
heated from 50 °C to 220 °C at a heating rate diCIfhin, melted at 220 °C for 5 min in
order to eliminate any previous thermal historytteg polymer. Subsequently, they were
cooled at cooling rate 10 °C/min to 100 °C. Such-rsmthermally crystallized samples
were then heated to 190 °C at rate 10 °C/min witiea to observe subsequent melting of

the crystallized samples.

8.3 X-ray Diffraction

Wide angle X-ray scattering (WAXS) experiments wpssformed with a HZG 3
diffractometer equipped with CyKin a transmission mode. Radial scans of intensty
diffraction angle2d were recorded in the range of 10 to 30 ° by sbé¢@s05 °© and length of
step scan 5 s (Fig. 8.3.1).

e @i
Fig. 8.3: HZG 3 diffractometer
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8.4 Infrared Spectroscopy

The transmission FTIR spectroscopy analysis wadiezppn Nicolet, Impact 400
(Fig. 8.4.1), nominal resolution was 2 ¢rand number of scans 64. FTIR was applied to
determine chemical changes of the sample in the levhuid-infrared spectrum
(4 000-500 cr). This method was employed to analyze the amofiateurred carbonyl
groups. In infrared spectra the carbonyl groupsexq@essed as a peak in the region of
1 700 to 1 800 cih

Fig. 8.4: Infrared spectrometer Nicolet Impact 400

8.5 Optical Stereomicroscopy

In order to study surface of the degraded sampl@giss Stemi 2000-C microscope
was used (Fig. 8.5.1). Micrographs of the obsersedace were taken using a SONY
F-717 digital camera.

o

Fig. 8.5: Stereomicroscope Zeiss Stemi 2000-C
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lll. RESULTS AND DISCUSSION
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9 DIFFERENTIAL SCANNING CALORIMETRY

Differential scanning calorimetry was used to déscmelting, re-crystallization
and re-melting processes of irradiated samples. veihges of melting temperatures, re-
crystallization temperatures, re-melting tempeeguand enthalpies of transitions are
plotted in Appendice Nr. 1. Melting and crystallibm temperatures are taken as a

maximum of the peak.

9.1 Melting

Figs. 9.1.1 and 9.1.2 show melting thermograms et npolypropylene and
polypropylenes with different contents of nuclegtisgent. The melting thermograms do
not significantly change in time interval from 0240 hours. Peaks of neat polypropylene
are rather flat (or splitted) and thus the exatte@f melting temperaturd ;) cannot be
determined, only region of temperatures. The dogblican be explained by
ao-recrystallization during heating. Application dfet fast crystallization conditions leads
to the creation of less regular and less stablectstre. Subsequent slow heating can then

cause the perfection of such structure [14].

Peaks of nucleated polypropylenes are sharp wattgptible maximumT.
Melting temperatures of nucleated polypropyleneay waly little with the concentration of
nucleating agent. As for evolution of melting temgiare within mentioned time interval
(between 0 and 240 hrs) it does not change sigmiiz. However, at prolonged exposure
time (from 288 to 528 hours) melting temperaturkallbsamples continuously decreases.
Moreover, the splitting of the peaks occurs. Finathey are very flat with several
maximums. The decrease of melting temperatureusezhby erosion of the surfaces of the

crystallites decreasing their thermodynamic stighi8].
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Fig. 9.1.2: Melting curves (144-528 hrs)
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9.2 Re-crystallization

The melted polypropylene samples were then nomésotally crystallized and the
crystallization exotherms of each material are showFigs. 9.2.1 and 9.2.2. The evolution
of the crystallization temperatur& ] during UV-irradiation is displayed in Fig. 9.2.18.
can be seen that neat polypropylene crystallizessignificantly lower temperature
(approx. 120 °C before irradiation) than nuclegtetypropylenes (approx. 130 °C before
irradiation). Indeed, the addition of heterogeneouslei into material accelerates the

crystallization.

