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ABSTRACT

This Doctoral Thesis is focused on the property-modification of common
isotactic poly(propylene) and innovative isotactic poly(1-butene) and the
structural evolution in these polymers during modification and processing is
characterized on the molecular, super-molecular, and microscopic levels.

Special attention is devoted to the modification of isotactic poly(propylene) by a
specific B-nucleating agent. The interrelations between the specific B-nucleator,
the thermal history, and the molecular weight of poly(propylene) were
investigated.

In this Thesis, the influence of the transformation of the super-molecular
structure of isotactic poly(1-butene) on macroscopic properties was studied and
it presents evidence and an explanation of the effect of annealing temperature on
the kinetics of phase transformation and the evolution of the mechanical
properties in isotactic poly(1-butene) parts.

The work further focuses on the possibilities of controlling the surface
hydrophylicity or hydrophobicity of poly(1-butene), using plasma treatment.
From a practical application point-of-view, the study brings to light and presents
important new knowledge about the photodegradation behaviour of isotactic
poly(1-butene).

Keywords

Poly(propylene),  poly(1-butene), polymorphism, specific  nucleation,
morphology, phase transformation, degradation, plasma.



ABSTRAKT

Predkladand doktorska prace se zabyva modifikaci vlastnosti tradi¢niho
izotaktického poly(propylenu) a méné bézného izotaktického poly(1-butenu).
Vyvoj struktury polymeru béhem modifikace a zpracovani je charakterizovan
jak na trovni molekularni, tak i nadmolekularni.

Zvlastni  pozornost je kladena na Upravu vlastnosti izotaktického
poly(propylenu) uzitim specifického B-nuklea¢niho ¢inidla. Jsou pozorovéany
souvislosti mezi PB-nuklea¢niho ¢inidla, tepelnou historii a molekulovou
hmotnosti poly(propylenu).

V praci je studovan vliv transformace nadmolekuldrni struktury izotaktického
poly(1l-butenu) na vysledné vlastnosti. Je popisovan a vysvétlovan vliv
temperacni teploty na Kinetiku fazové transformace a vyvoj mechanickych
vlastnosti poly(1-butenu).

Prace se dale zabyva moznosti fizeni povrchové hydrofility nebo hydrofobity
poly(1-butenu) pisobenim plazmatu.

Z pohledu praktickych aplikaci prace pifindsi nové dilezit¢é poznatky
0 fotodegrada¢nim chovani izotaktického poly(1-butenu).

Klicova slova

Poly(propylen), poly(1-buten), polymorfizmus, specificka nukleace, morfologie,
fazova transformace, degradace, plazmat.
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INTRODUCTION

During last decades polymeric materials turned to be highly important for many
industries, frequently substituting conventional materials as glass or metals. This
IS a consequence of a wide variety of polymers that can be produced with
properties fitting a broad area of applications. Additionally, their processing is
relatively simple and economically competitive.

Polymeric materials with identical chemical composition may exhibit different
properties like toughness, elasticity, transparency, or permeability. These
properties are dependent on the supermolecular structure, which is, in turn,
determined by the processing conditions.

Among these polymorphic materials belong polyolefins that comprise the largest
portion of the world’s commercial polymers [1, 2]. Isotactic poly(propylene)
represents the most important segment of all commaodity plastics as well exhibits
pronounced polymorphisms and morphologies depending on mechanical
treatment and thermal history through which material pass during its processing.
Similarly, presence of only minute amount of special additive, e.g. N,N-
dicyclohexylnaphthalene-2,6-dicarboxamide, induces controlled specific
nucleation into required structure [3-5].

The crystallizion behaviour of further member of polyolefin family — isotactic
poly(1-butene) — is significantly different and more complicated. Isotactic
poly(1-butene) is a polymorphic material occurring in five crystallographic
modifications [6, 7]. Poly(1-butene) upon solidification from the melt
crystallizes into tetragonal phase Il. However, this phase is metastable and
during several days transforms into more stable trigonal phase I. Resulting
polymer is stiff with satisfying properties [6, 8]. It is expected that Kinetics of
phase transformation and evolution of mechanical properties will be influenced
by annealing conditions. Supermolecular structure and polymorphism of poly(1-
butene) influence not only the macroscopic properties, but also the degradation
behaviour. It can be supposed that the degradation process is similar to isotactic
poly(propylene) due to the presence of tertiary carbon on the backbone.
Chemical composition, molecular structure, and roughness of a polymer surface
critically influence surface wettability. Low wettability of poly(1-butene) brings
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considerable problems in many practical applications. To enhance wettability
and hydrophilicity of poly(1-butene) plasma treatment is a very effective way [9,
10].

In this context, the study of the interrelations between processing,
supermolecular structure and resulting macroscopic properties of polymers has
become a topic of major scientific importance. The present study is focused on
the detail description of these interrelations in isotactic poly(propylene) and
isotactic poly(1-butene).



STATE OF THE ART

1 BETA-NUCLEATED ISOTACTIC POLY(PROPYLENE)

Isotactic poly(propylene) (PP) has become one of the most commonly used
thermoplastic compatible with many processing techniques [11]. It is an
important commodity material offering a combination of outstanding physical,
chemical, mechanical, thermal and electrical properties not found in any other
thermoplastics. Its price/performance ratio is very attractive. Therefore
poly(propylene) is one of the fastest growing classes of commodity
thermoplastics.

Poly(propylene) is prepared by polymerization of propylene in the presence of a

catalyst under carefully controlled heat and pressure [12, 13]. The molecular
structure of poly(propylene) is illustrated in Figure 1.1.
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Figure 1.1 Molecular structure of poly(propylene)

An important concept in understanding the link between the structure of
poly(propylene) and its properties is tacticity. The relative orientation of each
methyl group relate to methyl groups of neighbouring monomeric unit has a
strong effect on the finished polymer's ability to form crystals, because each
methyl group occupies space and constrains backbone bending [13]. The methyl
branching implies an asymmetrical carbon C (tertiary carbon) in the propylene
group (CH,-C"HCHs), therefore poly(propylene) exhibits three typical stereo-
configurations: isotactic, syndiotactic and atactic [13-16]. From commercial
point of view predominantly isotactic poly(propylene) is used.
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Isotactic poly(propylene) can exist in different morphological phases, depending
on the crystallization conditions, such as pressure, temperature, and cooling rate.
Different phases can coexist, and one crystalline phase can change into another
as conditions change [17].

The monoclinic a-phase of poly(propylene) is predominant and most common
in melt-crystallized or solution-crystalllized samples (a-PP) [4, 5, 18-20].
A second polymorph was designated as a -phase [5, 17, 19, 22-24]. Morrow
and Newman found the third one, a triclinic y-phase [25]. The y-phase can be
observed in low molecular weight PP or in PP crystallized at elevated pressure
above 200 MPa [20, 26]. In addition, a quenched crystal phase, called the
mesophase or smectic phase, was observed [5, 18]. It can be prepared by rapid
quenching from the melt [27, 28].

1.1 Beta-Phase of Isotactic Poly(propylene)

The B-phase of isotactic poly(propylene) (B-PP) is less common and with more
disorder than the a-phase. The B-phase was identified in 1959 by Keith and co-
workers [17] and for many years has been referred to have a hexagonal
crystalline structure [29]. More recently, the crystal structure of B-modification
of PP was established as trigonal by Lotz et al. [30] and some other authors
(Figure 1.2) [31].

&
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Figure 1.2 Structural model of S-PP as determined by electron crystallography [31]

Almost pure -phase can be obtained with the aid of specific nucleating agents
[32]. Crystallization in a temperature gradient is also an efficient way to produce
oriented PP samples with predominant B-phase [4].

It was demonstrated that wide-angle X-ray scattering, differential scanning
calorimetry or microhardness technique can be successfully used to evaluate the
amount of a- and B-phases within a PP sample [33]. The proportions of the -
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phase (k-value) in the samples can be calculated from X-ray diffractograms
according to Turner-Jones [20] as follows:

Hb
H,+H,_,+H_+H,

k —value =

where Hai, Ha, Haz are the intensities of o-diffraction peaks corresponding to
angles 20 = 14.2°, 17.0° and 18.8°, respectively, and Hy, is the intensity of the
peak at 20 = 16.2°. The k-value indicates the relative content of the B-phase in
the sample.

Studies on B-nucleated PP revealed that the formation of pure B-phase has an
upper (T(Ba) = 140 °C) and a lower (T(af) = 100-110 °C) temperature limits.
Between these two temperatures the growth rate of B-spherulites is up to 70 %
faster than that of a-spherulites and therefore, formation of the B-phase is
preferred. The B-phase is metastable relative to the o-phase (T, = 150 °C versus
180 °C), it has lower density (921 kg/m® [24]) and is unstable upon stretching,
which produces a transition to a-PP or to the smectic phase depending on
whether the sample is processed above or below 60 °C [5, 34]. The most reliable
value of the equilibrium melting point of the B-phase is T? (8) = 148+4 °C,
which was obtained with pure [(-phase when the disturbance of Po-
recrystallization was eliminated [5].

2.2.1 Specific B-Nucleating Agents

Specific B-nucleating agents can be added to PP for the preparation of the B-
phase. The most widespread high active pB-nucleating agent are y-quinacridone
red pigment, &-quinacridone, calcium salts of suberic or pimelic acid, and
calcium-phtalat [17, 35].

Several works dealing with a poly(propylene) nucleated by commercial -
nucleating agent N,N’-dicyclohexylnaphthalene-2,6-dicarboxamide (NJ STAR
NU 100) (Figure 1.3) can be found [31, 35-40]. Accorging to Varga and
Menyhard [38] (i) this organic substance can initiate also the formation of
certain amount of o crystallites, (ii) it is a crystalline material which can
dissolved in PP melt and (iii) the nucleating activity of NU 100 is exhibited only
by solid crystalline particles. Nevertheless, this observation is in contradiction
with Kotek et. al [35], considering the amount of 0.03 wt.% of NU 100 as a
critical nucleant concentration. Moreover, it can be supposed that PP molecular
characteristics as molecular weight can influence the sensitivity to specific
nucleation. Cermak et. al [40, 41] comprehensively studied the effect of
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processing parameters on the morphology and properties of injection-moulded
parts of B-nucleated PP.

Figure 1.3 Molecular structure of f-nucleating agent NJ STAR NU 100;
N,N’-dicyclohexylnaphthalene-2,6-dicarboxamide

2.2.2 Properties of B-Nucleated Poly(propylene)

Some properties of 3-PP differ significantly from those of a-PP. In comparison
with a-PP, B-PP possesses lower crystal density, melting temperature and lower
fusion enthalpy. The chemical resistance of 3-PP seems to be lower than that of
o-PP [42]. On the other hand, intensive studies of degradation behaviour of PP
confirm that poly(propylene) containing predominantly B-modification within
the crystalline portion of the material is significantly less sensitive to UV-
irradiation as compared to common poly(propylene) (a-PP) [35, 39, 42-47]. B-
PP compared with a-PP has a lower E-modulus and yield stress but higher
ultimate tensile strength and strain. The improvement in the latter might be
related to the Ba-transition occurring during the necking which leads to the
formation of the a-phase of enhanced strength (strain-hardening) [5].

2.2.3 Application of B-Nucleated Poly(propylene)

The application of B-PP is favoured in some fields, based on its high impact
resistance and toughness. The B-phase of isotactic poly(propylene) is used for
industrial pipeline construction, dielectric capacitors (with roughened surface),
paper like films, biaxially drawn microporous film (gas exchange membranes)
and porous fibres with improved moisture adsorption [17, 37].



13

2 ISOTACTIC POLY(1-BUTENE)

Isotactic poly(1-butene) (PB-1) is one of the members of the polyolefin family
which exhibits advantages over the other polyolefins in toughness, tear strength,
flexibility, creep, stress cracking resistance, impact resistance, abrasion
resistance and high temperature resistance. However, even after more than 40
years from its discovery, and despite its potentials, PB-1 is still a relatively new
material that is being produced in limited quantities and has not yet found a
large commercial success as compared to the other polyolefins. This is probably
due to both the relatively high monomer cost, possibly coupled with difficulties
in polymerization technology, and the special crystallization behaviour of the
polymer [48].

