Structure — Property Relationships in
Polyolefins

Von der Fakultit fiir Mathematik, Informatik und Naturwissenschaften der Rheinisch-
Westfilischen Technischen Hochschule Aachen zur Erlangung des akademischen Grades

eines Doktors der Naturwissenschaften genehmigte Dissertation

vorgelegt von
M. Sc. Cristian Eugen Hedesiu

aus Iclod, Romania

Berichter: Universitatsprofessor Dr. Dr. h.c. Bernhard Bliimich

Universititsprofessor Dr. -Ing. Edmund Haberstroh

Tag der miindlichen Priifung: 12 December 2007

Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfiigbar.






Contents

Contents

1 INTRODUCTION AND MOTIVATION

2 POLYETHYLENE AND POLYPROPYLENE MORPHOLOGY

2.1

2.2

Polyethylene

2.1.1 History

2.1.2 Properties and economic relevance
2.1.3 Morphology of polyethylene
Polypropylene

2.2.1 History

2.2.2 Properties and economic relevance

2.2.3 Morphology of isotactic polypropylene

3 EXPERIMENTAL METHODS

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

Introduction

Transmission electron microscopy
Scanning electron microscopy
Atomic force microscopy
Differential scanning calorimetry
Small-angle X-ray scattering
Wide angle X-ray diffraction
Infrared spectroscopy

Mechanical tests

Nuclear magnetic resonance

3.10.1 Proton wide-line NMR spectroscopy

3.10.2 Proton transverse magnetization relaxation

3.10.3 Spin-diffusion NMR experiments with dipolar filters

4 HIGH DENSITY POLYETHYLENE

4.1
42
43
4.4

Introduction and motivation

Materials

Morphology of HDPE by TEM
Crystallinity and morphology by SAXS

0O 0 N L i

13
13
13
13
14
14
14
15
15
16
17
17
18
19

27
27
30
30
31



Contents

4.5 Temperature dependence of the phase composition and chain mobilities
of HDPE by NMR

4.6  The effect of annealing on chain mobility and the phase composition by
NMR

4.7  The thickness of domains in HDPE

4.8  The effect of annealing on the thickness of domains and chain mobility

49 Conclusions

5 ISOTACTIC POLYPROPYLENE
5.1 Introduction and motivation
5.2 Materials
53 Crystallinity by DSC
54  Morphology of iPP by TEM
5.5 Crystallinity and Morphology by SAXS
5.6 Solid-state NMR study of phase composition, chain mobility, and domain

thickness

32

35
36

40

43
43
44
44
47
48

51

5.6.1 Temperature dependence of phase composition and chain mobility 51

5.6.2 The effect of annealing temperature and annealing time on the
phase composition and chain mobility

5.6.3 Comparison of the amounts of the rigid fraction/crystallinity
obtained by NMR, SAXS, and DSC

5.6.4 Comparison of the domain thicknesses measured by DQ and
Goldman-Shen dipolar filters in spin-diffusion experiments

5.6.5 Temperature dependence of the domain thickness

5.6.6 The effect of annealing temperature and annealing time on the
domain thickness of iPP sample

5.6.7 Thickening of crystalline domains during annealing

5.6.8 Correlation between the 'H transverse magnetization rate and
the domain thickness of the crystalline domains

5.7 Conclusions

6 AGING ON ISOTACTIC POLYPROPYLENE

6.1 Introduction and motivation

6.2 Materials

53

55

55
57

58
59

61
63

65

65
66



Contents

6.3
6.4
6.5
6.6
6.7

6.8

6.9

6.10

NMR data processing

Mechanical results

X-ray results

DSC results

Changes induced by aging at 28° C in the phase composition and chain
mobility of homopolymeric iPP samples

Changes induced by aging at 70-130° C in the phase composition and
chain mobility of homopolymeric iPP samples

Discussion: physical ageing in homopolymeric iPP samples by NMR
and mechanical analysis

Conclusions

7 UNIAXTALLY DEFORMED ISOTACTIC POLYPROPYLENE

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8

7.9
7.10

7.11
7.12

7.13

Introduction and motivation

Materials

Stress-strain characteristics

Crystallinity by IR

Phase content and chain mobility by NMR at 70° C

Effect of drawing ratio on the phase composition and chain mobility
Effect of drawing rate on the phase composition and chain mobility
Effect of drawing temperature on the phase composition and chain
mobility

Effect of draw ratio and drawing temperature on the domain sizes of iPP
Correlation between the amount of the rigid fraction and the thickness of
the rigid domains

Correlation between the long period and the drawing temperatures
Correlation between the H transverse relaxation rate and the domain
thickness of the rigid domains

Conclusions

8 IMPACT MODIFIED ISOTACTIC POLYPROPYLENE 103

8.1
8.2
8.3

Introduction and motivation 103
Materials 104
Morphology by TEM and AFM 105

67
67
69
69

73

75

79
80

91
93

95
96

98
99



Contents

8.4
8.5
8.6
8.7
8.8
8.9

Crystallization temperature and heat of fusion by DSC
Tensile and flexural tests

Phase content and chain mobility by NMR at 70° C

Aging in impact modified PP copolymer at 70 ° C by NMR
Phase content and chain mobility by NMR at 0° C