The evolution ofT, of all samples upon UV-exposure can be descrilsefdlbbws: At
the beginning of UV-exposure (up to 100 hrs) thgstallization temperature little
increases or decreases or remains stable. Thato (880 or 384 hrs depending on the
concentration of nucelating agent) it graduallyrdases and subsequently the step change
of T, occurs; the temperature significantly drops. Hharp decrease is particularly evident
in the case of nucleated samples. Finally (from B&Y), it decreases gradually again. The
explanation of an increase of crystallization terapge at the beginning of irradiation
(samples with 0.5 and 0.8 wt. % of nucleating ageahsists in the presumption that the
decrease in molecular weight due to chain scissipon irradiation can increase the
crystallization rate [48]. Nevertheless, the higbnaentration of defects contrariwise
inhibits crystallization. Thus, at prolonged exp@stime theT. decreases. At the end of
irradiation, the difference betwedn of neat and nucleated samples is lower than that a
the beginning of irradiation (approx. 10 °C versyprox. 4 °C). It should be also noted
that polypropylene with 0.2 wt. % of nucleating afgpossesses earlier step dropleohs

compared with the others (see Fig. 9.2.3).
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Fig. 9.2.3: The evolution of crysfallizatibn térr@mre during the irradiation

9.3 Re-melting

Non-isothermally crystallized samples were subsetiyee-melted; corresponding
thermograms are shown in Figs. 9.3.1 and 9.3.2.gEneral trend observed in all samples
is the decrease of re-melting temperaturg)( Tm2 Of neat polypropylene is a bit lower
than that of nucleated polypropylenes. Peaks ofeated polypropylenes are practically
identical. At higher exposure times, over 288 hpalispeaks become flat and splitted. The
decrease ofT; and broadening of endotherms are connected witbrporation of
irregularities into the molecular chains. Such raoles form imperfect crystals with broad

size distribution.
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10 X-RAY DIFFRACTION

Wide-angle X-ray scattering was employed to obsémeeevolution of morphology
upon UV-irradiation. The X-ray diffractograms of ethUV-irradiated samples are

shown in Figs. 10.1.1-10.1.4.

The diffractograms show the typical reflections fpolypropylene at angles
20=14.2 °, 17 ° and 18.8 °. The diffractograms ofresample differ only in a proportion of
individual peaks. It also slightly differs with Usxposure. Nevertheless, no uniform or

significant evolution of diffractograms is obsenwahating irradiation.

From all diffractogram patterns the crystallinityasvcalculated (see Table 10.1).
The evolution of crystallinity upon UV-exposurepiotted in Fig. 10.1.5. The results show
that crystallinity strongly fluctuates with incréag irradiation time, nevertheless the
general trend is slightly increasing crystallimityth increasing UV-exposure. This rise is
connected with phenomenon called chemicrystalbratine scissions of molecular chains
in the amorphous region release the molecular glgarents facilitating the additional

crystallization in the solid state [48,49].

As can be seen in Fig. 10.1.5 the highest increaseystallinity is observed for

neat polypropylene. This can indicate its highessgivity to UV-irradiation.
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Fig. 10.1.1: The evolution of X-ray diffraction
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Table 10.1: The evaluated data of X-ray measurement

Exposure time (hrs) Crystallinity X,
0% Millad 3988 | 0.2% Millad 3988 | 0.5% Millad 3988 | 0.8% Millad 3988
144 0.47 0.50 0.53 0.52
192 0.53 0.49 0.53 0.50
240 0.53 0.50 0.56 0.51
288 0.59 0.51 0.55 0.51
336 0.56 0.51 0.55 0.56
384 0.55 0.53 0.57 0.52
432 0.55 0.52 0.61 0.57
480 0.56 0.54 0.61 0.57
528 0.61 0.54 0.62 0.58
0.62
0,60
0,58 +
0,56
, 0.54 4
x |
0.52 +
0,50 + —=— 0% Millad 3988
1 —e— 0.2% Millad 3988
0,48 - —*— 0.5% Millad 3988
. —v— 0.8% Millad 3988
0,46
— 1 r r t + . + 1.+ 1+ T *+ T *+ T
100 150 200 250 300 350 400 450 500 550

Fig. 10.1.5: The dependence of crystallinity on &jposure time

Ageing time (hrs)
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11 INFRARED SPECTROSCOPY

The results from infrared spectroscopy exhibit trewth of carbonyl groups
expressed by carbonyl index with the exposure tiime both neat and nucleated

polypropylenes (Fig. 11.1.1). Shape of peaks ifoumi for all studied samples.