2.1 Molecular Structure of Poly(1-butene)

Poly(1-butene) exists in different extents of tacticity: isotactic, syndiotactic, and
atactic. The stereochemical configuration of successive monomer units in
polyolefins such as poly(1l-butene) can strongly affect the physical and
mechanical properties of the polymers [49]. The tacticity of poly(1-butene) is
strongly dependent on the catalyst system used, polymerization temperature, and
reaction diluents [50]. The molecular structure of poly(1-butene) is illustrated in
Figure 2.1.

Figure 2.1 Molecular structure of poly(f-butene)

Natta and coworkers first synthesized poly(1-butene) in 1954 using two-
component catalyst systems containing organoaluminium compounds and
transition metal salts and halides. Subsequent modifications to the original
Ziegler—Natta catalytic systems by other researchers helped to improve the
degree of isotacticity [46]. Di Lorenzo et al. [51] revealed that isotactic poly(1-
butene), similarly to other semi-crystalline polymers, is characterized by a three-
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phase structure, composed of crystalline, mobile amorphous and rigid
amorphous fractions. On the other hand, the synthesis of syndiotactic poly(1-
butene) was achieved only recently due to the discovery of the homogeneous
metallocene catalytic systems [52]. Nevertheless, from commercial point of
view isotactic poly(1-butene) is still the most important.

2.2 Supermolecular Structure of Isotactic Poly(1-butene)

For macroscopic behaviour of stereoregular PB-1 is important that isotactic and
syndiotactic poly(1-butene) are semi-crystalline materials. Analogous to the
other polyolefins with assymmetric monomer units also isotactic and
syndiotactic poly(1-butene) exhibit polymorphic crystallization behaviour. Five
different crystalline modifications have been reported, which are referred to as I,
II, 111, I’, and II’ [6-8, 53-58]. Natta et al. [6] were the first to discover that
poly(1-butene) assumes an 113 helical conformation with a tetragonal unit cell
when crystallizing from the melt. This crystalline structure is known as a phase
Il and upon ageing at room temperature is gradually transformed into the
trigonal phase I. The phase Il has been observed in films of poly(1-butene)
precipitated from certain solvents [7]. Nakafuku and Miyaki [8] studied the
effect of pressure on the crystallization behaviour of isotactic poly(1-butene).
Above 200 MPa phases I’ and II’ are crystallized from the melt. The phase I’ is
stable, however, the phase II’ is metastable at atmospheric pressure and
transforms into the phase I’ on standing at room temperature. These phases
show the same X-ray diffraction pattern as phases | and Il but have a much
lower melting temperature (phase 1’, I — 96 versus 125 °C).

The as-polymerized samples prepared with the Ziegler-type catalysts contain
phases | and I11. Melt crystallization usually leads to the formation of the phase
Il. However, when PB-1 is melt-crystallized under high hydrostatic pressure
(over 100 MPa) formation of the phase | has been reported. Formation of the
phase 11 has also been reported when PB-1 is melt-crystallized with a specific
nucleating agent. In the case of crystallization from a dilute amyl acetate
solution, all three phases can be obtained by controlling dissolution and
crystallization temperatures. When the phases | and Il were formed directly
from the melt or from the amy| acetate solution, they transform into the phase 11
by annealing at 90—100 °C through a melting-recrystallization process [59].
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2.2.1 Structural Transformations of Isotactic Poly(1-butene)

The transformation of the phase 11 into the phase 1 is an interesting phenomenon
which takes place after crystallization of PB-1 from the melt. The phase Il is
unstable and at room temperature and atmospheric pressure transforms into a
stable 3; helix conformation with trigonal unit cells — phase 1. This
transformation takes about one week under normal conditions and is reflected in
Important changes in the physical-mechanical properties. During the
transformation density, hardness, rigidity, stiffness and tensile strength increase
to values characteristic for the phase | [60]. Moreover, the melting point
increases from 120 to 135 °C [8]. The relatively constant values for ultimate
tensile strength and elongation indicate that stretching or orientation accelerates
the phase transformation [6]. The kinetics of this transformation is known to be
also influenced by pressure [8], and temperature [52] (Figure 2.2). Apparently,
the process is not accompanied by changes in the overall morphology and
crystallinity; also, a small but significant increase of the degree of crystallinity
of about 5 % has been reported for samples quenched from the melt [61].
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Figure 2.2 Dependence of phase transformation of PB-1 on ambient temperature and
pressure [61]

At atmospheric pressure (0.1 MPa) the maximum rate of transformation occurs
around 20 °C but drops significantly by increasing or decreasing the
temperature. If ageing is performed at lower or higher temperatures than 20 °C



16

only the time to achieve final properties is prolonged: the final performance of
the material itself is not affected. It can be shortened from days to only a few
minutes by application of hydrostatic pressure of up to 200 MPa using a suitable
autoclave [61]. Also it can be accelerated by addition of ethylene, propylene,
etc., comonomers in the structure but it is hindered by 4-methyl-1-pentene. It
has also been suggested that molar mass is another variable affecting the kinetics
of the transformation [62]; a faster rate of transformation has been reported for
oligomers of M,, lower than 4000 g/mol. This slow process is not advantageous
for industrial applications and it is probably the main factor that has hindered the
commercial relevance of this polymer [63-65].

Kinetics of structural transformation has been thoroughly investigated by means
of various techniques, such as infrared spectroscopy, thermal analysis, e.g.
differential scanning calorimetry [61, 63-65] or by X-ray diffraction, as shown
in Figure 2.3 [65].

Intensity (au )

5 10 15 20 25 30 35 40
Diflraction angle 20 ()

Figure 2.3 WAXD patterns of sample PB 0300M at different ageing times [65]

Also microindentation hardness allows to easily distinguish between the
kinetically favoured phase Il and the thermodynamically stable phase | of PB-1.
The measured microhardness values of the phase | are shown to be notably
higher than those of the phase Il due to the higher chain packing density of the
former [66].
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Despite the extensive investigation on the kinetics of PB-1 polymorphic
transformation, its mechanism is not fully understood yet. The information and
clarification of the influence of annealing temperature on Kinetics of phase
transformation and evolution of mechanical properties in poly(1-butene) is
industrially vital but still missing. This lack of knowledge can contribute to the
delay in commercialization of poly(1-butene).

2.2.2 Properties of Isotactic Poly(1-butene)

Isotactic poly(1-butene) is a semi-crystalline polymer with high isotacticity and
consequently high crystallinity. In analogy to others thermoplastics PB-1 shows
viscoelastic behaviour, i.e. its mechanical properties depend not only on stress
and temperature but also on time [61].

Table 2.1 Properties of PB-1, PP, PE-HD and PMP [67, 68]

Property of material PB-1 PP PE-HD PMP
Flexural elastic modulus [MPa] 450  1000-1700 400-1100 800-1200
Tensile strength at yield [MPa] 20 30-43 26-33 23-28
Tensile strength at break [MPa] 35 29-30 18-33 17-20
Elongation at break [%] 300 500-900 12-700 10-25
Notched impact strength 20 21-320 43-750  100-200

The Table 2.1 gives a comparison of typical average values of mechanical
properties of PB-1, PP, high density poly(ethylene) (PE-HD) and poly(4-methyl-
1-pentene) (PMP) [67, 68].
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Figure 2.5 Tensile behaviour of PB-1 vs. other polyolefins [61]
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Poly(1-butene) possesses a unique tensile behaviour which is based mainly on
chain entanglements. Upon loading no necking behaviour of PB-1 appears [69].
However, the conditions of specimen preparation and the way of measurement
may be responsible for the suppresion of yielding (Figure 2.5) [61].

Isotactic poly(1-butene) possesses excellent impact toughness. The 1ZOD
notched impact strength (ISO 180) of PB-1 is classified as “no break” at room
temperature. Due to a glass transition temperature of PB-1 located at approx.
-16 °C the material retains its flexibility even at temperatures below freezing
point which strongly facilitates installation of pipes during cold seasons [61].

Isotactic poly(1-butene) shows very good wet abrasion resistance in wet
sand/slurry environment. In this case it is comparable with ultra high molecular
weight poly(ethylene) which is well known for its outstanding abrasion and
wear resistance. Contrary, in dry conditions PB-1 behaves similarly to
conventional polyolefins [61].

On the other hand, significant problems can appear when applying surface
coating, sticking or printing because poly(1-butene) is non-polar, hydrophobic
polymer with poor adhesion and wettability. In this context, many application of
this polymer require modification of the surface and adhesive properties. With
the aim of improving the low wettability and adhesive properties of polymers
such as poly(propylene), poly(ethylene), poly(styrene) etc., plasma treatment has
been widely used in recent decades [70-73]. It is very efective method when
only outermost atomic layers of the polymer are modified [74]. Generally,
surface wettability of polymers can be influenced by several factors: (i)
chemical composition, (ii) morphology and roughness, and (iii) molecular
structure at the polymer surface, with emphasis on conformation and orientation
of functional groups, and chemical bonding [75-78]. To improve the surface
properties it is important to understand the interrelations between these factors
and wettability. Nevertheless, published studies dealing with plasma-modified
poly(1-butene) are very scarce, Shen Chou et. al used radio frequency plasma
polymerisation to treat glass fibres to improve the interfacial adhesion between
PB-1 and glass fibre [79].

Transparency and translucency of isotactic poly(1-butene) depend upon its
crystallographic form. The unstable phase Il of PB-1 is colourless, transparent,
soft and easily deformed. In contrast, the stable phase | is translucent or opaque
with a refractive index in a region of 1.52 to 1.53 [80], rigid and resistant to
mechanical deformation. However, this transition to the phase | often yields
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finished products with undesirable shape changes and changes in optical
properties [81].

From the commercial point of view good electrical insulation properties of PB-1
are important [71]. Products, e.g. pipes made from PB-1 exhibit excellent sound
dampening properties thanks to their high elasticity and low density (950-960
kg/m®) [82].

2.2.3 Photodegradation of Isotactic Poly(1-butene)

The knowledge of the relationships between supermolecular structure and
properties of PB-1 is important for the estimation of the lifetime of the polymer.
Durability of polymers can be strongly affected by the environment and
especially by photodegradation processes. The degradability of semi-crystalline
polymers is significantly influenced by their morphology.

As generally accepted, degradation reaction of semi-crystalline polymers
proceed predominantly in amorphous regions. However, physical factors, such
as the size, arrangement and distribution of crystalline regions, affect the
degradation process as well. Photodegradation kinetics in polymer systems
basically depends on oxygen permeability through the material [83]. The rate of
oxidation drops with decreasing oxygen diffusin, following the increase of
crystallinity and molecular orientation.

On the other hand, the crystallinity and the molecular orientation determine the
mobility of the radicals and therefore reduce the rate of termination, allowing an
increase in the propagation of chemical reactions leading to molecular scission;
this effect is opposite to that caused by reduced oxygen mobility. Which of these
two effects will predominate depends on the oxidation conditions, including the
type of degradation, temperature and oxygen concentration [39, 84]. The
situation is more complicated in the case of polymorhpic polymers because the
rate of photooxidation is dependent on the type of phase [85, 86].

Two types of processes occur during polymer photodegradation: (i) primary
photochemical reactions due to the absorbed radiation, resulting in the formation
of free radicals or non-radicals rearrangement; and (ii) secondary reactions in
which radicals formed initiate a number of reactions which are independent of
the light [83, 87].
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Degradation behaviour of PB-1 is not still fully described. However, it is
supposed to be similar to isotactic poly(propylene) due to the presence of
tertiary carbon on the backbone. Photodegradation of plastic materials is caused
mainly by UV-light with wavelength of 290-400 nm. Because neat
poly(propylene) and also poly(1-butene) contain only C-C and C-H bonds they
do not absorb the light above the wavelength 200 nm, and thus they are not
highly sensitive to the UV-light. However, chromophors which are developed
during polymerization or thermal processing of commertial polymers cause the
photolysis. Chromophores are sensitive to the photolysis by the light above the
wavelength 300 nm. The fact that photodegradation of polymers occurs even
above 300 nm indicates the presence of some kind of chromophoric groups in
these polymers [87].

Specified by-products of the free radical oxidation of most polymers are
hydroperoxides [88]. The mechanism of radical oxidation in poly(1-butene) is
still unknown, nevertheless, the similar mechanism as in the case of
poly(propylene) is suggested, where resulting hydroperoxides are predominantly
tertiary (= 90 %), the remainder being essentially secondary ones [89].

