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ABSTRAKT

Cilem diplomové prace je studium krystalizace afologie polypropylenu s dlouhymi
bo¢nimi vétvemi (LCB-PP) za zvySeneého tlaku. Zavedeni dlobhfainich Wtvi na
kostru polypropylenu (PP) vede ke zvySeni pevrtasgniny a materiél je vhodj$i pro
zpracovatelské procesy jako tvarovangiyvani a vyfukovani. LCB-PP m&tgi tendenci
krystalizovat doy-formy pod tlakem. V této praci byly podrobeny Katizaci pod éznymi
tlaky materialy LCB-PP, linearni PP s podobnym keta toku taveniny, a také PP o
velmi vysokécistote zbaveny katalytickych zbyik

Struktura uvedenych materiabyla v praci zkoumana pomoci Sirokouhlé rentgeafigyr
diferencialni snimaci kalorimetrie, skenovaci elehbové mikroskopie a mechanické
vlastnosti byly stanoveny tlakovou zkouskou. Bylavpzena zvySena tendence tvonby
faze u LCB-PP.

Klicova slova: vysokotlaka krystalizace, polypropylemlaihymi b@&nimi wetvemi,
Sirokouhla rentgenografie, diferencialni snimacilokeetrie, skenovaci elektronova

mikroskopie, tlakova zkouska.
ABSTRACT

The aim of the Master thesis is to study crystatian and morphology of long chain
branched polypropylene (LCB-PP) under increasedspire. The introduction of long
chain branching onto polypropylene (PP) backboadddo improvement of melt strength
ant thus the material is suitable for otherwisetlimg processing such as thermoforming,
foaming and blow molding. LCB-PP has higher tengettc form orthorombicy-form
under pressure. In this work LCB-PP, common lifearwith similar melt flow index and
also PP which was cleaned to eliminate catalystiues were crystallized under several

pressures.

Than, the structure was evaluated via several rdsthoamely wide angle X-ray
scattering, differential scanning calorimetry, stag electron microscopy. Mechanical
properties were determined via compressive teslihg.higher tendency to crystallize into
y-form in LCB-PP was proved.

Keywords: high pressure crystallization, long charanched polypropylene, wide angle
X-ray scattering, differential scanning calorimetrgcanning electron microscopy,

compressive testing.
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INTRODUCTION

The use of polymeric materials is rapidly growimgrécent years. They replace common

materials such as metals, wood and natural filmensainy applications.

One of the most widely used commercial polymerdssistactic polypropylene (iPP)
because it has many desirable and beneficial phlypioperties such as high melting
point, low density, excellent chemical resistartuigh tensile modulus and at the end its

lower cost.

Nevertheless, the iPP, does not matter, if it epared by Ziegler-Natta or metallocene
catalysts has a predominantly linear molecularctine and narrow molecular weight
distribution. That leads to a variety of melt-presi@g shortcomings. It exhibits low melt
strength and no strain hardening behavior in thdt st@te, which limits its use in
applications such as thermoforming, blow moldirggriing and extrusion coating, where
the type of flow is predominantly elongational. Agesult, iPP has been limited in some
end-use fabrications. Therefore, the preparati@hrasearch on high melt strength PP are

very active in the past decade [1, 2].

One the most effective method to achieve the higit strength PP is to introduce long
chain branches (LCB) onto PP backbone. The consgggometry catalyst has been found
to be very useful for preparing LCB-PP. Howeveis thethod is often used in laboratory.
Beside this method there are two other methodsngaseen applied in industry. One of
them is electron beam irradiation which is carreed when PP is in solid state and the
second is post-reactor chemical modifications, Wisccarried out when PP is in melt state
[3].

The LCB-PP structure can improve the processingtylof iPP under melt conditions,
including strain hardening, shear thinning, highltm&rength and so on, thus broadening
the end-uses and processing methods of iPP [2]. cdmmercial LCB-PP, recently
developed and introduced in the market by majaridtional polypropylene producers is

also called High melt strength polypropylene (HMB)}P

Because of its special chain structure, LCB-PP aBeted to show different helical
conformation and crystallite structure in the psxef crystallization [2]. It has been

reported that LCB-PP crystallizes faster than comi®®, moreover, with higher tendency
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to form orthorhombicy-phase under pressure. This polymorph of iPP psesedifferent
physical properties than common monoclimiphase [1, 2, 4].

In this context, the purpose of this Master thési® analyze crystallization behavior of
LCB-PP (Daploy WB130HMS) produced by Borealis Compander increased pressure.
High pressure crystallization equipment pvT100 iseds for sample preparation.
Investigation of prepared samples is carried outguseveral experimental techniques such
as wide angle X-ray scattering, differential scagnicalorimetry, scanning electron

microscopy and compressive testing.
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. THEORETICAL PART
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1 CRYSTALLIZATION OF POLYMERS

Crystallization is the process of formation of datirystals precipitating from a solution,
melt or more rarely deposited directly from a gas.heat is removed from melt during
processing, molecules begin to lose the abilityntive freely, and the melt becomes more
vicious. Crystallization plays an important roleimdustrial processing of semi-crystalline
resins. It strongly affects rheological propertégpolymer melts and solutions, influences

mechanical and barrier properties of solid objfsks

At the crystallization temperatur&.j, molecules begin to arrange themselves into dgysta
and ordered crystalline regions, along with disoedeamorphous regions. The region of
crystallization temperature is between the melt@gperature of polymerT{) and the

glass-transition temperaturgy), whereas the former is always higher than therat

Crystallization is generally favored by slower daoglfrom the melt, very rapid cooling
can suppress crystallization. Polymers are nevatlyocrystalline, as a consequence of
their long chain nature and subsequent annealihg.cFystallinity depends primarily on
the regularity (chemical, geometrical and spatéljhe macromolecular chains. The more

regular the polymer the more likely it is to crybta [6].

The crystallization process consists of two majtoty) nucleation and crystal growth.
Crystals are created when nuclei are formed and trew. The kinetic processes of
nucleation and crystal growth require supersatmativhich can generally be obtained by
a change in temperature, by removing the solvanbyoadding a drowning-out agent or

reaction partners.

1.1 Nucleation

Nucleation is the extremely localized budding ofliatinct thermodynamic phase. The
system attempts to achieve thermodynamic equilibtibrough nucleation and the growth
of nuclei. If a solution contains neither solidd@n particles nor crystals of its own type,
nuclei can be formed only by homogeneous nucleatioforeign particles are present,
nucleation is facilitated and the process is knoaenheterogeneous nucleation. Both
homogeneous and heterogeneous nucleation take plattee absence of solution own
crystals and are collectively known as primary eatibn. Secondary nucleation results

from contact, shearing action, breakage, abrasihngedle fraction. However, it should
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be noted that a distinction is made between them\f@rious kinds of nucleation are

shown inFig. 1.

No matter whether nucleation is homogeneous ordgéeeous it is still strongly affected
by molecular weight, with longer molecules usuailhytiating crystallization of the
polymer. Presumably this is because the longer kecule is, the greater the chance of

being able to adopt a suitable conformation [6].

Homogeneous

Primary

Heterogeneous

Contact
Nucleation

Shear

Secondary Fracture

Attrition

Needle

Fig. 1: Various kinds of nucleation

1.2 Crystal growth

Crystal growth is a major stage of a crystallizatigrocess, which typically follows an

initial stage of either homogeneous or heterogesi@ocleation.

Crystal growth is a diffusion and integration pregemodified by the effect of the solid
surfaces on which it occurs. Solute molecules ps ieach the growing faces of a crystal
by diffusion through the liquid phase. At the saedathey must become organized into the
space lattice through an adsorbed layer. Neitheedtfiusion step nor the interfacial step,
however, will proceed unless the solution is sugterated. The rate of crystal growth can

be expressed as the rate of displacement of a givgstal surface in the direction
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perpendicular to the face. Different crystallogriapfaces of a crystal usually have
different linear growth rates [8].

In most cases, more than one mechanism influencestal’'s growth rate. If the different
mechanism take place in parallel, then the mechanissulting in the faster growth
controls the overall rate. If the processes takegin series, as in the case of bulk infusion
followed by surface reaction, then the slower madra will control the overall rate [8].

1.3 Morphology of crystalline polymers

The morphology of crystalline polymers (the sizéage and-relative magnitude of
crystallites) is rather complex and depends on travenditions such as solvent media,
temperature and growth rate. The polymer chainpacked into the unit cell, which is the
fundamental element of a crystal structure. Uniiscare geometrical shapes with parallel
sides (tetragonal, cubic, hexagonal etc.) thatessgrt the placement of atoms. The atomic
arrangement in the unit cell of a polymer is repdanillions of times in three-dimensional

space in forming the crystalline structure [9, 10].