Conclusions

9 GENERAL CONCLUSIONS

REFERENCES

108
109
111
112
114
118

119

123



Abbreviations and Symbols

Abbreviations and Symbols

NMR nuclear magnetic resonance
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Chapter 1

Introduction and Motivation

The extensive and still increasing usage of polymeric materials stems from their unique
physical and mechanical properties. Combined with economic advantages in terms of price
and market availability polymeric materials became a logical choice for a wide range of
applications. For many purposes, their performance is much better than that of conventional
materials such as metals, ceramics or wood. Among the polymeric materials, polyolefins hold
an important role, becoming more and more an indispensable part of our daily life. We can
identify so many products around us ranging from our basic necessities such as tooth brushes,
clothing, storage bottles, and carry bags to special applications like gas and water pipelines,
automotive applications, and biomedical implants all made from polyolefins.

The macroscopic properties of polyolefin materials are not only determined by the size
and construction of the application but to a great extend also to the morphology of the
polyolefin used. Polyolefins show a very complex morphology in which various levels of
hierarchy are distinguished. Four levels of morphology can be identified: chain characteristic
(primary level), crystal unit-cell (secondary level), lamellae structure (tertiary level), and
crystal aggregates or super-molecular structure (quaternary level).

A wide range of material properties are achieved depending on the chain
characteristics, type of polyolefin monomers, e.g. homo- or co-polymer, their architecture,
e.g. linear, branched, microstructure, e.g. tacticity, amount and distribution of region- and/or
stereo defects and molecular weight and molecular weight distribution. By incorporation of a-
olefin comonomers macroscopic properties such as toughness and environmental crack
resistance can be influenced.

The morphology of the polyolefin on the tertiary and quaternary levels not only is
influenced by the chain characteristics but to a large extend also by the processing conditions,
storage conditions, and influence of additives. Due to this variety of possibilities in
morphology and with that in the properties, the study of the structure - properties relationships
in polyolefins has become an exciting field of research in recent decades.

Different NMR methods applied to polyolefins can provide structural and dynamical
information about their morphology that subsequently can be correlated with the macroscopic
properties. The potential and the wide range of applicability of 'H solid - state NMR is

emphasized in this work, which focuses on the applications of NMR in polyolefins
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characterization. Classical and advanced solid-state NMR methods were successfully applied
for the investigation of a broad range of systems such as, high-density polyethylene (HDPE),
isotactic polypropylene (iPP) and PP impact modified copolymers (ICP). A good
understanding of their microscopic structure and dynamics as well as morphology is
necessary in order to manufacture materials with improved macroscopic properties.

The primary aim of this work is to investigate the changes in the morphology, e.g.
phase composition, chain mobility, and domain sizes of polyethylene and polypropylene
samples as a function of composition, (comonomer incorporation, chain structure etc.),
storage time, temperature at storage, speed of cooling down from the melt, and behaviour
under loading conditions. Another aim relates to investigations of the structure — property
relationship in polyethylenes and polypropylenes. For these purposes, several experimental
methods and methods of data analysis were used, as detailed in Chapter 3 wherein a
comprehensive description of the 'H solid — state NMR methods utilized in this work is
given.

The changes in the morphology, phase content, chain mobility, and domain sizes of
HDPE samples as a function of annealing temperatures and storage time are presented in
Chapter 4. In this chapter, we established the temperature range for which the largest
differences are observed in molecular mobility in rigid, semi-rigid, and soft fractions
allowing accurate determination of the phase composition and the thickness of these
domains. The domain thickness, which was determined by NMR, is in good agreement with
those measured by small-angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM). It is shown that annealing is accompanied by structural reorganizations
in the amorphous layer adjacent to the lamella surface causing a continuous shift of the
interface towards the inner part of the amorphous regions and thus reducing the thickness of
the amorphous layer. The temperature dependence of the spin diffusivities is reported for the
three phases of HDPE. The spin-diffusion experiments performed by time-domain low-field
NMR and frequency-domain high-field NMR are compared.

Chapter 5 focuses on the combination of different experimental techniques, e.g. DSC,
SAXS, WAXD, 'H time-domain, and frequency domain NMR measurements, for
determination of the amount of rigid / crystalline, semi-rigid, and soft fractions of isotactic
polypropylene (iPP). Changes in the rigid, semi-rigid, and soft fractions of iPP were
investigated as a function of annealing time and annealing temperature. The most probable
iPP morphology was established by TEM in combination with results from'H spin-diffusion

data compared to data from multidimensional solutions of the spin-diffusion equations. The
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temperature dependence of spin diffusivities was taken into account, and a semiquantitative
theory is presented for this dependence in the case of the amorphous domains. A
combination of 'H spin-diffusion, NMR and SAXS was used to estimate the lamellar
thicknesses for non-annealed and annealed iPP samples. Annealing at temperatures above
110° C causes increases in the lamellar thickness and the crystallinity, and a decrease in the
chain mobility of the rigid and semi-rigid fractions. The quantities of the different phases and
the chain dynamics are reported for three annealing temperatures 134 C, 143" C, and 153 C,
and annealing times in the range from 15 minutes to 30 hours.