2.2.4 Application of Isotactic Poly(1-butene)

The main areas of PB-1 application covered creep resistant applications, such as
tanks, hose and tubing, moulded parts, etc. Piping systems made from PB-1 are
being used today in a wide range of applications, e.g. domestic and commercial
plumbing (hot and cold water supply); floor and wall heating; radiator
connections; community and district heating projects and many more. The next
groups are film applications — controlled adhesion, sealants, film modifiers,
shrink film, etc; compounds and additives; fibre and fabric applications; hot melt
adhesives and other applications [90].
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AIMS OF THE DOCTORAL STUDY

Several different grades of B-nucleated isotactic poly(propylene) and isotactic
poly(1-butene) were selected for the study. These polymers show a number of
attractive properties that distinguish them from the most common polyolefins
and offer wide range of applications. A fundamental presumption for their use is
a need to understand interrelations between structure, macroscopic properties
and processing.

Thus, the main goal of the study is experimental determination of the
interrelations between structure, processing, and macroscopic properties of 3-PP
and PB-1. These factors are studied on the molecular and supermolecular
structure levels using various experimental devices and methods such as wide-
angle X-ray scattering, differential scanning calorimetry, X-ray photoelectron
spectroscopy, atomic force microscopy, contact angle measurement, oscillatory
rheometry, and mechanical testing.

Consequently the main attention within this work is particularly dedicated to
following points:

o The effect of molecular structure and processing conditions on the
efficiency of specific nucleation in isotactic poly(propylene).

o The influence of annealing temperature on the Kkinetics of phase
transformation and evolution of mechanical properties in isotactic poly(1-
butene).

o Modification of isotactic poly(1-butene) surface by plasma treatment.

o Characterization of photodegradation of isotactic poly(1-butene).
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SUMMARIES OF PAPERS

In the following, short summaries and the major results of Papers | to IV are
presented.

The Paper | (Joint Effects of Molecular Structure and Processing History on
Specific Nucleation of Isotactic Polypropylene) focuses on the influence of
molecular parameters and thermal history on specific nucleation of isotactic
poly(propylene). Commercially available isotactic poly(propylene) with broad
range of molecular weights, from 240 000 to 1 300 000, was modified by 0, 0.01
and 0.03 wt.% of B-specific nucleation agent N, N’-dicyclohexylnaphthalene-2,6-
dicarboxamide. Specimens were then compression-moulded at various
processing temperatures and times. The interrelation between [-specific
nucleation, thermal history, and molecular weight has been investigated by
wide-angle X-ray scattering, differential scanning calorimetry, and scanning
electron microscopy. Samples with low nucleator concentration showed a
dramatic decrease of nucleation activity with increasing molecular weight, and
processing time and temperature. This behaviour was ascribed to the
temperature-dependent solubility of the nucleator in poly(propyle) melt and a
competition between heterogeneous B-nucleation and self-nucleation.

The effect of annealing temperature on the both kinetics of polymorphic changes
and mechanical properties within the time in isotactic poly(1-butene) was dealt
in the paper Il (Effect of Annealing Temperature on Phase Composition and
Tensile Properties in Isotactic Poly(1-butene)). For these purposes wide-angle
X-ray scattering and tensile testing were used. Extruded tapes of PB-1 have been
exposed to several annealing temperatures: -22, +5, +22, +40 and +60 °C. The
evolution of content of phase | for various annealing temperatures upon time
shows predominantly S-shaped trend. Annealing temperature considerably
affects the overall rate of transformation in poly(1-butene). On the contrary, the
resulting mechanical properties are solely controlled by the polymorphic
composition.

The paper 111 (The Effect of Plasma Treatment on Structure and Properties of
Poly(1-butene) Surface) presents the influence of plasma treatment on the
poly(1-butene) surface. Several types of plasmas based on air, argon, argon and
then allylamine, argon wearing ammonia and argon with octafluorocyclobutane
have been used. Modified surface of poly(1-butene) was characterized by
contact angle measurements, X-ray photoelectron spectroscopy and atomic force
microscopy. The plasma treatment greatly changed the surface chemistry. The
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polar functional groups generated almost all used types of plasma treatment on
the surface of poly(1-butene) sheets cause decrease in contact angle and increase
of hydrophilicity. Contradictory effect causes fluorocarbon plasma. Surface
morphology and chemical composition of plasma-modified samples remains
nearly unchanged upon a given time. The gradual changes in surface
hydrophilicity/hydrophobicity of plasma-treated PB-1 samples can be attributed
to the variation of the conformation of plasma-introduced functional groups.

In the paper IV (Photodegradation of Isotactic Poly(1-butene): Multiscale
Characterization) is studied the effect of photodegradation on the isotactic
poly(1-butene). Photodegradation of PB-1 leads to induction of chemical and
physical heterogeneities; therefore it is necessary to predict the material
durability. For these reasons oscillatory shear rheology is appropriate method for
analysis of molecular chain motions, infrared spectroscopy for characterization
of evolution of chemical species in PB-1 and finally differential scanning
calorimetry for observation of changes in melting and crystallization behaviour
and impact on kinetics of phase transformation. Thermal analysis determined
significant changes in crystallization behaviour influencing morphology
arrangement and resulting thermal properties. Moreover it has been proven that
the degradation significantly retards the phase transformation. Rheological
measurement has been found as an effective method for determination of early
stages of photodegradation of PB-1.
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CONTRIBUTIONS TO THE SCIENCE AND PRACTICE

The presented doctoral thesis deals with the modification of novel polyolefins,
as PB-nucleated isotactic poly(propylene) and isotactic poly(1-butene). The
contributions of the current study to the level of scientific knowledge are as
follows:

e Examination and understanding of the effect of isotactic poly(propylene)
molecular weight on the sensitivity to specific nucleation opened a new
insight into the mechanism of specific nucleation process and, at the same
time, brings about practical recommendations important for optimizing
processing technology.

e An evidence and explanation of the influence of annealing temperature on
Kinetics of phase transformation and evolution of mechanical properties in
isotactic poly(1-butene).

e Modification of the surface properties of isotactic poly(1-butene) using a
radio frequency plasma important for several industrial applications.

e Multiscale characterization of photodegradation of isotactic poly(1-
butene) is important both from theoretical and practical points of veiw.

Obtained results were already published or have been submitted to publication.
Some of them have direct practical importance for application in industry
(pipes) and medicine (syringes).
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ABSTRACT: The interrelation between specific f-nucleation, thermal history, and molecular weight of
isotactic polypropylene (PP) has been investigated by wide-angle X-ray scattering, differential scanning
calorimetry, and scanning electron microscopy. Samples with a broad range of molecular weight (M), from
240000 to 1300 000, allowed to examine the effect of PP molecular structure on the nucleation sensitivity. N,
N'-Dicyclohexylnaphthalene-2,6-dicarboxamide (NU 100) was introduced in the concentrations of 0, 0.01,
and 0.03 wt % as a f-specific nucleating agent into neat PP. Specimens were then processed via compression
molding at various processing temperatures and times. Samples containing 0.01 wt % of NU 100 showed a
dramatic decrease of nucleation activity into 8-phase with increasing M, processing time, and temperature.
This effect was ascribed to a partial solubility of nucleator in PP melt and a competition between

heterogeneous #-nucleation and self o-nucleation.

Introduction

Controlling supermolecular structure of polymorphic semi-
crystalline polymers is a smart way of tailoring their properties. In
particular, in the case of isotactic polypropylene (PF) several
crystallographic phases have been recognized, the monoclinic a
and trigonal £ having practical relevance. During past decades a
considerable amount of knowledge has been collected on the
formation and transformation of the f-phase.'”” This crystal-
lographic modification of this important commodity polymer
shows superior toughness and drawability but slightly lower
stiffness as compared to the more common a-phase.~* "~ More-
over, PP containing predominantly 5-phase within the crystalline
portion of the material is significantly less sensitive to UV-
irradiation as revealed Kotek et al. and Obadal et al. "~ Specific
nucleation caused by an addition of f-nucleating agent is an
effident way of introducing the §-phase into the polymer23
Nucleating agents are generally low molecular mass organic or
inorganic substances added to polymers, before or during proces-
sing.!” The commercial f-nucleator N,,'V"—dic:}'clchex}'ha&hlha—
lene-2,6-dicarboxamide (NU 100) was used in many studies, %142
Recently, the action of this nucleator, known under the trade
name NJ Star NU 100, has been comprehensively described by
Varga and Menyhard."®

These authors revealed three important features of this organic
substance: First, the dual effect of this nucleator has been docu-
mented; it can also initiate the formation of certain amount of o
crystallites. Nevertheless, the S-phase finally prevails owing to its
higher crystallization rate. Second, NU 1001s a crystalline material
and can dissolve in polypropylene melt. Third, the nucleating
activity of NU 100 is exhibited only by solid crystalline particles.
Individually dissolved moleculesdo not show any nucleating effect

*Corresponding author: e-mail cermak @ ft.utb.cz; Ph +420 576 031
323; Fax +420 576 032 733,

2009 American Chemvical Society

during solidification of PP from the melt. In this context a question
arises whether the critical concentration of the nucleator of
0.03 wt % as described by Kotek et al.'® is generally valid.

One can expect that thermal conditions and processing history
can play an important role here. Indeed, the influence of proces-
sing parameters on the morphology and properties of injection-
molded parts from f-nucleated PP has been described by eg.
Cermak et al 2" However, heterogeneous nucleation reflects a
mutual interaction between segments of a polymer chain and a
solid inclusion. Obviously, the effect of polymer molecular
structure can be expected. The goal of the present study is to
examine the effect of PP molecular weight on the sensitivity to
specific nucleation. For this purpose, polypropylene samples with
a broad range of molecular weights have been chosen. The
nucleation has then been followed at various processing condi-
tions and nucleator concentrations. This approach should open a
new insight into the mechanism of specific nucleation process
and, at the same time, bring about practical instructions impor-
tant for optimizing processing technology.

Experimental Section

Ten samples of PP homopolymer with various molecular
weight supplied by the Borealis group were used as a starting
material throughout this study. The molecular characteristics of
the samples are summarized in Table 1. The following character-
istics are given: weight-average molecular weight (M), numeric-
average molecular weight (M), polydispersity index (PDI), and
melt flow index (MFI). The molecular parameters (M, M, and
PDI) were obtained from GPC equipped with a light-scattering
detector. The MFI values were measured at 230 °C, 2.16 kg in
accordance with ISO 1133,

The specific nucleating agent N, ¥ -dicyclohexylnaphthalene-
2 6-dicarboxamide was supplied by Rika Int., Manchester, Great
Britain, as NJ Star NU 100. The nucleator concentration was (),
0.01, and (.03 wt %%. Nucleator was homogenously dispersed into

Published on Web 09/17/2009 pubs.acs.orgMacromolecules
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Tahle 1. Maleoular Characteristics of PP Samples

no.  smpl Moy M,  PDI  MFI[g/10min]
1 BES2 1300000 120000 40 0.3
2 HBNSTF  £l0000  Hom0 23 Lo
3 HODSOICF 570000 170000 3.5 &0
4 HEIZSMO #0000 130000 313 120
5 HFIMMO 410000 170000 25 0.0
6 HGHS5FB 0000 150000 24 270
7 HEMIAE 30000 ®6000 37 12510
£ HLSMFE 20000 E5000 34 4500
9 HLWEFE 00 60000 49 00
0 MLSIZFE MO0000 55000 45 1200 10

Tahle L Procesing Conditions of Compression Molding

pressng temp pressingtime  cooling emp  cooling time
[ [mm] [l [mm]

&

210
200
210
g ]

PP pellets usng (.30 wi % of paraffin ol The mixtere was then
proomaed in a Brabender twin-screw extruder. The proce sing
coibditiois wereas followa: serew apoed 55 min ' ; tempermtune of
barmel pones 190, 200, and 210 *C. From the prepared materials
plates of thicknesa of ~0.5 mm wene com presa on-molded. Four
aeta of pro@sing conditions, differing in predsng temperatire
amd time, wene appliod, a3 alown in Table 2. After the pressingin
thelvot press, cooling of theslsets was ped omed in the cold pres
szt i b 1 e e perm e of G0 5. During 1 min the tem peratire
imcreated to T2 °C, and within the pest 5 mdn the temperature
dropped to 64 “C (-2 Cimin). Subsequently, specimens were
examined by wide-angle K-ray acattering (WANS) and diferen-
tial scamid g cal orimetry | DSC)L

The amount and compostion of the crystalline portion wera
determined by wide-angle X-my scattering An X' Pert PRO,
PAMalytical difactometer eguipped with Cu Ko and Brag-
g—Brentano geometry was employed in reflact on mode, Cryatal-
lindty was calenlated a3 a ratio of the integral intens tes diffracted
by a crmtalime part and total integral intendties. The relative
content (K) of the S-phase within the crystalline putﬂmufﬂn
material was caleulated according to Turner-Tones ef al :*

K = Hy /(B +HatHa+H) (0

where Hyy, Hy, and Hyy are the intensities o a-diffraction peals
comeponding to angles 28 = 142% 1700F, and 188, respac-
tively, and Hy s the intensity of the #-peakat 28 = 162°.