1.3.1 Single Lamellae

The helical chains fold back and forth to form thordered, plate-like or ribbon-like
structures called lamellae, which are roughly 10thitk platelets with regular facets. The
thickness depends on crystallization temperatuce @ocessing methods. Lamellae are
connected by amorphous regions, called "tie pojritgdt result from irregularities in the
polymer chain. Tie points provide flexibility andnpact resistance to the crystalline
regions. A polymer with more tie points is gengratronger. However, too many tie
points can result in brittleness, low toughnesslandimpact resistance. As crystallization
proceeds, the growth fronts of two different sphtesi meet, and the lamellae extend
across spherulite boundaries into uncrystallizetera available, which tends to hold the
material together. If crystallization occurs ragidhs it does in crystallization from a melt,
the polymer chains can crystallize within more tloere lamellae. Interlamellar fibrils tie
two or more lamellae together and also bridge spiteithemselves [9, 10].
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A schematic representation of a polymer lamellaseld on chain folding model is shown
in Fig. 2.

sectors

- growing
surface

tie
molecules

10 - 100 pm

Fig. 2: Polymer single lamellae [11]

1.3.2 Spherulites

The most prominent structural feature of polymergstallized from the melt is the
spherulite. The spherulite is not a single cryshalf an extremely complex spherical
aggregate of lamellae ranging in size from abolitu® to possibly a few millimeters in
diameter. According to a simplified model, crystaB start from a cental, pin-point type
nucleus and grow uniformly in all spatial directsonadially, with noncrystallographic
small angle branching in between. The branchingraiving crystallites provides complete
space filling. Spherulites can be observed withcapmicroscopy under crossed polarizers
as a Maltese cross patterns, as illustrateBign 3, arising from the birefringent effects

associated with the molecular orientation of laaeelinorphology [12].
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100 u

B

Fig. 3: Maltese cross patterns [13]

The presence of a nucleatitagent-providesditional sites for crystegrowth, resulting in
smaller, more numerous spherulites in the crygedlipolymer. Many organic compour
and metal salts can act as nucleating agents,dimgjucolorant pigments and residi
monomer. When nucleation occurs at ¢t the same time the hadarie<of the spherulites
appear to be somewhat straight. When nucleatioarsct different times the spherulit
are different sizes and the bounde hyperbolas. Rapid cooling decreases the amou
spherulite formation presumably because of a of time to allow the chains to organi

into spherulite structure[10, 14].

The growth rate of spherulites is remarkably lineath time at a given temperatul
except whenthe viscosity of te melt is deliberately reduced.he development of

spherulites growtls shown inFig. 4.

3 _.)j(@@i‘é:

Fig. 4: Schematic development of spherulites grc[11]
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1.4 Crystallization under high pressure

So far more studies of pressure effects on thenpaiycrystallization have been carried out
to understand the pressure dependency of morphologgrnal structure and phase
diagram. There have been some reports on crysi#tliiz kinetics under high pressures,
and they are generally described by Avrami equdtibih

1.4.1 Avrami equation

The original derivations by Avrami have been siriigdi by Evans and put into polymer
context by Maeres and Hay. In the following, ibepful to imagine raindrops falling in a
puddle. These drops produce expanding circles eew#hat intersect and cover surface.
The drops may fall sporadically or all at onceelther case they must strike the puddle
surface at random points. The expanding circlesadfes, of course, are the growth fronts

of the spherulites, and the points of impact aeecttystalline nuclei.
The familiar form of the Avrami equation:

1-X;=exp(-Kt") 1)
where X; is the volume fraction of crystalline material,oem widely as the degree of
crystallinity, K andn are suitable parametek§s temperature dependent.

Avrami equation is often written in logarithmic for

In (1- X,) = -Kt" )

The equation has been derived for spheres, diadsrals, representing three-, two-, and

one-dimensional forms of growth.

The Avrami equation represents only the initial tipors of polymer crystallization
correctly. The spherulites grow outward with a ¢ans radial growth rate until their
impingement takes place when they stop growth atimtersection. Then a secondary
crystallization process is often observed aftertiiteal spherulite growth in the amorphous

interstices [16].
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1.4.2 Formation of y-form of iPP

It is well known that iPP can exist in three polypitc crystalline forms, monoclinie,
trigonal 3, and orthorombig, that differ in the arrangement and packing ofchains [17].
a-form is the most common crystal form, the metdstfform is obtained sporadically at
high supercoolings or in the presence of seled¢timeicleating agents [18}-form origins

at special crystallization conditions such as @tligation at elevated pressures of the
homopolymer, crystallization at atmospheric pressafrlow molecular weight fractions,
presence of chain defects or chemical heterogeneiy presence of the comonomer units
in the chain [12]. The individual polymorphs of tactic polypropylene are described in
detail thereinafter (chapter 2.3).

When varying the pressure during crystallizatiothlibeo- andy-forms are observed. As
the crystallization pressure increasestierm coexists with the-form until it becomes
dominant at 200 MPa and above [19, 20].

More recent experimentation has shown that fortaliyzation at a constant pressure fhe

form is the preferred form at low supercoolings.

The consequence of applying pressure should resaliower opacity and to promote the

extended chain nature of iPP, thus facilitatingdtyestallization into the-form.
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2 POLYPROPYLENE

Polypropylene is one of the most often used thetastio material, due to its favorable
properties and low price. Polypropylene is compativith many proccesing techniques
and used in a wide variety commercial applicatiofBe worldwide consumption of
polypropelene occupies the second place among cadritynglastics, after polyethylene

[21]. This material was introduced to the largde@aoduction in 1957 [22].

2.1 Polymerization

Polypropylene was first polymerized in 1954 by @ulatta who was following the work
of Karl Ziegler. ‘Ziegler type‘ catalysts were cdyba of producing high molecular wieght
polymers from propylene and many other olefins. ftwomer for PP is obtained by the
cracking of petroleum products, such as naturalagasght oils. For the preparation of
polypropylene theéC; fraction (propylene and propane) is the basiainégliate and it can
be separated from the other gases without undueuliy by fractional distillation.
Polypropylene is then prepared using ‘Ziegler tygatalysts or metallocene catalysts by a
polymerization. A typical catalyst system may bepgared by reacting titanium trichloride
with aluminium triethyl, aluminium tributyl and ahinium diethyl monochlorid in
naphtha under nitrogen to form slurry consistinglodut 10 % catalyst and 90 % naphtha.
The properties of the polymer are strongly depenhderthe catalyst composition and its
particle shape and size [23].

2.2 Chemical structure

Polymerization of non-symmetrical propylene moleclgdads to three possible sequences.
PP molecules are usually added head to tail whashilts in a polypropylene chain with
pendant methyl groups attached to alternating eeb@®ccasionally molecules are added
head to head or tail to tail, however this altenptarrangement is disrupted. There are
three types of PP according to the position ofrtteghyl group: isotactic, syndiotactic and
atactic [10].
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2.2.1 Isotactic polypropylene

It is the most common commercial form, pendant wyletroups are all in the same
configuration and are on the same side of the petyhain (se€ig. 5). Due its tacticity,
iPP is the most stereo-regular structured polypesmy when compared to atactic and

syndiotactic polypropylenes and thus higher degfemystallinity is involved [10].

P e O e W e W W e W

: :c , r
H”c}n{, H c);u, H b, n"’c&, ﬁ'c‘m, f’ic\m,

Fig. 5: Isotactic polypropylene [24]

2.2.2 Syndiotactic polypropylene

In syndiotactic polypropylene, alternate pendanthylegroups are on the opposite sides of
polymer backbone, with exactly opposite configumasi relative to the polymer chains (see
Fig. 6). Interest in this material is a consequencesgpdssessing greater toughness, clarity
and heat resistance (softening point) than corredipg isotactic polypropylene [10].

P W e’ /m\/ ’\.P{’\/
b Hﬂm, M Yo, Gow o o,

Fig. 6: Syndiotactic polypropylene [24]

2.2.3 Atactic polypropylene

Atactic or amorphous polypropylene is characteriagc random steric orientation of the
methyl pendant groups on the tertiary carbon atalmsg the molecular chain (séa. 7).

The random sequence of these methyl substitueriskisd to an atactic configuration.
Generally atactic polymers are characterized by theky, amorphous behavior and low

molecular weights [12].
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Fig. 7: Atactic polypropylene [24]
Most polymers are predominantly isotactic, with Braanounts of atactic polymer. New
metallocene catalysts make possible other stereuche configurations, such as
hemiisotactic polypropylene. In this configuratidine most pendants methyl groups are on

the same side of the polypropylene chain, as in H#vever, other methyl groups are

inserted at regular intervals on the opposite sfdae chain [10].