In initiative time of exposure (0—150 hrs) carbomdex values are zero. After this
time period carbonyl index begin slightly increa&éer this induction period (approx. 250
hours of UV-exposure) carbonyl index begins rapidigrease. This rapid growth starts
quite earlier in the case of neat PP and PP wawl. % of nucleating agent. Final values
of carbonyl index of these samples are consequabityit one point higher than that of
polypropylene with 0.2 and 0.5 wt. % of nucleataggnt.



TBU in Zlin, Faculty of Technology

63

Absorbance

Absorbance

2,0 1

0% Milad 3988

Wavenumbers (cm-1)

2,0 4

Wavenumbers (cm-1)

0.5% Milad 398

Absorbance

— 144 hrs

------- 288 hrs
B 336 hrs

------ 432 hrs
----480hrs

——528 hrs

Absorbance

0.2% Milad 3988

1,0

Wavenumbers (cm-1)

0.8% Milad 3988

Wavenumbers (cm-1)

Fig. 11.1.1: FTIR changes of UV- irradiated samples
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12 OPTICAL STEREOMICROSCOPY

The micrographs from stereomicroscope display tinfases of neat (Fig. 12.1.1) and
nucleated (Figs. 12.1.2-12.1.4) polypropylenes. @b@ution of cracks in dependence on
irradiation time is observed. It can be seen thatdifference between neat and nucleated

samples is significant after longer time of UV-egpre.

The surface of all samples at the beginning oflietion is smooth and there are not
cracks or irregularities in evidence. Only fine usture, which is created by
compression-moulding is observable. With increasiogtent of nucleating agent samples

are a little more transparent.

After the irradiation time period about 288 houme treation of cracks starts. With
increasing time of exposure density of cracks aisceases. The surface of UV-irradiated
neat polypropylene shows dense network of crack#h Wcreasing time is this network
more distinct, number of cracks is higher and they also wider. The cracks of the
nucleated samples are significantly different amgared to neat polypropylene. They
extend in parallel lines. With increasing time tmember of cracks is not significantly
higher. As degradation proceeds wide and relatigélyrt cracks associate to long splits

which extend across the whole sample. This prasgbe same for all nucleated samples.

The difference of crack formation in neat and natdd polypropylene is caused by
different morphology. Actually, cracks in neat gmgpylene copy the sperulite boundaries.
However, in the case of nucleated material thetalysre too small, thus, different effect

such as processing conditions plays a role indhadtion of cracks.
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Fig. 12.1.3: Surfaces of polypropylene samples waitent 0.5 % of nucleator
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Fig. 12.1.4: Surfaces of polypropylene samples wattent 0.8 % of nucleator
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CONCLUSION

This Master thesis deals with the influencecefucleation on UV-degradation of
isotactic polypropylene. Four different samplespotypropylene (neat PP and PP with
content of 0.2, 0.5 and 0.8 wt. % of nucleator) avekposed to UV-irradiation and in
various times were analyzed. For analyzing thesepks methods like differential
scanning calorimetry, X-ray diffraction, infraregdextroscopy and optical microscopy were

used.

Differential scanning calorimetry measurement shostmnges of melting and
crystallization temperatures during irradiation. Itihg temperature of all samples
continuously decreases. This decrease is causebipn of the surfaces of the crystallites
decreasing their thermodynamic stability. Re-ciigi&tion temperature of neat
polypropylene is significantly lower than that oftiakeated polypropylenes due to the
addition of heterogeneous nuclei into material Whaccelerates the crystallization. After
long-term irradiation (approx. 240 hrs) step chargeT. occurs; the temperature
significantly drops. Polypropylene with 0.2 wt. %raicleating agent possesses the earliest

step drop ofl. as compared with the others.

Results from X-ray diffraction indicate that cryitaty of all samples strongly
fluctuates with increasing irradiation time, newetess the general trend is slight increase
caused by chemicrystallization. The highest in@eafscrystallinity is observed for neat

polypropylene. This can indicate its highest séngitto UV-irradiation.