Melting belavior of the spedmens was mexuwned by a Parkin-
Elmer Pyria | differential scanning calorimeter. Cylind rcal speci-
e with a diame ter of 4 mom were cut Froam the prepaned plates
wang ahoke-puncher. The specimens with a mas of ~6 mg were
inserted into sandand aluminum pans and leated from 50°C up
to 190 Cowit h heating rateof 1050 min. The meas ements wers
peformed wnder mitrogen atmosp e (20 mL (=),

Maomphology of the specimens was dimctly documented by a
Phillipa XL30 ESEM acanningelactron microacops (SEM ) using
secondary electron detactor. The compresaon-molded plates
were winder Hguid nitrogen; facture mrfaces were
theei ex poded toa pemnan g etclhng (1% EMaOy in conoe-
trated HyPOG) and finally sputtered witha gold— palladivmalloy.

&
el
L]
m

&
&
&

e et =

Resulis amd Discussion

Effect of Molecular Weight and Specific Mucleation. The
X-ray data have shown that the overall erystallinity was
~B5%, and no p-phase was present atallthe specimens. The
content of the f-phase however & a function of mcleatar
content, processing condition, and molkcoular weight. In
Figures |—4 results for specimens processed under the

Chvdtalovd etal.
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Figure 1. M-ray dillraction patierms of the neat PP specimens comgres-
sncmermodkded 31 bemper atune of 210 °C (ar & man.

Inlensly @]

Figure L
0.01 wi % of nuckator

o & man.

Meray diffraction mtlemns of the PP specmens contmmg
aompnesaon-maolded & temperaun of 21070

1 Xeray diffraciion putiemns of the PP spea
:!.usﬁwl.% of nuckator compresson-malded. um-:umol‘!lnné
R 0 ITan.

processing setup 1 are presented. The content of the F-phase
in mon-mucleated specimens is virtually zero nearly in all
samples. Only the material with the highest A, shows asmall

lﬂ‘-r:t'hcﬁ.un at 268 = 1627 (Figure 1). Omn the other hand, the

material with 003 wt % of mcleating agent erystallizes
predominantly into the ,B‘-plum,' thie valies reach morns than
W% The specimens prepared with 001 wit % of nucleator
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Figure 4. Dependence of §-phase content on M, of the specimens
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Figure 5. Melting thermograms of the neat specimens compression-
molded at temperature of 210 °C for 6 min.
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Figore 6. Melting thermograms of the specimens with 0.01 wt % NU
100 compression-molded at temperature of 210 °C for 6 min.

show a strong dependence on molecular weight. A dramatic
change of the S-phase content appears between the lowest
and highest M; in arelatively narrow M, window the values
drop from 0.91 to 0.04.

The effect of molecular weight on the phase structure is
also manifested by the DSC thermograms (Figures 5—7).
Again, no f-phase was detected for non-nucleated speci-
mens. The effect of molecular weight is expressed in the
different shape of the o-melting peaks: twin peak for lower
M, and single maximum for the highest M,,. Rather com-
plicated melting profiles occur with the nucleated specimens.
For the lower nucleator concentration (0.01 wt %) the

Macromolecules, Vol. 42, No. 19, 2009 7415
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Figure 7. Melting thermograms of the specimens with 0.03 wt % NU
100 compression-molded at temperature of 210 *C for 6 min.

f-melting peak disappears with increasing M. In the med-
ium M, range three different peaks can be observed, indicat-
ing # — a recrystallization."? Specimens containing the
“gritical” nucleator concentration (0.03 wt %) show distinct
f-melting peaks in the whole M,, range. Nevertheless, a
double melting #-peak appears in the lower M, range. These
results correlate well with the WAXS data.

Scanning electron microscopy shows the higher structural
level of the morphology, namely the detailed lamellar struc-
ture and spherulite shape. The fracture surfaces presented in
Figure 8 show a distinct difference between o- and S-lamellar
structure: smooth crack surface of material containing pre-
dominantly a-phase reflects finelamellar structure (Figure 8,
left). On the other hand, a distinctly rough surface structure
of'the PP rich in 8-phase is a manifestation of thick sheaf-like
lamellae (Figure 8, right). Scanning electron microscopy has
also shown an interesting encounter of o- and f#-structure in
one material (Figure 8, middle). This is exactly the specimen
exhibiting both a- and f-morphology by X-ray diffraction
and DSC. Here electron microscopy shows that a- and
B-phases coexist in one specimen but are divided in space
at virtually macroscopic level.

Effect of Molecular Weight and Processing. The joint effect
of processing conditions (temperature history during com-
pression-molding) and the molecular weight on the S-phase
content is presented in Figures 9—12. Here the data for
specimens with the lower nucleator content (0.01 wt %) are
given. It is shown unambiguously that particularly these
materials with low nucleation are very sensitive to the
thermal history. The processing temperature (T},) plays here
a crucial role: for low T}, (200 °C) the nucleator concentra-
tion 0.01 wt % is sufficient for the virtually complete crystal-
lization into the f-phase. On the other hand, for T, 220 °C
the nucleation activity practically vanishes. For intermediate
processing temperature (7,210 *C) a transition from high to
very low nucleation activity is observed, in dependence on
the M, At the same time, a distinct effect of processing time
is clearly demonstrated. Prolonged processing time (from 6
to 20 min) distinctly limits the nucleation activity.

The distinct effect of processing temperature on the super-
molecular structure of nucleated PP is directly documented
on SEM micrographs for samples with intermediate molec-
ular weight (Figure 13). Material processed at lower tem-
perature, 200 °C (kft), shows complete f-morphology, high
processing temperature, 220 °C (right), induced formation of
a-spherulites sokly, and material processed at 210 *C
(middle) shows a coexistence of both crystallographic mod-
ifications. Similar morphology variation (caused by nuclea-
tor concentration) has been presented in Figure 8.
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Figure 8. SEM misges of PP with M, 570000 aontemmg varsms amounts of nuclestar (0, 001, and 0.03 4 % ) proce sed under the condition

14210 %C, & mn),
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Infeneity fau.]

Figure 1. Mray diflfraction patten of the specamens
001 v % ML 100 procesied &1 emperature of 21070

Obviowsly, the effects of processing temperature and time
can be umambiguously ascribed todismolution of the nuclea-
tar in polymer melt, in %gm:n:m with the moent concept of
Warga and Menyhard.”™ However, the effect of malscular
weight has not been mported yet. According to owr knowl-
edge, the pronounced effect of the polymer molscular weight
on its sengitivity to spacific nucleation is presented here For
the frst time. In addition, the solubility of nucleator itself
camnot offer a plawsible explanation, as it should decrzase
with incmeazing M the presented data show an opposite
trend=—decreasing nucleation activity with increasing M

=
brermity [a.u.]

g T

e

Figure 11. ¥eray diffrection patteam of the specamen: antammg
01w % MU 100 processed ai tempens tune of 2207,

LK
LS ‘-_-'l"-"-\. = e ——— L
';. - . .
o] M "._‘ 206 T, 30 min |
E, * \t
Ll H i -
i : 1)
H b
§ﬂ4- i 1 4
iy 210, 20min: s, 240 "2, B min
= { "
L DR | 1
20 20min ¥ e
i T S S S -
T T T T
el A a0 non 1 &0
Wicdeoular weight

Figure 12 Degendence of S-phise content on M, of the gecamens
comlsimng 001 wi Y WU 100 processed a1 various empensiure .

An explanation of thiz effect is not thus straight fors and but
can be hased on the notion of competition hetween se=lf-
nuckation and beterogensous f-nuckation. Generally, s={-
nuckation is & process during which the primary nuclkation
takes place in the meh onits own crstak grown previously.
According to Galeski,* this nucleation prevails in FF melt.
Indased, the mumber of the self-nucle depends on the annezal-
ing conditions. In thiz context, ame can expect that aleo M,
af the polymer can play an important rok; the stahility of
self-mucle in the melt within annealing at a given tempera-
ture should be comtrolled by the viscosity and diffusion
rate of chain segments. Upon annealing, the number of
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Figure 13. SEM mage: of PP with My 360 000 contammg 0.01% NUT00 proce sed under the condstson: 24 (200, 210, and 220 °C, 20 mn).

gelf-nucle should be higher in high-A, systems. Then, the
comtent of the 8-Farm in PP with low amount of §-mucleator
should be sensitive to self e-nucleation and decrease with
M. At this paoint, it is worth mentioning that some Further
effzcts could play an additional role, such as the presence of
impurities arising from the catabyst residua or the effect of
the length of crystallizing sequences on mucleation and
growth rate. A sucoessive study of overall crystallization
kinetics would be helpful.

Conclusions

Theex perimental study hes shown combined effects ofa specific
nucleation, procesing pammeters, and molsoular weight on the
resulting morphology of Botactic polypropylene. SBamples encom-
passing a broad range of mokscular weight (4, from 240000 to
1300000 allowed to describe for the fimt time the effect of
malacular structune on nucleati on efficiency. For the samples with
low nuckator concentration of (L)1 wt % a dramatic decrease of
nucleation sctivity with increasing M, and processing time and
tem peratune were documentsd. This hehavior was ascribed to the
tem peratune-dependent sohhility of the nucleator in PPmelt and a
competition betwesn heterogeneous S-nucleation and sel-nuclkea-
tion. The results obtasned within this study have mportant
consaquences for hath polymer physics and plastics technology.
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ABSTRACT: The influence of annealing tempemtume on
the kinetics of palymorphic changes and mechanical prop-
eries within the Hime in isotactc paly(l-butene) (FB-1) has
been mvestgated by wide-angle X-my scatbering and tersile
testing. Extruded tapes of PE1 have been exposed to sev-
el annealing temperatures: —22 45, +22, 0 and +aFC.
The evolubion of contert of Fhase [ for various annealing
tempemtumes upon time shows predominantly S-shaped

trend. Annealing tempersture corslderably affects the over-
all rabe of trar maton n FBE1L On the other hamd, the
mesulting mechanical properies are solely controlled by the
polymorphic compostion £ 2011 Wiley Periodicals, . T Appl
Paohym 5o 000k OO0=000, 2011

Key words: annealing; sotacic poly(l-butens); mechanical
properties; phase rarsformaton: wide-angle X-my scattedng

INTRODUCTION

Isotactic poly(l-butene) (FB-1) is one of the mem-
bers of the palyolefin family which exhibits advan-
tages over the other polymers. From the applica-
tion point of view the outstanding resistance to
creep is of crucial impartance. PEB-1 is polymorphic
material oorurring in five crystallographic modifica-
tions. The modifications I, 1" and 11, I can be
prepared by the crystallization from the melt while
the modification [0 is formed during solution
crystallization.!=

Fhase transformation is the most important phe-
nomenon—upon solidifiation from the melt PBE-1
crystallizes into phase Il which is kinetically favored.
The structure in this state is loosely packed and the
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resulting density (0.%07 g/cm’) is only slightly
higher than in the case of amorphous region (L5868
Eﬁﬂ'n"":l.? The resulting material is rather ductile and
mechanically weak. However, this phase is metasta-
ble and transforms slowly into a denser ((L950
g/an?®) and mare stable phase |, which is thermody-
namically favored®® As a result of this transforma-
tion PEB-1 become to be a stiff material and satisfies
application properties.®"

The kinetics of this phase transformation is known
to be influenced by pressure,'” mechanical loading,"”
temperature,”* and addition of comonomers in the
structure. """ Nakafuku and Miyaki'® reported that
aystallization of PE-1 melt under high pressure pro-
duces stable phase I', which shows the same X-ray
diffraction pattern as phase | but has much lower
melting temperature (96 vs. 130°C) at atmospheric
pressure. Abowve 200 MFPa, phase I' and phase IT' are
aystallized from the melt. Fhase I’ shows the same
X-ray diffraction pattern as phase 11, but lower melt-
ing temperature than phase IL Phase [I' is metastable
at atmospheric pressure and transforms to }:uha.qe r
on standing at room tem perature.' Fujiwara'® inves-
tigated the transformation of oriented phase I speci-
mens and found that the “untwinned” phase I’
appears by applying shear stress; the orientation of
phase | changed according to the relative direction
af the stress.
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Mevertheless, significant delay in commercializa-
tion of PBE-1 is caused by two prindpal reasons:

(i) The kinetics of phase transformation is slow
and temperature sensitive. At room tem pera-
ture, the total transformation from phase I to
I is finished within a week. However, shifting
of annealing temperature in both directions
leads to even slower transformation rate”

(ii) The answer to the question how the transfor-
mation in  supermolecular  structure  is
reflected by the changes in maooscopic prop-
erties is industrially crucial but still missing.