2.3 Polymorphism of isotactic polypropylene

On the crystal lattice level, isotactic polypropyeexhibits three different morphological
forms, depending on the tacticity of the resin #mel crystallization conditions, such as
pressure, temperature, and cooling rate. Diffef@mhs can coexist, and one polymorphic
form can change into another as conditions chah@ The X-ray patterns of three forms

(a-form, B-form andy-form) are shown iffrig. 8.

y-form
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Fig. 8: Unoriented powder WAXD patterns for differéorms in iPP crystals
[19]
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2.3.1 a-form

The predominant and most thermodynamically stabjstalline structure of pure isotactic
polypropylene at atmospheric pressure is monoctifficrm (seeFig. 9). Polymer chains
in the a-form of isotactic polypropylene fold into lamellagth thicknesses of 5-20 nm.
Radial growth of lamellae is dominant, however, dédlencan also associate tangentially,
with the tangential lamella branching off approxietg orthogonally from the plane of the
radial lamellae. This forms a cross-hatched strecin the lamellae, which aggregate to

form spherulites [23].

The lamellar structure produces positive, negataugg mixed birefringence. Negative

birefringence results from spherulites in whichiaathmella are dominant, while positive

birefringence is due to spherulites with predomilyatangential lamellae. Both negatively

and positively birefringent spherulites form a Mak cross pattern under crossed
polarizers. In spherulites with mixed birefringenoeither tangential nor radial lamellae

are predominant, and a distinct Maltese cross tsfaroned. The birefringence changes
from positive to negative with increasing crystadlion temperature, as the tangential
lamella undergo premelting. Theform of isotactic polypropylene is the primary phaof

polypropylene obtained under usual processing tiongi [10].

Fig. 9: Crystal structure of-form of iPP [12]
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2.3.2 p-form

The pB-form of iPP was firstly identified in 1959 by Khitet al. In the crystallization of
conventional iPP grades, a small amount feform occurs sporadically at high

supercoolingsT. < 130 °C) or in quenched samples [12].

The B-form of isotactic polypropylene has been describ@chave hexagonal unit cell
structure, with more disorder than thdorm. However, Varga and some other authors

have recognizefi-form to have the trigonal unit cell (sEey. 10) [12].

The parallel, stacked lamella do not show crossHiag. Lamella have been observed to
form sheaf-like spherulitic structures with intenoected boundaries, different from the
distinct boundaries ofa-form spherulites; in experiments with high puriftform
polypropylene, this structure resulted in lowersetamoduli and yield strength at a given
strain rate and higher impact strength and breakstigain values thana-form
polypropylene. TheB-form exhibits negative birefringence under crospethrizers and
can convert to the--form on heating. Polypropylene can crystallizetle B-form at
relatively low isothermal crystallization tempenasi or in the presence of nucleating

agents, such as the combination of pimelic acidaaiclum stearate [10].

Fig. 10: Crystal structure gf-form of iPP [12]

It was found, that iPP rich ip-form embodies improvement of some mechanical
properties. In particular the impact strength, tmgss and whitening under tensile

deformation of B-iPP (iPP with predominang-form within the crystalline portion)
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markedly exceed those of polypropylene with pred@mio-form. However, the presence
of B-form in the material decreases stiffness and Eutlusd 18, 25, 26].

2.3.3 y-form

This form was discovered in 1961 by Addick and Bsima. It was produced by
crystallization at elevated pressures from higheoalar weight homopolymer. Theform
predominates when the pressure during the cryséitn is higher than 200 MPa. Other
procedure which leads to the growth of this formcigstallization from melt of high

molecular weight stereoblock copolymer with smatloaints of ethylene or but-1-ene [27].

The y-form of isotactic polypropylene was initially cadered to have a triclinic unit cell
with dimensions similar ta-form, but the crystal structure was recently regpmsd as an
orthorhombic unit cell with nonparallel, crossedn&dlae (seeFig. 11). In experiments
with polypropylene crystallized at high pressured different crystallization temperatures,
the crossed lamellae formed a feather-like strectuvhich result from self-epitaxial
(tangential) growth [10].

Fig. 11: Four unit cells of the-form of iPP according to the nonparallel chain

packing model of Meille et al. [28]
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On the spherulitic level, puseform shows negative birefringence, lathlike stauetof the
a-form is absent in the-spherulites. The melting point of thdorm is mostly reported in
the range of 125 to 150 °C for low molecular weighimples. In the case of pressure
crystallized samples of high molecular weight i, melting point occurs above 150 °C
[27].

2.4 Properties and applications of polypropylene

Mechanical properties strongly depend on its chysiy. Increasing crystallinity
enhances stiffness, flexural strength and vyieldsstr however, decreases touhgness and
impact strength [10].

Comparison of properties of all stereo-isomersaygropylene is given ifab. J29].

Tab. 1: Properties of isotactic PP, syndiotactic &k atactic PP [29]

Property Isotactic PP|  Syndiotactic RP Atactic PH
Density [kg.n’] 920-940 800-910 850-900
Melting temperature ['C] 165 135 -
Solubility in hydrocarbons [20 °C no middle high
Yield strength high middle very low

Polypropylene is used for wide scale of produatshsas automotive industry, household
goods, domestic applicances,pipes and fittingspitiune, films are used in packacing
applications and important application are fibres.

2.5 Long chain branched polypropylene

In the past decade, many researchers have investigang chain branched (LCB)
polyolefin by rheological method, but most studiesus on polyethylene (PE) or model
polymers, and only a few literatures are about lohgin branched polypropylene (LCB-
PP), because LCB-PP is difficult to be obtained #eddegree of LCB is very low. When

PP is modified by peroxide and polyfunctional momonthe reaction and the product
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components become very complex. Degradation reactiakes the molecular weight to
decrease, grafting reaction introduces short chmench (SCB) structure, branching
reaction introduces LCB structure, and gel will greduced if crosslinking reaction can
happen. The complex reactions as well as the conteducts make the investigation on
LCB very diffucult [2].

There is no specific definition about LCB, howeveom rheological viewpoint, the length
necessary for a branch to behave as a long chaictrs 2Me (Me = molecular weight
between entaglements). Therefore, the moleculdunitaotures for grafted PP and LCB-PP
are very different. As a result, crystallizatiorhbeior and crystal morphology of LCB-PP
will be different from linear PP or grafted PP [1].

2.5.1 Polymerization

Since long chain branching is generally known tdaste the melt properties of a
polymer, several approaches have been developadke branched polypropylenes. Some
include post-reactor treatments such as electrambieradiation, peroxide curing, and
grafting; others use in-reactor copolymerizatiohe Toranches in irradiated or peroxide
treated polymers are generated through radicaleedivandom chain scission followed by
recombination. Thus, the products are complex, tedprocesses may be difficult to
control. Grafting of polymer chains onto linear maanolecules would lead to comblike
branched polymers, but the chemistry to prepargopefin graft copolymer is very limited
[30].

Polymerization using heterogeneous catalysts

Through the utilization of metallocene catalysthi@alogy, many structures features,
including long chain branching, can be introducedoi polymer chains during

polymerization.

The unique procedure to synthesize LCB-PP via thalocene mediated polymerization
of propylene with T-reagent is called one-pot padyimation process. This procedure
allowed for the formation of trifunctional branchipts with a relatively well-defined LCB
structure. The reaction mechanism of forming LCBg@R/mers via metallocene-mediated
propylene polymerization, using isospecifiac-Me,Si[2-Me-4(1-NaPh)Ind}ZrCl/MAO
catalyst, in the presence of T-reagent, p-(3-bu}estyrene (BSt) that serves as both

comonomer and chain transfer agent.
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Basically, branches in LCB-PP can be formed whegr@ving polymer chain either
incorporates the but-3-ene chain-end of a macromen®r chain transfers to the pendant
styrene of a copolymeiFig. 12. The pre-dominate route for the formation of lotees
involves the pendant styrene of the copolymer, Wisierves as the chain transfer agent to
form the LCB-PP in the presence of hydrogen. Thesgmce of hydrogen can relieve the
dormant catalyst site via a subsequent chain-teamefction to produce a macromonomer

with thea-olefin but-3-ene at the chain-end [31].

The values like molecular weightv) branching degree and melt flow rate (MFR) are

achieved by controlling the reaction conditions.
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Fig. 12: Preparation of LCP-PP by using heterogameoatalysts [2]

Polymerization by radical reactions

There are two methods of radical modifications. Tingt is electron beam irradiation
which is a physical method and it generates maatiba effects in the macromolecular
structure and material properties. The second snehemical method which contains
modification of PP with peroxides in combinationtwimultifunctional monomers or the

reactive extrusion of PP with peroxydicarbonate3QKC).