Outcomes from infrared spectroscopy do not show sigpificant difference in
growth of carbonyl groups neither neat nor nuckkgtelypropylene. Rapid growth of
carbonyl index starts quite earlier in the casenet PP and PP with 0.8 wt. % of
nucleating agent. Final values of carbonyl indexhafse samples are consequently about

one point higher than that of polypropylene with 8nd 0.5 wt. % of nucleating agent.

The stereomicroscope micrographs revealed the dinttioon of cracks on the
surfaces during UV-exposure. Cracks of neat polyyleme create dense network on the

boundaries of the spherulites whereas cracks déated polypropylenes extend in parallel
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lines. As the crystallites in these materials aggeywsmall the form and orientation of the

cracks are probably influenced by the processimglitions during sample preparation.

Generally these results indicate that the presafice-nucleating agent does not
significantly influence the photooxidation of poigpylene. The changes in carbonyl index
evolution are neglectable, as well as changes ilingetemperature. Nevertheless the
influence of nucleation on crystallization temparat and influence on appearance on

surface of nucleated samples was discovered.
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DSC

DTA

XRD

REVIEW OF SYMBOLS

Polypropylene

Isotactic polypropylene

Syndiotactic polypropylene

Atactic polypropylene

Crystallization temperature (°C)

Melting temperature (°C)

Re-melting temperature (°C)

Glas transition temperature (°C)
Monoclinic crystalline form

Trigonal crystalline form

Orthorhombic crystalline form

Positive birefringence spherulites
Negative birefringence spherulites

Mixed birefringence spherulites
Signification of lengths (nm)

Density (kg/m)

Number-average molecular weight (g/mol)
Weight-average molecular weight (g/mol)
1,2,3,4-bis-dibenzylidene sorbitol
1,2,3,4-bis-f-methoxybenzylidene) sorbitol
1,2,3,4-bis-f-methylbenzylidene) sorbitol
1,2,3,4-bis-(3,4-dimethylbenzylidene) sorbitol
Ultraviolet

Energy of radiation (J)

Frequency of radiation (1/s)

Planck’s constant (J.s)

Ground state of molecules
Differential scanning calorimetry
Differential thermal analysis
X-ray diffraction

Angle of X-ray diffraction
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FTIR
GFP
WAXS
Xe
AHmy
AHc

AHmz

Integer

Wavelnegth (nm)

Infrared

Fourier-transform infrared
Fluorescence illumination
Wide angle X-ray scattering
Crystallinity

Melting enthalpy (J/9)
Crystallization enthalpy (J/g)

Re-melting enthalpy (J/9)
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APPENDICES

Appendice Nr. 1: Crystallization and melting chaesistic of samples obtained by DSC