Fresent articde brings evidence and explains the
effect of annealing temperature on kinetics of both
phase transformation and evolution of mechanical
properties in PE-1 parts. In our best knowledge, the
interrelations between the changes of supermalecu-
lar structure and macoscopic tensile properties of
PB-1 are jointly discussed for the first time here.
Extruded tapes of PB-1 have been exposed to several
annealing temperatures. The evaluation of changes
in supermolecular structure and mechanical proper-
ties within the time has been performed by wide-
angle X-ray scattering (WAXS5) and tensile testing.

EXFERIMENTAL FPART
Material

Isotactic FB-1 PB (300M produced by LyondellBa-
sell, Louvain la Neuve, Belgium was used. Accord-
ing to producer information, FBE (300M is a semi-
crystalline homopolymer with balanced resistance to
creep and environmental stress crack and perform-
ance at elevated temperature. The basic properties
are following: density 0915 g/cm®—I50 1153, melt
flowe index 4 £/ 10 min—E0 1133 (190°C/ 216 kg:l.

Extrusion

The material was extruded using a Brabender Flast-
Corder FLE 651 single-screw extruder, the process
ing conditions were following: compression ratio of
the screw 1 : 4; screw speed 20 rpm; barrel tem pera-
tures 135, 140, 145, 15(°C: extrusion shit die with
profile 2 x 20 mm”® with temperature 150°C. The
processed tapes were cut off to the pieces with
length 140 mm.

Annealing

The prepared specimens were immediately after
processing annealed at free stress state at wvarious
temperatures: —22, +5 +22, +40, and +&0FC at
atmospheric pressure. The temperatures were chosen
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with respect to utilization of PBE-1, which can be
wsed for tanks, hose, tubing molded parts, films,
etc. at various temperatures. Heating and cooling
chambers with precisely controlled temperature
were employed for annealing. Upon given annealing
time within interval (4 days the spedmens were
immediately subjected to analysis of structure and
properties.

Wide-angle X-ray scattering

A URD% diffractometer CuKa radiation monochrom-
atized with a Mi filter (A = (.154 nm) was employed
for evaluation of phase transformation. Measure-
ments were performed in transmission mode, dif-
fraction angle interval 28 = 7*-25°, step of (.05 and
holding time of 5 s were used.

Tetragonal phase Il of FB-1 gives the reflections at
11.%°, 16.%°, and 184° 28, corresponding to the (300),
(220}, and (301) planes. Un the other hand, hexago-
nal phase | is characterized by four diffracion peaks
at 9.9¢, 173°, 202°, and 20.5° 28, ariginated by the
{110), (300, (220}, and (211) planes.'® Phase transfor-
mation  is unambiguously demonstrated by the
changes of reflection intensities at 9% 26 (110, phase
I) and 11%% 28 (200, phase II). Therefore, the extent
of phase transformation can be calculated.™ ™

Ty =h/{h+ k) ()

where T7 is content of phase 1 and It and Iy are
intensities of the reflections at 99 and 119° M. The
intensities of the reflection peaks have been cbtained
by the integration of peak areas after the subtraction
of amarphous halo.

Tensile testing

A Fwick 145665 multpurpose tester was used for
the tensile testing of extruded tapes with a gauge
length of ) mm. The specimens were strained at
room temperature up to break at a test speed of 100
mm,/min. From the stress—strain traces, strength at
break and elongation at break were derived. Besides,
the elastic modulus was evaluated using a Fwick
external extensometer (gauge length of 20 mm) at a
test speed of 1 mm,/min. Five specimens were tested
and average values are reported.

RESULTS AND DISCUSSION

The evolution of polymorphic structure in PB-1
specimens exposed to —22, 45, +32, +40, and +60°C
has been characterized by WAXS as can be seen in
Hgure 1. The crystallinity in all the samples was
5% and does not signifiantly vary upon annealin
which is in agreement with study of Azzurri et al:
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Figure 1 WAXS paterrs for vardous amnealing tempera-
tures upan time.

Similarly, no broad changes of orientation were
observed and the samples kept the shape during
annealing.
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FPhase transformation is followed by the changes
in intensities of individual reflection peaks. The
content of phase I has been evaluated in accordance
with eq. (1) and the data are represented in Figure 2
(up) as a function of time. As can be seen, annealing
temperature has significant effect on the transforma-
tion rate. On the basis of previous studies, the ays-
tal-arystal transformation in PB-1 is a process con-
sisting of two common st nucleation  and
growth.""* Many studies'™! agreed that the
nucleation controls the owverall transformation rate,
in particular. As a consequence, the dependence of
content of phase I on annealing (ie., transformation)
time shows typical Sshaped curve. In Figure Z, the
evolution of content of phase 1 follows S-shaped
trend in the cases of annealing temperatures of —22,
45 422, and +4rC. The transformation rate
decreases in following order of annealing tempera-
tures: 45, 422, +40, and —-22°C. This sensitivity of
transformation linetics to temperature is in agree-
ment with previous studies ¥ However, at temper-
ature of +60°C the content of phase 1 is virtually lin-
ear-dependent within observed annealing time. At
the same time, it should be noted that the observed
transformation reached only low wvalues, therefore
me can expect following Sshaped evolution upon
prolonged time.

Although, the transformation of phase I to 1 has
been extensively studied and explained, its impact
on final properties of FB-1 has not been fully
described. Present study gives in direct relation the
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Figure2 Evolution of the phase | conent {up) and tensile
modulus {down) for variows annealing temperatums upon
Hme
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— 450 4 ; J d ! L T d ] break are lower compared to ductile material full of
% a0l " 1 phase IL
E 0 e i u-gl From comparison of Figures 2 and 3, one can sug-
g . ¥oq i % i gest that the mechanical properties of PB-1 are
_i 0 i B - directly controlled by the polymorphic composition.
330 hA ! t 8 Even by naked eye, a similar trend in evoluton of
E 0] meme & - TR : i content of phase I and tensile modulus can be seen.
% gipd ¢ 4E _ A o 1 e ] However, this simple comparison cannot be applied
5ol et ps AETUT 1 for the strength and elongation at break Therefore,
S ; : ; : ; the normalization of values of observed characteris-
e T } ] tics was performed. For normalization of increasing
% 3z 1. P :'= ] functions (content of phase 1 and tensile modulus)
B 304" ] 1 1’ *m o 8 following equation was givern:
3 22wl [wem TSR g
§ 2] T 1 + FE] Xy, = X X -
= a4 - o W A L= | -xﬂ'ﬂ.l. - -":m.':n
H % & S T I
3 229 -t il 2 Tae 1 and for decreasing fimctions (tensile elongation and
=204 - - |  strength at break):
1 2 4 8 18 : 64
Annazaling fime [days| X = Ko — X 3
Figure 3 Brolubion of tersile elongation at break {up) Keanax = Konie
;::riaﬁ;%i;:ﬁ!f:k {down) for vanous annealing tem where X, is a nor . property, X is a value

at given time, Xusq is 2 minimal value, and X, is a

maximal wvalue of property. In Table I, X,; and
content of phase I and tensile properties. The evolu- Xman for given characteristics are summarized. Fig-
tion of tensile modulus at given annealing tempera-  ure 4 shows the evolution of normalized phase |
tures is illustrated in Figure 2 (down). Similarly to  content and mechanical properties of spedmens
the content of phase I, tensile modulus is a growing  annealed at various temperatures upon time. It can
function of annealing time. This significant improve-  be dearly seen that the normalized curves of the
ment of stiffness reflects the changes in thermody  phase I content fairly fit with those of tensile modu-
namic stability of the material arising from phase  lus, elongation and strength at break. This compari-
transformation. Fgure 3 shows elongation and  son proves that the direct interrelation between the
strength at break in tensile mode as a fumction of  phase composition and mechanical properties exdsts.
annealing time. On the contrary to the tensile modu- As a consequendce of the demonstrated direct sen-
lus, the values of elongation and strength at break  sitivity of mechanical properties to phase composi-
demease upon annealing. Indeed, the increasing  tion of PBE-1, the measured data were statistically an-
thermodynamic stability of the material upon phase  alyzed to describe the transformation phenomenaon
transformation leads to limitation of plastic rear-  numerically. Figure 5 displays tensile modulus, elon-
rangement as a respanse to mechanical loading. — gation and strength at break as a function of content
Consequently, the material with prevailing phase I  of phase L It is evident that the mechanical proper-
cannot be dramatically oriented by oold drawing  ties are linear-dependent on phase composition, as
and the values of both elongation and strength at  was proved by linear regression; in all the cases, the

TABLE 1
Fammetes of FB-1 Samples

T {0 L — Wios (%) E oz (M) Eomsm, (MPa) e (%) S ) Ty (M) O, (M)

—22 B0 0 a3 150 £a27 e 27 219

+3 B95 U Shd 150 417 52 3.0 204
+22 BAO 0 320 150 a7 41 310 217
+4dil 2 U 3 150 417 283 e 216
+iidl 340 U 25 150 210 334 n7 2136

T, annealing tempemtune; Wi, maximal content of phase I W minimal cordent of phase I; E_,., maximal tersile
mdulis; Foe, minimal tensile modulis; g, maximal elongation at beak; eqe, minimal elongation at break; ey, maxi-
mal strength at break: o, minimal stength at break.

Faaemeal afl Avslad Palismer Sovsimce THWOT 1001000 Fane
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correlation coefficient is higher than 080, moreover
for tensile modulus it is even higher than 097, Gen-
erally, lower coefficient of tensile strength and elon-
gation at break can be expected because the values
refer to the structure arising from a broad inhomao-
geneous rearrangement of original morphology dur-
ing the tensile testing.

21 @ N ?—"“i )
0.8 - | g
w{
06 - 7 f g
1 | ‘
0.4 Rty E
B2 g B Corners st |
ke a- .l--;—,f.g-"ﬂ' A g e Tensie medus
I}.I}-?""# _H_i & Epngalen it b
£ Ginengih ol el
1.0+ ry - ']
= O
:.H._ v Wk “
0.8 + Vo , Y
0 at N
-
0.4 4 o
e S — @ Conier] of phess |
= & O Tornbe madais |
i ': A B gation e beeek
¥ : “fr trengh o brems
T T T 1 T 1 T
_ M e j_i_-.#._a-i-:--""
= an Tr .“'_- £ i '.' o
E . =
T S
R a
E T -
a —B— Conlent o pherss |
0.2+ r L= Tenlin maduius
" &  Boogabon o bresk
0 fr-- GBI B bras
T T T 1 T 1 T
1404 -1
0T
-‘|_u—-nj .
LY E - ] "
0.6 - f{p,.-
0.4 - e
_— & - Comieei of phaes |
22 .-,:i-—-""f B L ———
o & Ewapalion o ness
a0 o FRR————
T T J T
1.04 A _.m
B0 A
LEE " Y
POt
L 3 .
o
-] i, ,
4 . #
a r i o ;’ ®
3 5 i Sobend of phase ]
021 j--'.‘._i_-" '.‘;'* g derrfm;u:
qu_h__,..-' - g ik Elon gakon s bresk

1 2 4 & 16 T &4
Mﬂnliﬂﬂm'ﬂnﬂ]

Figure 4 Evolution of nomalized properties for vanous
amnealing temperatures upon Hme.