Two mechanisms of radical reactions (in inert atphese and in the presence of
monomer) are shown iaigs. 13and14.
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Polymerization by ionizing radiation

The radiation process has played an important tolgoroduce polymers with these
controlled rheological properties. The irradiatioh polymeric materials with ionizing
radiation (accelerated electrons, X-rays, ion beagasnma rays) creates very energetic
ions and excited states, which decay to reactiee fadicals. These intermediate species
can follow several reaction paths, resulting in tlesv bonds formation (sd€g. 15, as
well as in the case of peroxide degradation procHss degree of transformation depends
on the structure of the polymer and the conditiohgre-treatment, during and after

irradiation as well as dose rate [33].

LINEAR LCB

Fig. 15: Conversion of the linear iPP structurearda LCB material [32]

Irradiation processing is mostly realized in thdypeer solid state, however, the electron
beam irradiation of PP in the molten state is aditamhal way of creating LCB without

additives.

The formation of chain branching or crosslinkinglagated mainly in the amorphous
regions. The material in the molten state contamgrystalline regions. This leads to the
conclusion that all chains are available for bramglreactions. Therefore, the chance of
chain branching during irradiation in the molteatstof the material is much higher than in
the solid state. In the solid state, the branchgartions are limited by the diffusion of
chain fragments. Moreover, the thermal degradatbrthe molecular weight at high

temperatures is enhanced [34].
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Polymerization using peroxides

The next way to produce LCB-PP is by reactive eitnu in the presence of

peroxydicarbonate (PODIC), shownkig. 16 The amount of LCB can be controlled by
the type and the amount of PODIC used for the nuadibn. A perester with the same
reactivity shows an opposite behavior inducing ddgtion througi-scission and leading

to lower extensional viscosity without strain harig, lower melt strength, lower die
swell and higher MFI [35].

The peroxide structure has a direct influence @enktfanching level of modified PPs. PP
has a tendency to under@escission because of the nature of its moleculacsire, and

this competes with grafting and cross-linking reatd during the reactive extrusion
process. The use of polyfunctional monomers camedse the degradation and improve

the degree of branching for PP [35].

PODIC with long linear alkyl groups are more efici in adding branches to PP than the
ones with shorter groups. Non-linear alkyl groupsult in samples with more branches
and strain hardening than the ones with linear ggcand comparable number of carbon
atoms [35].

T T
R—O0—C—0—0—C—O—R

Fig. 16: General formula of PODIC [35]

2.5.2 Crystallization

Because of its special chain structure, LCB-PP aBeted to show different helical
conformation and crystallization structure in thegess of crystallization. The different
helical conformation and complicated crystallizatistructure will greatly influence the
processing ability of LCB-PP [2].

The change of molecular architecture can affectamdy rheological property but also
crystallization property of PP. There have been ynstudies on the crystallization of

grafted PP, as a consequence is widely acceptddthibabranches have the role of
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heterogeneous nucleating agent for the matrix aelerates the crystallization process
[4].

Crystallization of the LCB-PP during the fast cogliprocess, or at lower crystallization
temperature, leads to the formation of mainly edgeamellar structure. Crystallizing
LCB-PP at moderate temperature range results ifothgation of both edge-on and flat-on
LCB-PP crystals, which coexist side by side evethansame spherulite [4].

Both a- andy- forms develop in LCB-iPP by crystallizing frometimelt, among which the
y-form is a metastable crystal with a large amouirstrmctural defects. Theform melts at

a lower temperature and in a broader temperaturgeravhile the crystals af-form are
instead, probably more perfect and melt at higlemperatures and in a narrower
temperature range. The crystallizationyefbrm is favored by the presence of the LCB in
iPP [2].

The LCB-PP crystals grow, however, slower thanrtheear counterparts and spherulites
are much smaller than that of linear PP, indicatimg LCB structure acts as nucleating

agent.

LCB-PP has higher crystallization temperature, t&nocrystallization time, and broader

melting range when compared with linear PP.

2.5.3 Properties

In the past decade there has been an increasiongsteijom market for high melt strength
polypropylenes. The melt strength is defined asdéisestance of a melt to draw-down and
is an important parameter describing the extersilof a polymer melt which is of great
importance in all processing technologies wherengdtional flows and stretching of

polymer melt occur.

It is known that relatively low melt strength andnastrain hardening behaviour of the
linear polypropylene limit its use in applicatiomch as thermoforming, foaming and blow
molding. One of the most effective approaches toea®e high melt strength for PP is to
introduce long chain branches onto PP backboneg boanched chains increase the chain
entanglement level, thereby increasing melt strerag well as the final mechanical
properties of the materials, e.g., higher flexuraddulus and tensile yield strength. The
melt strength also increases strongly with decnggsielt flow index (MFI), as well as by
widening the molecular weight distribution. On thidner hand, branched polypropylenes
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obtained using electron beam irradiation were fownkave ten times higher melt strength
than a linear PP with the same MFI. It is expetked if the melt strength behaviour of PP
is improved, its market position will become everoren prominent, replacing other

thermoplastics in several applications [36, 37].e Tbomparison of some physical

properties of LCB-PP and linear PP is listed ab. 2

Tab. 2: Mechanical properties of modified polyprigme material with long

chain branches compared to linear polypropylendnwdentical melt flow rate

[36]
Property Unit Branched material | Linear

(Daploy HMS) PP

Tensile modulus MPa 2 000 1 500

Tensile strength at yield MPa 40 33

Heat deflection temperature °C 60 56
Charpy impact strength, notched (23 °Q) K3/ 3 4
Charpy impact strength, notched (-20 °C) KI/m 1 11

The stiffness of polypropylene is increased andachpstrength remains unchanged if
polypropylene is used as starting material fordsphase modification. This improvement
is caused by a self nucleation by long chain brasabf molecules having an extremely

high molecular weight in branched part [32, 35].

2.5.4 Application

Foam extrusion

It has been realized for a number of years thatrder to produce high quality PP foam,
high melt strength PP (HMS-PP) is required; howelP& foams are relatively late comer
to this market. PP induces a lot of problems dutimg process, the reason lies in the
molecular structure. Standard PP’s lack the requesdensional rheological properties in
the melt phase which are required for the prodaabibextruded low density foams with a
fine and controlled cell structure. The availagilaf HMS-PP (i.e. LCB-PP), the above

mentioned problems are reduced or even solved.eTH#4S-PP resins offer property
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benefits such as a wide mechanical property rahggh heat stability, good chemical
resistance and no monomer issues, and in the rhaklepit is high strength and high
drawability. Outstanding properties of all foamséd on HMS-PP are the possible weight

reduction, material savings, and good environmesr&lentials [32, 38].
The global PP foam market is growing rapidly, cattdMS-PP foam applications are:

» thermo-formable technical foams for automotive aapions;
 lightweight packaging trays, beakers and contaif@rod packaging;
» thermo-formable foamed films, sheets and planks;

* microwaveable containers for heating of food stuff.

Film blowing

The use of PP in blown film technology was limited its low melt strength, which is
leading to low bubble stability, low output, wrire on the reel, inhomogeneous thickness

distribution on the product size and non-econorpieration on processing side.

The addition of long branches decreases the hale var the films; this could be of

interest for applications where film transparersgm important issue [39].

HMS-PP can significantly improve the processing dhe resulting film quality. By
stabilizing the bubble and reducing the wrinklirtgttze reel, process stability and output
can be increased [32].

Potential applications are:

« easy tear packaging;

* hyagienic films, e.g. diaper films.

Thermoforming

In recent years thermoforming of polypropylene imagle massive progress in applications
ranging from food packaging to large industrial tpardespite that it is difficult to
thermoform polypropylene. This progress could obé made by designing specialized
thermoforming technique and equipment on the omal lend innovative polypropylene
resin developments on the other hand.

The thermoforming of polypropylene can be signifittaimproved by the addition of long

chain branches to standard polypropylene [32].
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3 METHODS OF ANALYSIS

3.1 Wide angle X-ray scattering

Wide angle X-ray scattering (WAXS) is the most coomhy used technique for obtaining
information about the size and shape of crystalligmd about the degree of crystallinity in
solid polymers. WAXS measures the spacing betwkerotdered crystalline layerBig.
17) [40]. Bragg derived his now famous equation fog tlistancel between successive
identical planes of atoms in the crystal and the X-ray wavelength:

d = niA 3)

o 25in@®

The principle is diffraction of the X-ray radiatiobeams on the regular structure
consequently on the crystal lattice. The cryst#tatits an X-ray beam passing through it
to produce beams at specific angles dependingeX4tay wavelength (about 10 nm), the

crystal orientation and the structure of the cry{<t@].