Irradiation Sample Tm1 (T) AHni | Te AH, Tm2 (T) AHp,
time (h) (% of Millad 3988) al a2 | @) | © | Qi) al a2 | (J/g)
0% 164.1 93 [119.2 | -101 | 162.8 102
0 0.2% 163.3 101 | 130.4 | -103 | 165.2 109
0.5% 161.9 86 [129.8| -92 | 164.9 91
0.8% 162.2 84 |128.7| -90 | 165.4 87
0% 164.0 91 |118.9| -102 | 162.5 91
12 0.2% 163.4 103 | 129.5| -107 | 165.9 111
0.5% 163.3 106 | 130.7 | -109 | 165.6 112
0.8% 162.3 113 | 130.2 | -103 | 165.0 109
0% 164.4 106 | 118.9 | -110 | 162.9 111
24 0.2% 163.0 103 | 129.3 | -104 | 164.8 112
0.5% 162.3 112 | 130.8 | -114 | 165.2 123
0.8% 161.7 93 1309 -89 | 164.6 98
0% 163.5 117 | 119.1| -120 | 162.4 121
36 0.2% 163.1 111 | 129.3| -113 | 164.7 118
0.5% 161.8 102 | 130.9 | -108 | 164.9 113
0.8% 162.0 85 [130.8| -98 | 164.9 93
0% 163.7 98 (119.1| -96 | 162.1 94
48 0.2% 163.1 112 | 129.3 | -118 | 164.5 112
0.5% 162.0 96 |130.9| -103 | 164.9 99
0.8% 162.2 107 | 130.8 | -108 | 164.7 111
0% 164.3 92 |(118.7| -98 | 162.5 93
60 0.2% 163.0 115 | 129.3 | -111 | 164.5 114
0.5% 162.1 89 [130.6| -93 | 164.9 93
0.8 % 162.4 95 |130.8| -99 | 164.7 101
0% 164.2 102 | 119.1| -106 | 161.7 101
79 0.2% 162.7 94 (129.2| -99 | 164.1 97
0.5% 162.2 97 |130.5| -104 | 165.0 103
0.8 % 162.3 96 |130.9| -105 | 164.7 101
0% 164.0 98 [119.1| -101 | 161.4 101
96 0.2% 163.0 106 | 129.3 | -109 | 163.9 109
0.5% 162.3 103 | 130.7 | -108 | 165.1 107
0.8 % 162.4 106 | 131.1| -110 | 164.8 111
0% 164.6 92 (118.7| -94 | 1615 92
120 0.2% 163.0 108 | 129.1 | -113 | 163.5 110
0.5% 161.7 93 [131.0| -100 | 164.1 97
0.8% 162.1 109 | 130.8 | -114 | 164.6 111
0% 163.9 96 |118.2 | -103 | 160.9 98
144 0.2% 163.1 103 | 128.4 | -107 | 163.3 103
0.5% 162.2 107 | 130.8 | -120 | 164.0 116
0.8% 161.8 103 | 130.8 | -107 | 164.3 106
0% 164.0 103 | 118.3| -108 | 161.3 101
192 0.2% 162.7 108 | 126.8 | -112 | 161.8 108
0.5% 162.3 110 | 130.7 | -107 | 164.0 105
0.8 % 161.8 107 | 130.7 | -110 | 163.5 107
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Irradiation Sample Tm1 (T) AHpm T, (T) AH, Tm2 (T) AHo
time (h) (% of Millad 3988) al a2 | (J/9) (J/9) al o2 J/g9)
0% 163.9 114 117.6 | -110 | 160.8 112
240 0.2% 163.5 105 127.7 | -107 | 163.3 105
0.5% 162.3 100 130.5 | -108 | 163.3 109
0.8 % 162.0 107 130.4 | -112 | 162.5 112
0% 163.9 84 117.2 -93 | 160.2 88
288 0.2% 162.9 99 124.1 | -102 | 161.6 100
0.5% 161.3 104 130.2 | -109 | 162.5 110
0.8 % 161.3 98 129.7 | -104 | 161.8 105
0% 163.4 99 117.6 | -106 | 159.7 105
336 0.2% 162.2 107 118.3 | -108 | 159.2 104
0.5% 161.4 105 129.3 | -111 | 162.2 109
0.8 % 159.7 101 129.4 | -100 | 156.2 102
0% 158.9 116 116.9 | -118 | 158.1 114
384 0.2% 162.0 114 117.3 | -110 | 157.8 102
0.5% 161.0 109 1294 | -118 | 161.1 113
0.8 % 155.4 |159.2| 114 129.3 | -114 | 156.1 111
0% 156.3 | 159.9| 109 1145 | -112 | 1534 103
432 0.2% 153.8 | 160.6 | 105 116.0 | -104 | 154.3 94
0.5% 158.0 | 161.2| 108 128.8 | -110 | 158.7 108
0.8 % 158.5 109 117.0 | -110 | 154.0 101
0% 153.2 131 111.0 | -117 | 148.0 | 156.8 | 110
480 0.2% 154.4 | 157.1| 129 114.8 | -114 | 149.9 | 157.6 | 105
0.5% 152.3 | 157.0| 97 115.9 -87 | 151.0 | 158.1 81
0.8 % 153.4 | 157.2| 108 116.0 -96 | 150.2 | 157.6 90
0% 152.7 107 1104 -91 | 146.4 | 155.1 88
508 0.2% 152.8 | 156.4| 116 114.2 -98 | 149.1 | 157.2 92
0.5% 152.3 | 156.8| 111 1154 -96 | 149.8 | 157.0 92
0.8 % 153.1 | 156.5| 100 114.2 -85 | 148.1 | 156.2 81