I: 5

5
i 20 0 80 & 100
T T T T L] T
00 - .
o
g 00 ﬁ 4
2 a00- A 1
= __-‘:r - .'..;-_- =
£ 30 3 w aze— |
2 P o +8°C -
£ 200 - . 2
= "{m T+a0 G
- * 480°C - |
T T T T
i 4801 m 227 1
e o o+B°0 -
E‘W' :,'g.ﬂ i A 42T 1
= ki, Ty T+l T e
+ 3B0 - Ol & B0 .
; e n :1-\._ =
300 4 Y e A ]
E . L
HE ]
| -
T T T T v T T T T T
7 34 .
o .

{ "  -moe o
2w t?h?- ol
i o Trem & 4227
5 * . "'? i, o 40T
E 28 P ﬂ'..tﬁ - & +60°C u
E 26 TS i'-\..-_:_... N =l

AR L]
2 241 o . b
z ] o Raa
g o A
= 20 e
T T T T ] T
] 20 i &0 &0 100

Conters of phasa | [%]

Figure 5 Dependence of tersile properbes on content of
phase L

It is interesting to compare linear fits of mechani-
cal properties as a funcion of phase | content for
various annealing temperatures. In this context, the
differences bebween the slopes of individual linear
fits of the data at given temperatures were analyzed
by the T-est It was found that no significant vari-
ability between the slopes can be observed at a sig-
nificance level of 005 This result leads to particu-
larly important conclusions: (i) The kinetics of phase
transformation performed at various annealing tem-
peratures was proved to be insignificant for the ten-
sile properties, therefore, (ii) the unique parameter
which controls the mechanical properties is the
phase compaosition of PB-1.

CONCLUSION

The experimental study has shown that the anneal-
ing temperature has significant effect on the kinetics
af phase transformation in PB-1. Generally, the evo-
lution of content of phase 1 upon annealing at a
given temperature follows S-shaped trend reflecting

Jounual of Appliad Polymer Scismeee DOT 1001002 fapp



complex process of both the nucleation and growth.
It was dearly demonstrated that the mechanical
properties are directly controlled by the polymorphic
composition; normalized curves of tensile modulus,
elongation and strength at break as a function of
annealing time fairly fit with that of content of phase
I. From practical point of wiew it is important to
highlight that the annealing temperature affects the
overall rate of polymarphic changes in processed
FB-1 but the resulting properties are oontrolled
solely by the extent of this transformation.
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ABSTRACT

This paper is focused on the chemical and morphology changes in the surface of
poly(1-butene) (PB-1) generated by plasma treatment. The radio frequency
capacitively coupled plasma (air, argon, argon then allylamine, argon containing
ammonia and argon with octafluorocyclobutane) was used. Modified surface of
PB-1 was characterized by contact angle measurements, X-ray photoelectron
spectroscopy, and atomic force microscopy. The surface hydrophilisation by air
and argon with ammonia plasmas was evaluated as most sufficient. Oppositely,
a high level of hydrophobicity of PB-1 surface was reached by combination of
argon with octafluorocyclobutane plasma. Upon plasma modification,
hydrophilicity/hydrophobicity of treated surfaces remained stable within three
days under air atmosphere and then values of contact angle slowly recovered to
those of unmodified PB-1. However, morphology and surface chemical
composition of plasma-modified samples remained generally unchanged during
observed time. Changes in surface hydrophilicity/hydrophobicity of plasma-
treated PB-1 were attributed to variance of conformation of the surface
molecules.

KEYWORDS

isotactic poly(1-butene), plasma treatment, surface modification
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INTRODUCTION

Isotactic poly(1-butene) (PB-1) is one of the semi-crystalline polymers which
exhibits pronounced polymorphism and morphologies depending on thermal
treatment and mechanical handling. Five different crystalline modifications
designed as I, II, III, I" and II", have been reported.“1 PB-1 upon solidification
from the melt crystallizes into tetragonal phase Il however this phase is
metastable and transforms slowly into more stable trigonal phase I.' Resulting
polymer is stiff with satisfying properties.

Poly(1-butene) has numerous applications in many fields of industry because of
its outstanding resistance to creep, good mechanical properties, chemical
resistivity, easy processing, low manufacturing costs and easy recycling.”® On
the other hand, this polymer is known as non-polar, hydrophobic material with a
low surface energy, poor adhesion and wettability, resulting in significant
problems when surface coating, printing or sticking is applied. Therefore many
applications of these polyolefins require improvement of their surface and
adhesive properties. In this context a lot of methods have been devised and
commercially used to modify the surface. Among them plasma treatment is a
very effective way to enhance the hydrophilicity of polymer surface without
affecting its intrinsic bulk properties including mechanical properties since only
outermost atomic layers are modified.”® Plasma can interact with the polymers
through the formation of cross-linkages between adjacent polymer chains or by
chain scission.'* The improvement of surface hydrophilicity is induced by
formation of new oxygen containing groups on the surface, such as carbonyl,
carboxyl or hydroxyl.**** On the contrary, some applications of these polymers,
e.g., diffusion barrier or corrosion protection, required hydrophobic character of
polymer surface. For these purposes fluorocarbon plasmas is an efficient tool to
increase contact angle and improve hydrophobicity. >’

Plasma processing of polymers is a common procedure. Many studies have been
focused on the plasma treatment of poly(propylene),’® poly(ethylene),
poly(methyl methacrylate),” poly(ethylene terephthalate),”® poly(carbonate),
poly(styrene),?* viscose textile,?? poly(tetrafluoroethylene),?® poly(p-phenylene
sulphide),® poly(ether sulfone)®® and poly(dimethylsiloxane)®. Nevertheless,
the published studies dealing with plasma-modified poly(1-butene) are very
scarce, Shen et al. used radio frequency plasma polymerization to treat glass
fibresﬂto improve the interfacial adhesion between poly(1-butene) and glass
fibre.

Present paper reports experimental results concerning poly(1-butene) surface
properties modified by plasma treatment. Main attention has been directed to the
factors that critically influence surface wettability of polymers: (i) chemical
composition analyzed by X-ray photoelectron spectroscopy (XPS); (ii)
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morphology and roughness observed by atomic force microscopy (AFM), and
(iii) molecular structure at the polymer surface, with emphasis on conformation
and orientation of functional groups, and chemical bonding.?®** Knowledge of
the local conformation of the functional groups at the surface is extremely
important for understanding the surface properties of polymers. The surface
hydrophilicity/hydrophobicity was characterized by contact angle (CA) -
“sessile drop” method. The interrelations between these factors and surface
wettability have been investigated. To improve the surface properties to the best
advantage and simultaneously minimize ageing effects it is necessary adjust the
gas composition and the plasma conditions to the polymer type. For this purpose
plasma containing five various gasses has been chosen.
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EXPERIMENTAL SECTION
Materials

In this study, two commercially-available grades of isotactic poly(1-butene)
produced by LyondellBasell Louvain la Neuve, Belgium, were used, a
homopolymer PB 0300M (homoPB), characterized by melt flow index of 4 g/10
min (190 °C/2.16 kg) and density of 0.915 g.cm™, and a random copolymer of
butene-1 with low ethylene content, PB 8640M (coPB) with melt flow index 1
/10 min and density 0.906 g.cm™.

PB-1 sheets, approx. 1 mm thick, were prepared by compression molding. Prior
to any treatment, rectangular samples with dimension of 80 x 10 mm were cut
out, washed in acetone, ethanol, distilled water and then dried at temperature of
40 °C for 20 min. The blank and treated samples were stored in desiccator (with
gelatinous silicic acid for standard humidity) under pressure 20 Pa.

Methods

Plasma treatment was performed by reactor FEMTO, Diener, Germany, with
capacitively coupled plasma. The reactor chamber was a cylinder of 320 mm
length and 150 mm diameter. The processing conditions were selected: radio
frequency 13.56 MHz, the generator power 50 W, gas flow 5 cm®.min™,
processing pressure 30Pa, and time of plasma treatment 60 s. The following
processing gasses were used: air, argon (Ar), argon and thereafter 3 hours in
allylamine vapor (Ar/C3HsNH,), argon bubbled through ammonia (Ar/NH,) and
mixture of 50 % argon and 50 % octafluorocyclobutane (Ar/C4Fsg).

The contact angle measurement was performed on Surface Energy Evaluation
System, Advex Instruments, Czech Republic, at room temperature to evaluate
the hydrophilicity/hydrophobicity of the samples. A "sessile drop™ technique
was used in this study. Water after reverse osmosis was utilized in all
experiments. The drop volume was 4 pl. Ten separated readings of contact angle
were averaged to obtain one representative value for each substrate and standard
deviations were evaluated. Contact angle of pure PB-1 and plasma-treated PB-1
at various time (from 10 min to 14 days) after plasma treatment were measured.

Surface composition was analyzed with an XPS instrument TFA XPS Physical
Electronics, USA. The base pressure in the chamber was about 6x10~* Pa. The
samples were excited with X-rays over a 400 um spot areca with a
monochromatic Al K., radiation at 1486.6 eV. The photoelectrons were
detected with a hemispherical analyzer positioned at an angle of 45° with respect
to the normal to the sample surface. Survey-scan spectra were made at a pass
energy of 187.85 eV and an energy step of 0.4 eV, while for Ols, N1s, Fls
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individual high-resolution spectra were taken at a pass energy of 23.5 eV and an
energy step of 0.1 eV and for Cls at 11.75 eV and 0.05 eV energy step,
respectively. An electron gun was used for surface neutralization. All spectra
(not containing F) were referenced to the main C1s peak of the carbon atoms
which was assigned a value of 284.8 eV. The spectra containing F were shifted
to 291.8 eV (CF; binding of carbon atom). The concentration of elements and
concentration of the different chemical states of carbon atoms in the Cls peak
were determined by using MultiPak v7.3.1 software from Physical Electronics.
Carbon C1s peaks were fitted with symmetrical Gauss-Lorentz functions. A
Shirley-type background subtraction was used. To evaluate durability of surface
composition the XPS analysis were carried out immediately and 14 days after
plasma treatment.

The surface topography of untreated and plasma-modified PB-1 samples was
studied on a nanometer scale using atomic force microscopy. The AFM images
were recorded by NTEGRA-Prima, NT-MDT, Russia. A single crystal silicon
probe with force constant of 11,8 N/m and scanning rate of 0.3 Hz was used.
Identical area of 50 x 50 um was scanned at the sample before and after plasma
treatment.
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RESULTS AND DISCUSSION

The extent of hydrophilic/hydrophobic modification of the plasma-treated PB-1
sheets was investigated by CA measurement. Figure 1 shows the variation in the
CA of pure and plasma-modified homoPB (up) and coPB (down) specimens.
The values of contact angle of untreated homoPB and coPB sheet reach 99° and
104°, respectively. PB-1 and other polyolefins are strongly hydrophobic due to
the lack of polar function groups on their polymer chains.** However, plasma
treatment causes change of surface properties. In most cases, except of Ar/C4Fg
plasma, decrease of CA can be seen. The most obvious decrease of CA was
observed in the case of the sample homoPB after air plasma treatment (65°) and
homoPB after Ar/NH,4 plasma (67°). On the other hand, the minimum decrease
of CA was achieved in the samples treated by Ar/C3HsNH, plasma (homoPB ~
86° and coPB ~ 84°). This decrease of CA can be ascribed to the formation of
hydrophilic groups on the plasma-treated polymer film surfaces. The plasma
creates radical species on the polymer surface, mainly through polymer chain
scission or hydrogen abstraction by bombardment of plasma particles. These
species can combine with oxygen from air, and thus also contribute to increase
of the amount of polar groups such as —OH, C=0, COOH and COO- on the
plasma-treated polymer surfaces. Hence these polar groups cause that the
plasma-treated polymer surfaces become more hydrophilic compared to the
untreated polymer surface.®** As can be seen, the drop of contact angles in
homoPB are rather comparable to that of coPB. However, situation is absolutely
different in the case of Ar/C4Fg plasma where increase of CA was observed
(homoPB ~ 111° and coPB ~ 113°) reflecting pronounced surface
hydrophobicity.

Upon plasma modification, hydrophilicity/hydrophobicity of treated surfaces
remained stable within three days under air atmosphere. Nevertheless, with
prolonged time slow increase of CA can be observed. This process of
hydrophobic recovery of the plasma-treated PB-1 samples results from the
tendency to reduce surface energy and increase its contact angle to be more
resemble to the intrinsic bulk of polymer. From thermodynamic point of view,
the polar functional groups tend to rearrange toward bulk reaching homogeneous
distribution within outer layer of polymer surface.??*** Moreover, variations of
both chemical composition and morphology in surface may contribute to the
partial recovery of contact angle.