The intensity of the diffracted X-ray is measuredaafunction of the diffraction angi®

and the specimen’s orientation. This diffractiort@a is used to identify the specimen’s
crystalline phases and to measure its structuggsties. WAXS is non-destructive and
does not require elaborate sample preparation wiactly explains the wide usage of this

technique in materials characterization [41].

Incident Diffrocted
beom beam

Fig. 17: The Bragg diffracting condition. Differemin path length between
successive rays is 2d sth[42]
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Crystalline regions show coherent scattering pastand a sharp peak can be observed in
the diffraction versus intensity curve whereas mohous phase gives a broad peak. The
degree of crystallinity can be obtained by meagutive area under each peak. However, it
is often difficult to discriminate between crysial and amorphous scattering which
implies that the degree of crystallinity cannot determined very accurately. Also the
presence of small crystallites is difficult to cheterize, because they exhibit similar
scattering effects as the amorphous material. Hewesmall crystallites tend to broaden
the peaks and sometime information about crystaé sian be obtained from such

broadening [43].

3.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is the main neple for direct surface
investigations. The principle of SEM differs sulpgially from transmission electron
microscopy (TEM). A focused electron beam with d&@ing voltage from 0.1 to 50 kV
is scanned line by line across the specimen surfaicéhe incident point of the primary
electron beam, secondary electrons are emittedddseseveral other electron beam-—
specimen interactions. The intensity of secondalgctens depends on surface
topography, i.e. on the angle between the direabiothe primary electron beam and the
surface. The number of the secondary electrons hataduthe brightness of a display
screen, which is controlled by the same scan gtareaa the primary electron beam. For
example, areas with a higher intensity of secondigtrons appear brighter on the display
screen than others. This yields a good contra8EKW images with a very good spatial
visibility of details and a high depth of focusféetor of about 100 greater than in light-
optical imaging) [44]. The schematic diagram ofrstag electron microscope is shown in
Fig. 18

The magnification is attained from the ratio of thee of the display screen to the size of
the scanned surface region on the sample, and ibeaxhanged easily between about 5 to
200 000. Therefore, the resolving power of SEM besveen light optical microscopy and
TEM [44].
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Fig. 18: Schematic diagram of scanning electronroscope [45]

There is a constitutional advantage of SEM thatgeneral, no special preparations are

necessary to perform morphological investigatidnspecimens [44].

3.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is most esft used by polymer analysts for
determining a polymer’'s melting temperature, gkaaasition temperaturely), degree of

crystallinity, heat of fusion or degree of cureisltan excellent technique for investigating
the failure of polymers owing to the small samplee sequired, its ability to reveal the
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polymer’s thermal history, and its ability to messuhe Ty of the polymer (which is
sensitive to annealing and physical ageing) [45].

Although DSC has become a routine method for potyamalysis, the analyst needs to be
aware of possible artifacts that can distort thaults. Careful interpretation of thermo-
analytical data can be providing a wealth of infation for polymer characterization. It is
well known that the first heating curve is sigrgiintly influenced by the sample’s thermal
history. It is often useful therefore to compare first and second heating scans of a
polymer sample. Information that can be obtainedhiisycomparison can be related to the
thermal history (mould temperature annealing, etrystallinity and recrystallization. It
should be noted that, generally, DSC does not tdtermal transitions of minor
components in a polymer sample, such as thosdlena (i.e. components that are present
at levels less than 5%) [45].

Fig. 19 which illustrates typical polymer thermogram pregsesome information that can
be obtained by DSC analysis.
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* Important characteristics: Tg , T, . heat of fusion on heating; T, on cooling

Fig. 19: Typical polymer DSC thermogram [46]
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In a cell designed for quantitative DSC measurenjetwto separate sealed pans, one
containing the material of interest and the othamtaining an appropriate reference, are
heated (or cooled) uniformly (sé8g. 20. The DSC cell uses a constantan disk as the
primary means of transferring heat to the sampktk raference holders and also as one
element of the temperature-sensing thermoeleatnction. Samples in powder, sheet,

film, fiber, crystal, or liquid form are placed disposable aluminum sample pans of high
thermal conductivity and weighed on a microbalafdes sample is placed in one sample

holder and empty sample holder serves as refer&araple sizes range from 0.1 to 100.0
mg [47].

REFERENCE PAN SAMPLE PAN
pans &rl—r u.-
— sample
refarance ,,_.--"'".'f
maternal FLresisianc e
themmomsater

(—wwvv\ ’W’V\/\/—]/

Fig. 20: Schematic diagram of differential scannaajorimetry [48]

3.4 Determination of compressive propertiesCSN EN 1SO 604)

Measurements using a single-stage short-range éwadthe most widely used basic
measurements of the mechanical properties of palniechnical measurements leading
to plotting of stress-strain diagrams are madeondy in tension, but also in compression.
The stress-strain diagram in compression is usetdetermine the following parameters:
the maximum compressive stress, the ultimate sires®mpression, the yield point in

compression, modulus of elasticity, the proportidimaits, and the secant modulus [49].

The stress in a compression test, as a rule, eyrdeted as the ratio of the load to the
original cross-sectional area of the specimen. Dedtions in compression are evaluated
either according to the reduction in the lengthtloé specimen. The requirement of
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improved accuracy of deformation measurement inpression is complied with by
increasing the height of a specimen. But this ldads contradiction with the requirement
of specimen stability. Compression tests of stathdpecimens are usually run at a speed 1

to 20 mm/min. For specimens of other sizes, thedgpefound by the formula:
v = 0.03h (4)

wherev is the speed of approach of the plates, largdthe original height of the specimen
[49].

In comparison with tension, compression tests hheg advantages and their specific

difficulties.

The advantages include the use of small specimedslaage loads that are easier to
measure, and the possibility of methodologicallymelating measurement errors and
errors in the deformations associated with theefasg of the specimen in the grips. The
shortcomings include by the loss of stability o$@ecimen, the high requirements to the
central application of the load, and to the palig}ief the plates and supporting surfaces

of the specimen [49].
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4 MATERIALS AND SAMPLE PREPARATION

Throughout this study, three commercially availaltigoes of polypropylene were

examined.

The first material was long chain branched polyplepe Daploy WB130HMS, which is

supplied by Borealis Company, Vienna, Austria. dta propylene-based, structurally
isomeric polymer and was produced by monomer giafluring the radical-driven

reactions of isotactic polypropylene with peroxidescrease long-chain branches. This
material is optimized to deliver improved procesiggb high stiffness, high service

temperature, foamability in foam extrusion procesaad good insulation properties of
foamed materials. The applications of this matearal thermoformable, foamed films and
sheets, lightweight packaging trays, microwavedbtel packaging, technical foams for
automotive applications such as headliners or tdraeking, door liners, parcel shelves,
water shields, thermal and acoustic insulation, Rlysical properties of this material are

shown inTab. 3

Tab. 3: Physical properties of LCB-PP Daploy WB180%1

Property Typical Value Test Method
Melt Flow Rate (230 °C, 2.16 kg) 2.0 g/10 min ISCBR
Flexural Modulus (5mm/min) 1 900 MPa ISO 178
Tensile Modulus (Imm/min) 2 000 MPa ISO 527-2
Tensile Strength 40 MPa ISO 527-2
Heat Deflection Temperature A 60 °C ISO 75-2
Charpy Impact Strength, notched (23 °C) 3.0 kKJ/m ISO 179/1eA

The second material examined in this study wasgrofyylene homopolymer HC600TF.
Material is supplied by Borealis Company and imted for thermoformed packaging
applications. It has very good organoleptic prapsrallowing this grade to be used with
any masterbatch without discoloring problems. Thaterial is optimized to deliver very
good contact clarity, stiffness, impact balanceycpssability and melt stability. The

applications are in-line and off-line thermoformjrigpusewares and thin wall packaging,
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margarine tubs and it is possible to mix it withpotymer. Physical properties of this

material are shown ifiab. 4

Tab. 4: Physical properties of PP homopolymer HCEo0

Property Typical Value Test Method
Melt Flow Rate (230 °C, 2.16 kg) 2.8 g/10 min ISCB3
Flexural Modulus (5mm/min) 1 500 MPa ISO 178
Tensile Modulus (Imm/min) 1 600 MPa ISO 527-2
Tensile Stress at Yield (50mm/min) 35 MPa ISO 527-2
Heat Deflection Temperature A 85 °C ISO 75-2
Charpy Impact Strength, notched (23 °C) 4.0 kKJ/m ISO 179/1eA

For comparison, also polypropylene homopolymer Bame HC300BF was examined,
what is supplied by Borealis Company. It is a hagistallinity homopolymer film resin.
This material has super high purity, contains nip, shntiblock, antistatic additives or
nucleating additives. These properties lead to avgd high thermal stability, low
dissipation factor, good stiffness, outstandingcpesability, metallisable and very low ash
content. This material has been developed espgdallapplications like dielectrical film
for capacitors and metallisable film. Physical pdi@s of this material are shownTiab.