Surface chemical composition of neat and plasma-treated PB-1 samples was
characterized by XPS measurements. Figure 2 (up) shows the concentration of
atoms in surface of untreated materials and plasma modified samples directly
upon treatment. Neat homoPB and coPB samples (measured immediately — Fig
2 up and 14 days after plasma treatment — Fig 2 down) contain predominantly
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carbon (approximately 99.0 %, resp. 99.1 %) and insignificant amount (under
0.95%) of oxygen and nitrogen was similar for all untreated materials. As can be
seen, plasma-treated samples (except of those modified by Ar/C4Fg plasma) have
generally similar surface composition: nitrogen concentration up to 8 at.% and
oxygen concentration up to 15 at.%. Since nitrogen and oxygen are found
already on untreated samples, it can be concluded that insignificant amount of
nitrogen is incorporated into the surface during treatment in Ar/C3HsNH, or
Ar/NH,. Chemical composition is considerable different in the case of the
Ar/C4Fg treated samples where 57-61 at.% of F was detected at the surface.
Furthermore, higher content of nitrogen on the surface up to 6 at.% and
neglectable concentration of oxygen — less than 1 at.% can be found. XPS
measurements were repeated again 14 days after plasma treatment (Figure 2,
down) to assess the effect of ageing process (post-reactions) on the surface atom
composition of homoPB and coPB samples. From comparison of Figure 2 up
and down it can be clearly seen that the differences of chemical composition of
plasma treated surfaces measured immediately and 14 days after plasma
treatment are insignificant. Therefore, hydrophobic recovery of contact angle in
plasma-modified samples cannot be ascribed to the time-dependent changes of
surface integral chemical composition.

A more detailed analysis of the XPS spectra of the carbon C1s region of the
untreated homoPB and coPB samples revealed the formation of different
functional groups (Figure 3). Prevailing component of the Cls peak located
approx. at 284.8 eV indicates the existence of hydrocarbon components (C-C
and/or C—H bonds)®. A weak shoulder is consistent with the levels of oxygen
and carbon detected in the survey scans and was fitted with two peaks
corresponding to carbon singly bonded to oxygen and to nitrogen (C-O/C—
N)**" at approx. 285.9 eV, and to carbon doubly bonded to oxygen (C=0) at
approx. 288.0 eV. In some components, like C—O and C-N, the binding energies
of the Cls peak are very close, making it almost impossible to identify
unambiguously the component.

As expected, according to the surface composition shown in Figure 2, carbon
peaks of homoPB and coPB samples treated by air, Ar, Ar/C3HsNH, and
Ar/NH, plasma looks quite similar indicating that there are only small
differences between the samples. Figure 4 shows XPS spectra of the carbon Cls
region of the homoPB sample 14 days after Ar/NH, plasma treatment. The
majority of carbon atoms can be found in C—C bonds (binding energy 284.6 eV)
and minority in C—O/C—N bonds (286.5/286.3 eV), C=0 bonds (287.9 eV) and
O=C-O bonds (289.2 eV)*. Similar spectra have been also observed for the
other treated samples. The Cl1s peaks of all surface-treated samples show
significantly stronger contributions at the higher binding energy side of the C—C
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peak, arising from the creation of oxygen-containing functional groups at the
surface.

Curve fitting of carbon C1s peaks of homoPB and coPB samples 14 days after
Ar/C4Fg plasma treatment are shown in Figure 5. Very broad spectrum indicates
formation of various different carbon—fluorine bonds at the higher binding
energies. The majority of carbon atoms can be attributed to CF; and CF, bonds
located at approx. 293.8 and 291.8 eV** and minority to C—C/H bonds (285.1
eV). In the case of coPB results apparent increase of CF and CF, bonds at the
expense of C—C/H bonds can be observed.

To evaluate the extent of morphological changes on the surface, AFM images

of untreated and plasma-modified homoPB samples have been reproduced. It
has been reported that influences of surface roughening on contact angles
disappear if the surface roughness is smaller than 0.1 pm.*** According
Busscher,” surface roughening tends to increase observed contact angles, if the
contact angle on the smooth surface is above 86°, whereas contact angles
decrease if the contact angle on the smooth surface is below 60°. For contact
angles on the smooth surface between 60° and 86°, surface roughening was
found not to influence measured contact angles. Figure 6 depicts the
representative images of samples before and after air and fluorocarbon plasma
treatment. Figure 7 shows histograms of the brightness distribution of roughness
height of homoPB samples before and after air plasma treatment (up) and before
and after fluorocarbon plasma treatment (down). It can be seen that the
differences in morphology and roughness of surfaces before and after plasma
treatment are neglectable independently on plasma modification.
As mentioned above, surface hydrophilicity/hydrophobicity can be affected by
chemical composition, surface roughness and variance in conformation of
functional groups. Our observations suggest that the time-dependent changes in
surface wettability of plasma-treated PB-1 samples cannot be attributed to
the variation of surface morphology and surface chemical composition.
Therefore changes in conformation of the surface molecules should play a main
role. Mechanism of conformation changes is depicted in Figure 8. Untreated PB-
1 consists predominantly of carbon and hydrogen which results in non-polar
structure. This polymer is hydrophobic with a high values of CA (Figure 8, up).
However, plasma treatment induces formation of polar functional groups which
are preferentially ordered on the tips of the surface. During contact with water
droplet, presence of these polar groups causes increase of hydrophilicity and
thereby decreases contact angle (Figure 8, middle). However, the introduced
polar functional groups tend to equilibrium positions via conformation and
orientation gradual changes. Thus the concentration of functional groups on the
interfacial area is reduced which is followed by the increase of CA (Figure 8,
down).
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CONCLUSIONS

The experimental study has been focused on modification of the poly(1-butene)
surface using radio frequency plasma. The influence of various processing
gasses was investigated. Plasma treatment greatly changed the surface
chemistry. The polar functional groups generated upon almost all used types of
plasma treatment caused decrease in contact angle and increase of surface
hydrophilicity. Contradictory effect can be observed in the case of fluorocarbon
plasma which causes increase of contact angle and increase of hydrophobicity.
In all the samples, the recovery of contact angle, i.e. wettability, to the initial
values was observed upon a given time. Surface morphology and chemical
composition of plasma-treated samples samples remain nearly unchanged within
observed  period. Therefore, the gradual changes in surface
hydrophilicity/hydrophobicity of plasma-treated PB-1 samples can be attributed
to the variation of the conformation of plasma-introduced functional groups.
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Figure 3 Carbon Cls peak of untreated homoPB (up) and coPB (down)
samples.
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Figure 4 Curve fitting of carbon peak of sample homoPB+Ar/NH,4 14 days after
plasma treatment.
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Figure 6 AFM images of homoPB samples topography before and after air
plasma treatment (up) and before and after fluorocarbon plasma treatment
(down).
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Figure 8 Scheme of mechanism of surface conformation changes.
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The effect of phobodegradation in Sotactic poly 1-butene ) ( PB-1) have been investigated wsing rheclogy,
differential scanning calermetry and infrared spectroscopy. Two commencially available grades of PB-1
with different average molecular weight were chosen. Specimens prepaned by compression moulding
were UV irradiated in the interval from O to 70 b Un-indeced changes in malecular stricture have been
ipllowed by evolution of rhedogical properties, thermal propertes and degradation by produscts.
Themal analysis showed ggnificant chamges in crystall zation behaviowr infleencing morpholegy and
resulting themal properties. Moreover it has been confirmed that the degradation significantly retands
the phase trandormation Rheslogical measurement has been found as an effective method for deter-
minatien of early stages of photodegradation of PE-1.
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1. Introduction

Isotactic poly(1-butene ) PB-1) possesses a number of attractive
properties that distinguish it from the most common polyolefins
like isotactic polypropylene or polyethylene However, even after
maore than 50 years from its discovery, and despite its potential,
PB-1 is stll a relatvely unexplored material being pmoduced in
limited quantities and has not yet found a large commercial success
as compared to the other polyolefins. This is paticularly due to the
peculiar polymorphic arystallization behaviour and polymorphism,
which are not cumrently fully understood.

Five different crystalline modifications hawve been reported,
which are referred to as hexagonal forms L I, tetagonal forms 0, IF
and orthothombic form 01 [1]. The most important phenomenaon is
spedfic transformation — upon solidification from the melt PB-1
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aystallizes into phase Il which is kinetically favoured. During
several days the material transforms into phase I, which is ther
modynamically favoured [2,3].

Similarly, the degradation behaviour of PB-1 is not still deardy
understood; it is supposed to be similar to isotactic polypropylene
due to presence of tertiary carbon on the backbone. Neat PB-1
contains only C—C and C—H bonds and therefore, absorption of
light at wawelengths longer than 200 nm can be expected The fact
that photodegradation of polymers ooours even at wavelength
longer than 300 nm indicates that some kind of chromophoric
gmups must be present in these polymers. The chmmophores in
commercial PB-1 are developed during polymerization and thermal
processing [4].

During polymer photodegradation two types of processes ooour:
(i} primary photochemical reactions due to the absorbed radiation,
mresulting in the formation of free mdicals or non-radicals rear-
mngement; (i | secondary reactions inwhich radicals formed initiate
anumber of reactions which are independent of the light [4,5].

As generally accepted, degradation reactions of semicrystalline
polymers proceed predominantly in amorphous regions. Mever-
theless, physical factors, such as the size, arrangement and distri-
bution of crystalline regions, affect the degradation as well
Photodegradation kinetics in polymeric systems depends on moygen
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permeability throughout the material 6] and the rate of @didation
drops with decreasing eopgen diffuson 78]

On the other hand, the crystallinity and the molecular orienta-
ton defermine the mability of the radicals and therefore reduce
the rate of termination, allowing an increase in the propagation
of chemical reactons leading to maolecule scision and this effect
iz opposite to that caused by reduced cogrmen mobiling. Which of
these two effects will predominate depends on the oidation
conditions, including the type of degradation, temperature and
oHyEen concentration (9]

Specified by-products of the free radical meidaton of most
polymers are hydopereddes [10). The mechanism of madical
oxidation in pohyl-butene] i stll unknown, nevertheless, the
simiilar mechanism as in the case of polypropylens & sugmested,
where mesulting hydmpereddes are predominantly tertiary
{="00% |, the emainder beingessentially secondary | 11]. In cont rast
in polyethene only secondary hydmoperaddes are present [12].
The general mechanism is as follows [13]:

pEp2poo- & poor Epc—o (1)
R=HF

Formation of perosdde species in the polymer backbone is
encountered as the primary step of the ootd ative degrad ation. The
hydroperosdde groups not only play an important mle in ind ucing
bath thermal and photomeddation of polymers but are also impor-
tant intermediates in the overall oxid ation reactions. Thus, hyd mo-
pemxides are the key pmducts in the clear understanding of
a mechanism, as well as to gain better insight inte comelation
e bween ¢ he mical evolution of carbeoy] groups and evelution of the
malecular structure (scission/recombinationjcrossliinking ) | 14—-15).

It has been alse confirmed that the evolution of the rheoksgical
material properties directly reflects changes in molecular param-
eters, such as molecular weight (MW), and madecular weight
distribution { MWD The linear viscoelastic properties in dynamic
experiments are sensitive both to the chain scision and to the
three-dimensonal network formation Thus, melt rhedogy
provides a comvenient tonl to wiew the particular behaviour due to
the competition of chain scisions and ecombination reactions
oocurring thmough ageing | 17).

In conclusion, photodegradation leads to induction of both
chemical and physcal hetermgeneities. Consequently an exact
prediction of the material durability needs to be analyzed and
quantified. For these reasonsthe objective of this shedy isto analyze
PE-1 upon photodegrad ation using variows comventional methods:
oacillatory shear rheobgy for analyss of molecular chain motions;
infrared spectroscopy (IR) characterizes evolstion of chemmical
species in PE-1 and differential scanning calorimetry ohsemves
changes in melting and crystallization behaviour and momeover
shows the impact of photedegradation on kinetics of phase trans-
formation 1—L

2, Material and methods

In this study, two different commercially aailable grades of PB-
1 homopahymers prodsced by Basell Polyolefins, Louvain la Newve,
Belgium were used: DPF 0401 M, density of 0915 g cm?, melt flow
rate of 15 gf10 min (190 =Cf216 kg, 50 1133); and PE 0300M,
densityof 0915 g e, melt flow rate of 4.2/ 10 rin { 190 °Cf216 ke,
150 1133), both with the same package of stabilizers.