S.

Tab. 5: Physical properties of PP homopolymer Bemol HB300BF

Property Typical Value Test Method
Melt Flow Rate (230 °C, 2.16 kg) 2.8 ¢g/10 min ISCB3
Flexural Modulus (5mm/min) 1 500 MPa ISO 178
Tensile Modulus (Imm/min) 1 600 MPa ISO 527-2
Tensile Stress at Yield (50mm/min) 35 MPa ISO 527-2
Heat Deflection Temperature A 85 °C ISO 75-2

Charpy Impact Strength, notched (23 °C) 4.0 kKJ/m ISO 179/1eA
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In following text, the materials are signed: lorgam branched PP Daploy WB130HMS as
LCB-PP, homopolymer HC600TF as PP and homopolynwecl8an HB300BF as c-PP
(PP clean).

Samples of all used materials were prepared usipgessure-volume-temperature (pvT)

technique (i.e. high pressure crystallization).

The produced pellets of each material of weightapprox. 0.7 g were put into a
measurement cylinder and heated at the temperaB@éC with heating rate 80 °C/min.
Then, the controlled crystallization from 220 to ®Dwith cooling rate 5 °C/min proceeds
samples at several elevated pressures, namely02@04 120, and 160 MPa. The end of
crystallization was signalized by the piston hoffihe same position for 5 minutes. The
crystallization process was monitored by compuigrich records temperature, time and
piston position. The resulting samples (cylindeaps#) were prepared with a pvT100
apparatus manufactured by SWO Polymertechnik Gmblieféld, Germany). An
instrument for determining the pvT behaviour iswhon Fig. 21
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Fig. 21: Instrument for the measurement of pvT b&ha [50]

4.1 Specimens for wide angle X-ray scattering

Specimens for wide angle X-ray scattering (WAXSYeaveut out from the central part of
the prepared samples by using a rotary microtomeal®M2255 supplied by Leica
Microsystemsfig. 22). The specimen dimension was 4 mm height and Swidth.
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4.2 Specimens for Scanning Electron Microscopy

Specimens for scanning electron microscopy (SEMeweepared from central part of the
sawed off segments. Afterwards the specimens wehea by 1% solution of KMnQOin
H3P O, (85%) for 60 minutes.

4.3 Specimens for DSC analysis

The slices with thickness approx. 1 were cut out from central part of the sawed off
segments using a rotary microtome Leica RM2255 Igeghy Leica Microsystemda=(g.
22). The slices of weight of approx. 7 mg were puib ithe aluminous pan by tweezer and
covered with the aluminous cover. The pan and tivercwere crimped with a special tool

supplied by Perkin-Elmer.

4.4 Specimens for determination of compressive propesis

The prepared samples were grinded from both sigesising water cooled disk-type
grinder with sand papers to straight cylinder shdpe specimen dimension was approx.
16 mm height and 7.5 mm width.

Fig. 22: Rotary microtome Leica 2255 [51]
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5 ANALYZING METHODS AND DEVICES

5.1 Wide angle X-ray scattering

Wide angle X-ray scattering (WAXS) were performethva X’PERT PRO MPD (Multi-
Purposed Diffractometer) by PANanalytical compahis device is shown iRig. 23 The
diffractometer is equipped with CyKn reflection mode and nickel filter of thickneB2
mm. Radial scans of intensity vs. diffraction an2fewere recorded in the range of 7° to
30° by steps of 0.026°.

Fig. 23: Diffractometer XPERT PRO MPD

5.2 Differential scanning calorimetry analysis

For the purpose of crystallization studies, a peemmpensated differential scanning
calorimeter Perkin-Elmer Pyris 1 was employedsishown inFig. 24 The temperature

calibration was performed using indium as a stath@By = 156.6 °C).

The prepared samples were heated from 50 up td@9@ith heating rate 10 °C/min to
obtain melting temperature and enthalpy of heabfus
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Fig. 24: Differential scanning calorimeter Perkirfrier Pyris 1

5.3 Scanning electron microscopy

In order to study morphology of the crystallizeangdes, a scanning electron microscope
Vega-1l LMU by Tescan Company USA, was employed tlevice is shown ifig. 25

Fig. 25: Scanning electron microscope Vega-Il LMB2]
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5.4 Compressive testing

Mechanical properties of crystallized samples waralyzed by compressive testing. The
device INSTRON 8871 was employed, it is showrFig. 26. The compressive test was
run at speed 1mm/min. This method was employed derohined values: modulus,

compressive strain at tensile strength, and comwestress at tensile strength.

Fig. 26: Compressive measurement INSTRON 8871
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lll. RESULTS AND DISCUSSION
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6 HIGH PRESSURE CRYSTALLIZATION

Pressure-volume-temperature (pvT) technique wag tes@repare the samples and at the
same time to find out the crystallization behavjounainly crystallization temperaturek;

of each material. Five pressures were applied mgrjiom 20 to 160 MPa. The typical
sigmoidal crystallization curves of each materilalained by pvT100, i. e. dependence of
specific volume on temperature, are showrFigs. 27-29 It is well known that during
crystallization the specific volume decreases asramaolecules integrate into crystallites.
Crystallization temperatures were calculated fratataimetrics data, as a flex point and
they are summarized ifab. 6and graphically expressedhiyg. 30.

Tab. 6: Crystallization temperatures of PP, LCB-RRd c-PP crystallized under

different pressures

Pressure (MPa) PP T(°C) LCB-PP T, (°C) c-PP T (°C)
20 123 136 123
40 126 142 133
80 137 155 139
120 172 165 174
160 193 181 194

The results of high pressure crystallization exkilthat crystallization temperature raises
with increasing pressure for all used materiale gg. 30). The crystallization curves of
PP and c-PP possess an analogous form, thus tlse&albration behaviour of such
materials is more or less identical. However, ia tlase of LCB-PP the dependencd of
on specific volume is significantly different. LOBP possesses highdi; up to
crystallization pressure 80 MPa as compared tor otfagerials. Then, at pressure 120 and
160 MPa, the values @t of PP and c-PP exceed that of LCB-PP. Thus itbeasaid that
under lower pressures LCB-PP crystallizes easdy tAP (c-PP) while at higher pressures
the situation is opposite, i.e. LCB-PP crystallizésardly (slowly). The higher
crystallization temperature of LCB-PP at commonditons (lower pressure) has been
already published and has been assigned to longliea which can act as a nucleating
agent and thus speed the crystallization [1]. Gnadtiner hand, under high pressures (120
MPa and above) the long chains can contrary slexctistallization as there is no enough
place to move and long chains represent a resingtior implementing macromolecules

into crystallites.
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7 WIDE ANGLE X-RAY SCATTERING

Wide angle X-ray scattering was employed to obsarpelymorphic composition of each
material. The corresponding WAXS patterns are showhigs. 31-33 Here the typical
reflections at around® = 14.2°, 17° and 18.8° corresponding to (110)0§G¢hd (130) of
a-form can be observed. With increasing pressure aéflection at2@ = 20.05°
corresponding to (117) gtform becomes distinct. From the diffraction pattethe values
of crystallinity andy-form content are calculated. The crystallinitydistermined as the
ratio of the integral intensities diffracted by aystalline part ) and total integral
intensities () (Xc=1/1). The relative content af-form (G) in they/a crystalline system is
calculated according to Pae @sH,/(Has+H,).100 % whereH, is the intensity of the
(117) y-reflection andHas is the intensity of the (13Q)-reflection [53]. The values of

relative content of-form and crystallinity are shown ifiab. 7and graphically expressed
in Figs. 34and35.

Tab. 7: The relative content gform and crystallinity of PP, LCB-PP, and c-PP

crystallized under different pressures (%)

Pressure (MPa) PP LCB-PP c-PP
Xec y-form Xec y-form X y-form
20 54 10 63 30 58 11
40 57 17 57 55 58 24
80 49 46 55 82 54 49
120 47 71 57 100 54 78
160 49 83 58 100 54 92

The prepared samples of each material consistemlgfoa- andy-forms, B-form was not
observed. The-form content increases with elevated pressurd materials under study.
Both PP and c-PP indicate very similar evolution palymorphic composition with
increasing crystallization pressure; the relatiferm content is comparable. On the other
hand, the LCB-PP has a higher tendency to crystaititoy-form with elevated pressure
than PP and c-PP; the relatiydorm content is significantly higher for all preses.
Moreover, at pressure 120 MPa the relative cordéptform in such material reaches the
maximum 100 %. The higher tendency to createrm under increased pressure has been
already well described elsewhere [19] and is gdiyekmown. On the other hand, the
crystallization of LCB-PP and its polymorphic cormsfimn is not fully understood yet.