PE-1 sheets, approse 003 mmm thick, were prepared by compres-
sion moulding at temperature of 190 °C comp ression time of 5 min
and subseguent cooling to 20 °C for 5 min

For accelerated UV irmdiation a SEPAP 12724 MPC ype of
commencial device (ATLAS company ) was employed at temperaiue

of 60 °C, wavelength longer than 300 nm and the sampling was
performed invarous ageing times.

Modecular changes wene characterized by melt viscoelasticity
experiments inosclatony shear mode using a TA ARES mechanical
spectrometer, equipped with parallel plate geom etry with diameter
of & mm and the gap between the plates was fixed at 1 mm. The
experiments were camied out under air ammosphere at reference
temperatune 140 °C Thermal stability of both materials was tested
by time test and no degradation changes were observed within 2 h
at termperature of 140 °C.

The rheokegical beh aviourof the UViradiated samples was also
used as a tool for evaluation of degradation extent | 1E—20). The
relative changes in complex viscosity Aqg® of the samples was
measured at frequency 0.2 md 5! and expressed by following
Lo TE BV

Ay = %y 2
" (%) (2]

where rrepresents time of UV irmdiation, 4 and 5} is the complex
vizcosity for degradation times of 2ero and [, respectively.

A Nicolet 800 spectrometer with nominal resolution of 4 co?
was employed in transmission mode with a 32-scan summation
Molecular degradation was characterized by carbomy] index (7).

0 = Ag/Ag, (3

where A, is the area of the carbomyl absorption bands (inthe mnge
frmm 1650 to 1820 e ') and Ag is the area of a reference band not
affected by photooxidation and varying crystallinity (in the ange
from 2700 to 2750 cm ") [7].

Melting, re-melting and crystallization behaviours of UV irmadi-
ated specimens were obsered wing a DSC-Pyris1 power com pen-
sated differential scanning calorimeter. Nitrogen as a purge gas was
used and constanthy passed (20 cm® s~') through the heat sink and
oner the cells. Tem perat ure cal ibration was performed using i ndium
as a standard, Apprec 5 mg of imadiated material was loaded into
standard aluminium pans. Observation was performed at a rate of
+10 “Cimin in interval from 40 to 170 °C To observe melting
termperature of the form 11, second subsequent melting and cnys-
tallization were performed. The specimens were kept at posom
termperature and the phase transformation fllowed.

Itisgenerally known that differences in melting terperat res of
the forms | and 11 are approoc. W0—15% “C Thus melting cunves
obtained from DSCexhibit partial superposition Only one melting
peak of the form | or 11 on the melting curve k& detected immedi-
ately after crystallization or when polymarphic transformation
terminates respectivehy

In this respect, the melting curves must be deconvoluted to
reliably evaluate the transformation. Therefore, we particulary
followed the approach of Alfonso et al [21]

It iz supposed that owrall degee of crystallinity does not
change during transformation [5,21,22]. Unfortunately, there anre no
exact values of melting enthalpy of formis | and IL

Thus, the individual peaks of forms | and I were decomohited
usinga Gawssian function and then areas under both peakswere by
integration obtained. The content of the increasing form | in time
was calculated as the ratio of area of the peak form | and sum of
heights of both peaks forms | and 1.

3. Realts and dEcussion
31 Rheologiol behaviour

Fig.1 shows comiplex viscositiesof both materials DP 0401M{up)
and PE 0300M (down ) duning initial stage of photed egradation upto
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W hofaccelerated UV irradiation It can be cleary seen that material
PE 0300M isles sensitive to photedegradation than DP 04010 T is
evident that the method is convenient to determine molecular
changes in the short UV imadiation times for PE-1 with respect
tox MW, In case of DP 04018 at the beginning of UV irradiation
comiplex viscosity 1° gradually decreasesup to5 hand after W hthe
material i entirely degraded by chain scission reactions. On the
at her hand, matenial PBE 0300M shows gradual dec rease of viscosioy
and even after 10 h of UV imadiation no significant changes are
observed. This diference is contributed to approsc 3 times higher
viscosity of PE O300M than DPF 0401M. It is obviows that chain
srisgion reactions are dominant during inital stage of UV irradiation
even if recombination reactions eocurs Smultanecushy [17]

Dependence of & at frequency of 0.2 rad s~ on UV irmdiation
tmeisillustrated in Fig. 2 (up). What can be seen ks a similar profile
of decreasing #* for both materials, which differs only in initial
values of 4. While the initial walues of * are notably different, their
evolution upesn UV irradiaton & simdlar,

Using Equation (2], relative change in complex viscosity (Ag® ) of
ot h sets of zampleswas evaluated and illustrated in Fig. 2 (down). 1t
is evident that during initial 1.5 h of UV imadiation, degradation
possesses virfually the same mend. With increasing tme of UV ira-
diation the difference bebween both materials becomes significant
and material with higher melt flow rate (0P 0400 M) is mone sensithve
tophotod egradation. After 10 h of UV imadiationthe Ag® reaches 26
in PE 0300M and Q0% in DP O4MM. This significant increase of
degradation s caused by fully enhanced ¢ hain scission reactions.

32, Infrared specmmosampy

Fourier trangorm — infrared spectroscopy (IR is trad itional and
comenient methoed for analysis of chemical changes during various

Espagure fime (i)

Fig. 2 Emdmn'ﬂﬂumattmrqﬂ.lnds" {up} and réasve change
iin coamipbex wiksoceity | dovwn | upon acoederared UV irrad ason.

types of degradation. UV irmadiation leads to significant changes in
the IR ateorption spectra in PE- L The evolution of chemical species
in degraded PE-1 can be seen in follewing Fig. 3. The major by
products esulting from presence of atmaosphere oxygen are
carbonyl products. As the oxidation proceeds, bmad absorption
bands growth at 1640, 1712, 1735 and 1780 cm? are observed. A
gradual formation of carbaoylic acid( 1712 cm™") can be seen inall
cases. With further exposition the formation of esers becomes
dominant at 1735 cm™" in case of DP 0401M; the formation at
absorption of 1780 cm™" is asmigned to peresters or y-lactones;
aweak peak at absorption 1640cm ™" i assignedtoviny] groups [23).
The UV irradiaton in DP 0401M and PBEO300M (Fig. 3 up and down)
shows similar mechanismof degrad ation, however in DP 0401 M the
evilution of chemical species is faster in the inital stage compared to
PB 0300M, and the esters (1735 cm ') become dom inant from 60 h

When carbonyl indexes of both materials are plotted versus
exposure fime, the chemical evolution of PBEO300M is weaker than
in DP 04016 a5 can be seen in Ag. 4. Both materials show similar
inid wction periodd uring initial 10h (which is defined as the time lag
during which no by-products are detected by 1R) and then the slope
af the curves increase. For material with higher melt flow rate— DP
Q40 M, the dope is higher than fr PE 03000 It should also be
noted that IR i not able o detect peradide species, which are
during radical chemical reactions transformed o detectable
chemical groups

3.3, Themal behavioer

Thermal analysis is the last gep toidentify changesin PE-1during
initial 40 h of UV irradiation . Since the rheokegical be haviowr showed
a significant changesduning initial 10 hof UV irmdiation in matenial
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DP 401N, it can be suggested thatthermal analysis provides further
information conceming PE-1 p hotodegradation.

The melting be haviour of degraded specimen s of both materialsis
illustrated inFig. 5.1t can be seen that the melting temiperanre of the
farm 1 {m1 ), oheenved by first meltng, vary interal of TX2-127°Cin
boith materiaks. Mo distinct trend isobserved compared to the second
melting (m#). ltwas performed immediately after the first melting
and subsequent contralled which comesponds to the melting of the
farm I In both materials a decrease of melting tempera e with
increasing iradiation time is observed with total drop of 10-12°C
between time 0and 40 h. Since the PB-1 is a polymorphic material
with peculiar phase mansformation of the kinetically Gvoured
form I into the thermodynamically stable form L melting afer
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Hg 5. Melting be haviour dusing first melting (m1 ), second melsng (m2) and meitng
after transionmaton i oomplered ()

transformation -1 & completed (mir) was performed. Upon the
polymaorphic mansformation from the frm 11 into the form L
a virtwally identical thermal behaviour with shifted melting
temiperatures can be seen as the slopes of m? and mir curves are
similar.

What can be expected in the initial stage of degradation i
a prevailing effect of chain scision, which can positively influence
the crystallization kinetics. As a consequence, final structure is
themodynamically more stable, and its meling temperature in
shor-term irradiated specimens can even exceed that of non-
irradiated. This is pariculady evident in PE 0300M from the
melting of phase | upoen ransformation. However, chain scission is
followed by the intreduction of impurities into the molecular
structure. This effect leads to the decrease of crystallisability and
the crystallization to less stable structure [24). In thermograms
(Fig. 5. it is presented by gradual decrease of melting temperatures
of both forms 1 and 11 with prolonged iradiation time.

The effect of photo-induced ¢ hanges on crystallization is even
mere evident from the crystallizaton termpe@ture | T, asshown in
Fig 4. In the case of PE 0300M, the non-monotonic evol ution of T:
can be sen At the beginning, a significant increase of T, from 78 to
o =C is oberved and after 10 h of LV imadiation the initial T: s
reached. This observation confirms that the chain scisdon posi-
tively influences the crstallization rate (a5 the chain entangle-
ments are partly released, the molecular mobility increases) and
this effect prevails in the initial sageof UV iradiation. However, an
increasing number of introduced hete regeneities in polymer chains
then cause a linear drop of T: abowt 30 °C benween 5 and 20 UV
irradiation hours. Further in time, a gradual decrease of T, o 55°C
oocurs. The evaution in T of OP G401M upon UV irmdiation i
slightly different Crystallization temperature decreases with
exposure time During first 5 h degradation leads into a sgnificant
dmp of T, and then from 15 up to 40 honly asmall decrease can be
seen up to 55 °C Le.the same values as that of PE 03006, Cleary,
the firg stage with increasing crystallization rate upon chain scis-
sion is missing. It can be supposed that the competition between (i)
the increase in crystallization kinetics upon chain scission and (i)
the retardation of crystallization caused by introduction of molec-
ular irregularities i influenced by initial molecularwelght Indeed,
the feasible maxmum of crystallization rate is fGster reached in
lowrer-milecular systems, thus in DP 0401M, in this case its crys-
tallization temperature decreases even upan the inital stage of UV
irradiation
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Fig- 6. Crystallizason behasour upon doceleraed UV irradiason

The evolution of subsequent p hase transformation in re-melted
U irradiated specimens isillustrated in Fig 7 The Ag 7 (up) shows
evolution of form | content during phase tansformation of
degraded DP 04010, It is evident that after2 hof UV iradiation no
significant change in transformation rate i observed. However, the
change of transformation rate & evident between 3 and 10 irradi-
ation hours when decreasing trend ooours. |t correlates to decrease
of crystallization temperature (Fig 6] Further minor change in
transformation ate between 15 and 40 iradiation howurs confims
its dependence on crystallization tem perature.

100 4
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Hg 7. Bferrof acceleraed UV irradason on phase sansfommation B-1of P 04018
(upl and PB C3008 [ dovmn ).
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This fact is supported by Fig 7 { down ) focused on material PB
O300M. The transformation mate of non-irradiated specimen
which has a lower T: compared to UV irradiation time of 1.5 and
3 h possesses also slower transformation rate. Further irradiation
{W—4D h) & followed by decreasing trend the same as in Fig 7
{upl. Agin the competiion between the molecular mobility
and regularnity is a key factor influencing the tranformation Thus
the trandformation rate follwws the changes in crystallization
temperature; the precess s overall slower but with similar
mechan ism.

4. Conclusions

The multiscale characterzaton of UV-indweed changes in
isotactic poly(1-butene) showed that the kinetics of degradation
are smongly influenced by initial molecular weight Both the
rheokegy and |R measuremenis demonstrated faster degradation in
material with kawver-molecular weight In this context, rheology
was rated as a powerful tool for charactenization of initial stages of
photedegradation. Thermal analysis showed significant changes in
crystallization behaviour infleencing morphology and resulting
thermal properties. In addition, the effect of degradation on the
phase transformation has been proven; the degradation signifi-
canthy retards the phase transformation
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