The data published so far [e.g. 54, 55, 56] indiddhat when the fully isotactic sequences
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(branches) are very short, iPP crystallizes iaform, whereas very long regular isotactic
sequences (branches) generally crystallizes ortty afform. Weng analyzed the LCB

structures in the LCB-PP in detail with“NMR, and pointed out that the incorporation of
LCB structures in the LCB-PP will bring stereo ralgs in isotactic backbone structures
[30]. As a result, the LCB structure will influentiee final phase structure of LCB-PP. In
the work of Su et al. the higher tendency of LCBtBRrystallize intoy-form has been

proved [2]. However, in this work only the influen®of T, was studied, no pressure

dependence is taken into account.

As can be seen iRig. 35 the crystallinity varies from sample to sample.gkneral, the
crystallinity is higher in c-PP and LCB-PP, the ecoan polypropylene possesses slightly
lower values. According to results it can be alawl ghat high pressure gently decreases
the crystallinity in all samples. The higher cryatéty in c-PP in comparison with PP
could be expected: the impurities in such matdréale been removed and thus there are
fewer defects of crystallites.
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8 DIFFERENTIAL SCANNING CALORIMETRY

Differential scanning calorimetry was used to obeethe melting behaviour of high

pressure crystallized samples.

Melting thermograms of all prepared samples atestithted inFigs. 36-38 From the
thermograms, melting temperature and melting epyhhlve been determined and the
values are listed iMab. 8 and graphically expressed Figs. 39 and 40. The melting
temperature has been taken as a maximum of medtaptherm. In some cases the
splitting of melting peak can be observed (e. gBtRP, 120 MPa, sekig. 37). In this
case, two melting temperatures are indicated igthph Fig. 39).

It can be seen in FigY6-38 that the melting peak becomes broader with incngasi
crystallization pressure applied. This is conneacigith the presence of-form in high
pressure crystallized samples. This polymorph f pl@ssesses lower melting temperature
and thus in samples containing bathandy-forms the peak has onset at lower temperature
and is significantly broader. In the case of LCB-B broadening leads in splitting of the
melting peak into two individual peaks correspogdio separate melting of both forms.
Indeed, this material contains the highest portbs-form within the crystalline portion
(seeFig. 34 as compared to other samples; even at press@fesarid 160 MPa it is
composed of only-form. Nevertheless, the doubling of the peak isenbed also in these
cases. It can be connected with the recrystalimadif y-form into a-form. They-form is
metastable and can melt and recrystallize éphase under heating. Very small additional
peak at low temperature (approx. 150 °C) in c-R¥Pntiogram is most probably connected
with melting of trigonalp-form which has identical melting point. However,AXS
analysis did not revealed the presence of suchwpmigh in the material. Thus, it might be
caused byia-recrystallization which can also occur during nmgjtof iPP. The less perfect
az-form can recrystallize into better orderegiform [17]. At higher pressures this very

small peak disappears as the main melting peatoeder and broader and can overlap it.

Fig. 39 shows the evolution of melting temperature witlcr@asing crystallization
pressure. The highest values are observed in c-RiRe whe lowest in LCB-PP. The
melting temperature is connected with the lamehéekness [57]. Thus it can be predicted
that c-PP contains the thick lamellae and perfedtallites while LCB-PP consists of thin
lamellae and crystallites with number of defectaré&bver, it has been already published

that the crystallites of-form in LCB-PP include a large amount of defe&8]]
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Fig. 40 shows the evolution of melting enthalpy with iresang crystallization pressure.
Total enthalpy of melting is the relative area bé tmelting peaks. As can be seen,
generally the melting enthalpy decreases with Bmirey pressure. This is in good
agreement with data from WAXS-if. 35: the value of melting enthalpy reflects the
value of crystallinity which decreases with raisipmgssure. Among the three samples the
highest values of melting enthalpy is observed iRPc which indicate its highest
crystallinity. This is proved also by WAXS, howeyaimilar values of crystallinity are
observed for both c-PP and LCB-PP which is notdatdid in DSC data. The problem
could be found in the evaluation method of mel@mghalpy, which is affected by human
factor. Moreover, the value of melting enthalpycePP crystallized at the lowest pressure
20 MPa seems to be yawing and thus cannot be tat@account. In general, WAXS data

are considered as more predicative.

Tab. 8: Melting temperature (°C) and total enthaggymelting (J/g) of PP, LCB-

PP, and c-PP crystallized at elevated pressure

PP LCB-PP c-PP
Pressure (MPa) T AH.. T AH. T AH..
20 161,1 106,7 159,4 109,9 162,1 98,6
40 160,4 102,6 159,2 107,2 162,6 112,5
80 160,6 102 159,4 103,5 162,3 111,4
120 160,2 99,4 158,8 97,3 161,7 108,5

160 159,7 97,9 158,8 97,8 161 101,4
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9 SCANNING ELECTRON MICROSCOPY

The morphology of the prepared samples crystalleteelevated pressure is illustrated in

micrographs taken by scanning electron microscopldfarent magnitudes~gs. 41-43.

Fig. 41 shows the structure of the materials crystallimader 20, 80 and 160 MPa at the
lowest magnitude. As can be seen, the typical sfihierstructure formed in PP and c-PP.
Spherulites are large and clearly visible withidigtboundaries (mainly at low pressure).
The boundaries of the spherulites are better se&igi 42 where greater magnitude has
been used. According to WAXS analysis (Bee 34) the materials consists predominantly
of y-phase at high pressure (160 MPa). Indeed, therglike seem to be quite different.
On the other hand, the morphology of LCB-PP doesshow typical spherulites, the
crystalline objects are very small and each criyggatannot be definedF{g. 43. The
LCB-PP forms some type of aggregates which haveotate nuclei from which the arrays
grow up. The arrays are probably composed of rgdchather) lamellae which seem to be
overgrown epitaxially [4]. These details are nelveless not evident from the scans most

probably due to insufficient etchingig. 43 shows the structure of LCB-PP in detalil.
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Fig. 41: Morphology of PP, LCB-PP, and c-PP sampulgsstallized under
different pressures by SEM (magnification 1 000x)
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Fig. 42: Morphology of PP, LCB-PP, and c-PP sampulgsstallized under
different pressures by SEM (magnification 2 000x)
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Long Chain Branched Polypropylene

Fig. 43: Morphology of LCB-PP crystallized at elésa pressure.
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10 COMPRESSIVE TESTING

The mechanical properties of samples crystallizeddevated pressure were determined via
compressive testing. The results of compressitenteéiensile stress, tensile strain and E-

modulus) are shown ihabs. 9-11and graphically expressedhings. 44-46

Tab. 9and Fig. 44 show values of compressive stress at tensile gitiefor samples
crystallized under different pressures. Generdétigre is not a significant dependence, only
an increasing trend of compressive stress withadiley pressure can be observed in case
of LCB-PP. On the contrary PP and c-PP possesgakng trend of compressive stress
with elevating pressure. However, the values arg sgmilar and to speak about trend is
quite courageous. What can be also seen from #phds that PP possesses slightly lower

values as compared to c-PP and LCB-PP.

The values of compressive strain at tensile strefagtsamples crystallized under different
pressures are shown Trab. 10andFig. 45. Generally the highest values are observed for
PP and the lowest for c-PP. There is a very sightireasing trend of compressive strain
with elevating pressure for all materials. The mnpsteasing trend is most pronounced for
LCB-PP, which might be associated with the highastease ofy-form portion with
increasing crystallization pressure in such mateHawever, the standard deviations are

too high and thus the data are misrepresented.

The values of modulus (automatic) for samples atlyged under different pressures are
shown inTab. 11andFig. 46. The lowest values of modulus possess PP andighedt
were find out for c-PP. However, again no signific&rend could be derived from the

results; the values change with the pressure wittlear tendency.

The lack of statistical significance is probablgansequence of the shapes and dimensions
of prepared samples. Thus the results from comipeetssting have not been accepted as a
relevant in this study.
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Tab. 9: Compressive stress at tensile strengt®PRyrLCB-PP, and c-PP

crystallized at elevated pressure

Compressive stress at tensile strength (MPa)
Pressure PP LCB-PP c-PP
(MPa) Standard Standard Standard
Mean .. Mean .. Mean .
deviation deviation deviation
20 52,89 1,45 55,05 1,32 57,17 1,10
40 50,78 1,42 53,75 1,53 59,06 0,91
80 48,63 0,71 56,74 2,67 54,07 2,54
120 56,59 6,11 55,76 1,42 52,94 0,85
160 48,45 6,94 57,92 4,01 53,25 3,27
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Fig. 44: The dependence of compressive stressisitdestrength on elevating pressure
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Tab. 10: Compressive strain at tensile strengthFABr LCB-PP, and c-PP
crystallized at elevated pressure

Compressive strain at tensile strength (mm/mm)
Pressure PP LCB-PP c-PP
(MPa) Standard Standard Standard
Mean .. Mean .. Mean .
deviation deviation deviation
20 0,29 0,07 0,13 0,10 0,18 0,05
40 0,26 0,10 0,13 0,08 0,22 0,02
80 0,25 0,11 0,31 0,11 0,19 0,02
120 0,36 0,15 0,28 0,09 0,19 0,02
160 0,29 0,16 0,30 0,18 0,28 0,16
. 0,55 -
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Fig. 45: The dependence of compressive strainnaileestrength on elevating

pressure
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Tab. 11: Modulus (automatic) for PP, LCB-PP, anBR-crystallized at elevated

pressure
Modulus (automatic) (MPa)
Pressure PP LCB-PP c-PP
(MPa) Standard Standard Standard
Mean . Mean . Mean .
deviation deviation deviation
20 814,12 87,11 1265,28 217,32 1225,87 157,09
40 958,08 97,35 1264,67 124,74 1417,05 59,04
80 891,69 164,43 972,84 214,54 1158,83 98,40
120 700,57 235,54 1038,12 195,83 1299,59 238,88
160 720,14 138,51 1398,98 118,90 1268,02 227,84
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Fig. 46: The dependence of Modulus (automatic)lewating pressure
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CONCLUSION

This Master thesis deals with a study of crystatlian of long chain branched
polypropylene under increased pressure. Three reiffe polypropylenes (PP
homopolymer, LCB-PP and clean PP) were crystallizeder increased pressure and then
the structure and mechanical properties were imgatsd. The structure was evaluated via
several methods, namely wide angle X-ray scatteriferential scanning calorimetry,
scanning electron microscopy. Mechanical propenvese determined via compressive

testing.

Pressure-volume-temperature (pvT) technique wad tserepare the samples of each
material and find out the crystallization temperatu The results of high pressure
crystallization exhibits that crystallization temnptire raises with increasing pressure for
all used materials. Under lower pressures LCB-RBtallizes easily than PP and c-PP, it is
caused by long branches which act as a nucleagjegtaThe opposite situation is at higher
pressures (120 MPa and above), the long brancbestlsé crystallization, because there is

no enough place to move and macromolecules campbdéiment into crystallites easily.

The polymorphic composition of each material wasesbed by wide angle X-ray
scattering. The results indicate that the prepassdples consisted of only andy-forms,
B-form was not observeg-form content increases with elevated pressurdl imaterials
under study. The most significant it is in caseL@B-PP, which reaches the maximum
100% at pressure 120 MPa. The crystallinity is éigin LCB-PP and c-PP than in

common PP.

The melting thermograms of differential scannindgometry showed that the melting
peak becomes broader with increasing crystallingbi@ssure, which is connected with the
presence of-form. The highest values of melting temperatureenebserved for c-PP
while the lowest for LCB-PP, which is caused by sistence of thin lamellae and
crystallites with number of defects. The meltingthatpy decreases with increasing

pressure.

Scanning electron microscopy provided interestingight into the morphology of all
materials. Spherulites are large and clearly \vésvioith distinct boundaries in PP and c-PP.
The morphology of LCB-PP does not show typical splites, the crystalline objects are

significantly smaller and not distinctly separagzath other.
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The results from compressive testing have not a@eepted as a relevant in this study,
because of the lack of statistical significance.

To conclude, the high pressure crystallization dagsificantly influence the morphology
of all materials under study. The results in thisrkvcould be a way for further

investigation of LCB-PP.
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Appendix 1. Example of compressive testing results (polyplepg homopolymer
HC600TF crystallized at pressure 20 MPa)

Tlak
1000 T
— Specimen #
=
e 1
= — 2
2 3
- — 4
— 3
Extension (mm)
Diametear Anvil height Area
(mm) {mm) {em”~2)
1 7.69000 15.40000 0.46445
2 7.70000 15.80000 0.46566
3 7.67000 15.35000 0.46204
4 7.65000 15.46000 0.453963
] 7.67000 15.90000 0.46204
Mean 7.67600 15.58200 0.46277
Maximum 7.70000 15.90000 0.46566
Minimum 7.65000 15.35000 0.453963
Standard
o e 0.019449 0.25024 0.00235
Coefficient
of Variation 0.25396 1.60595 0.50788
Compressive extension Compressive load at Compressive strain at
at ¥ield (Zero Slope) Yield (Zero Slope) Yigld (Zero Slope)
(mm) (N} {mm/mm}
1 5.47299 2527.72808 0.35539
2 3.48789 2389.17291 0.22075
3 5.42609 2462.90028 0.33349
4 3.90641 2374.96734 0.25268
5 4.53852 2501.65343 0.28544
Mean 4.56638 2451.28441 0.29355
Maximum 5.47299 2527.72808 0.35539
Minimum 3.48789 2374.96734 0.22075
Standard 0.88889 67.44049 0.06011
Dewatl_on
Coefficient 19.46602 2.75160 20.47678
of Variation
Compressive stress at Load at Yield (Zero Strain 1 at Yield (Zero
Yield (Zero Slope) Slope) Slope)
(MPa) (M) {mm/mm}
1 54.42367 -2527.72808 e
2 51.30696 -2389.17291 ———--
3 53.30479 -2462.90028 e
4 531.67077 -2374.96734 ———--
] 54.14353 -2501.65343 Pe———
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Compressive stress at

Load at Yield (Zero

Strain 1 at Yield (Zero

Yield (Zero Slope) Slope) Slope)
(MPa) (N) (mm/mm)
Mean 52.,96904 -2451.28441 ————
Maximum 54.42367 -2374.96734 ————-
Minimum 51.30696 -2527.72808 ————-
Standard
[eviation 1.41917 67.44949 ————
gﬁgﬁr‘;ﬁ]!gn 2.67919 -2.75160
Compressive extension Compressive load at Compressive strain at
at Tensile Strength Tensile Strength Tensile Strength
{mm) ()] {mm/mm}
1 2.54342 2524.33836 0.35996
2 2.24156 2382.19261 0.20516
3 5.4308 7 2458.40/28 1.35380
4 4.00264 2372.11525 0.25890
3 4.63195 2500.38087 0.29132
Mean 4,57009 2447.48688 0.29383
Maxinmurn 3.34342 2324.33836 0.33996
Minimum 2.24156 2372.11525 0.20516
gg?ggﬁ 0.97200 68.49709 0.06530
CoelMicienl
of Variation 21.26879 2.798E7 22.22518
Compressive stress at . Strain 1 at Tensilz
Tensile Strength Load at Te?ﬁl::E Strength Suength
(MPa) (mm/mm)
1 54.35068 -2524,33836 ————-
2 51.15706 -2382.19261 ————-
3 53.20755 -2458.40726 [—
4 5L.60871 -2372.11525 ————-
3 34.11598 -2500.38087 —
Mean 52.88800 -2447 48688 ————-
Maximum 54.35068 -2372.11525 R
Minimum 51.15706 -2524,33836 ————-
Standard
[eviation 1.44760 68.49709 ————
gﬁ?’;:;gn 473711 2. 798b/7 —
Modulus (Tangent 0 mm) Extznsion at Yield (Zero Extensi_nn at Tensile
(MP3) Slope‘] Srength
{mmj] {mm})
1 984.60117 -5.47299 -5.54342
2 1227.89860 -3.48789 -3.24156
3 OE7.64827 -5.42609 -2.43087
4 1138.23768 -3.90641 -4.00264
3 1204.07489 -4.33852 -4.63195
Mean 1118.49212 -4.56638 -4.537009
Maximum 1227.89860 -3.48789 -3.24156
Minimum 984.60117 -5.47299 -5.54342
Standard 171.66003 0.88889 0.97200
Deviation
Coefficient 10.87723 19.16602 21.26879
of Variation
Modulus (Automatic)
(MPa)
1 72B.06709
2 918.44469
3 705.41375
4 BE0.94937
3 B07.73532
Mean 814.12205
Maximum 918.44469
Minimum 705.41375
Standard
Deviation 87.10361
Coefficient
of Variation 10.69933
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