Chapter 6 focuses on the changes in the phase composition and chain mobility in
injection moulded, melt-crystallized and quenched homopolymeric iPP samples, associated
with aging at temperatures well above T, for 150 and 1000 hours. Those changes are studied
with high sensitivity using low field 'H solid-state NMR and X-ray diffraction (XRD). By
NMR the aging effect at 28° C was monitored each hour during 1000 hours for all iPP
samples. Aging in the temperature range from 70° C to 130° C was studied each hour during
150 hours for melt-crystallized homopolymer iPP samples. The aging effects of the
morphology of the homopolymer iPP are rationalized in terms of increased restrictions of the
chain mobility in the semi-rigid and soft fractions. All sample exhibit physical aging when
raised to elevated temperatures, and the physical aging kinetics was observed to depend on
the morphology of the homopolymeric iPP and aging temperatures. A significant increase in
the tensile modulus with time was observed for injection molded homopolymeric iPP
samples. The observed property changes induced by aging are attributed to micro — structural
changes within the semi-rigid and amorphous phases. This is consistent with a reduction in
chain mobility of the semi-rigid and soft fractions.

In chapter 7 changes in the amount of the rigid, semi-rigid, and soft fractions, molecular
mobility, and domain thickness of uniaxially stretched isotactic polypropylene (iPP) were
investigated as a function of temperature, draw ratio, drawing temperature, and drawing rate,
using 'H solid - state NMR at low field. The amount of the rigid fraction determined by
NMR, is in good agreement with crystallinity measured by IR. The study largely focuses on
strain-induced changes in the soft phase that have not been analyzed previously in detail. The
effect of drawing temperature on the studied molecular parameters shows an important effect
of the rate of molecular motions on the strain - induced transformation of the spherulitic
morphology of iPP to the fibrillar one.

Chapter 8 presents the influence of the rubber content and nucleating agents on the

morphology, phase content, chain mobility, and mechanical properties of impact
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copolymeric PP samples. Changes in the morphology, phase content, and chain mobility
were studied using a combination of different techniques like NMR, X-Ray, TEM, SEM,
AFM, and DSC. Structure-property relationships for impact modified copolymeric PP’s are

also presented in this chapter.
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Chapter 2

Polyethylene and Polypropylene Morphology

2.1 Polyethylene
2.1.1 History

In 1953 Karl Ziegler discovered heterogeneous catalyst based on titanium halides (TiCls-1/3
AIClIs) that produced HDPE upon activation with an organoaluminium cocatalysit such as
Al(C;H5),Cl by coordination polymerization at low temperature and pressure [Nat1955].
Later, Natta independently produced stereoregular polymers such as propylene, butane - 1 and
styrene by the same principle [Nat1955]. The subsequent discovery of a MgCl, supported
TiCly catalyst system resulted in a two fold increase in the activity [Nat1955, Natl1956,
Nat1964].

2.1.2 Properties and economic relevance

Polyethylene is now one of the most common plastics in the word. It is used to make grocery
bags, bottles, children’s toys, and a host of other everyday items. Polyethylene is of great
industrial importance, and is produced in millions of tones each year. Its versatility combined
with the physical and chemical properties makes it an attractive commodity to produce.
Polyethylene is prepared either via free radical polymerization or via coordination
polymerization using a catalyst. The type of polymerization, reaction conditions such as
temperature, pressure, type of catalyst, cocatalyst, and comonomer can considerably influence
the composition, molecular weight and degree of branching in the polymer and hence the final

architecture.

2.1.3 Morphology of polyethylene

Molecular characteristics

Based on the polymer architecture and the resulting density of packing, polyethylene’s are
classified into high density polyethylene (HDPE; few short or no chain branches), linear low
density polyethylene (LLDPE; many equal short branches) and low density polyethylene
(LDPE; various branches).
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Figure 2.1 Chemical structures of various kinds of polyethylene (a) HDPE (linear) (b) LLDPE (many equal
short branches) (¢) LDPE (various branches on branches)

Crystal phases of polyethylene

The orthorhombic phase of polyethylene

The crystal structure of polyethylene was first determined by Bunn [Bunl939]. The
orthorhombic unit cell is the most stable crystal structure. The zigzag planes of the chain of
the orthorhombic cell have different orientations (Fig. 2.2). The dimensions at 23° C of the
orthorhombic cell of linear polyethylene are according to Busing [Bus1990] a = 7.4069A, b =
4.9491A and ¢ = 2.5511A (chain axis) which give a crystal density of 996.2 kg m®. The angle
between the zigzag planes of two chains and the b axis on the unit cell was first determined by
Bunn [Bunnl939] to be 41°. A later study by Chantani et al. [Chal977] on linear

polyethylene gave a somewhat larger value, 45°.

Figure 2.2 Crystal structure of polyethylene showing a view along the chain axis: orthorhombic unit cell.

The monoclinic phase of polyethylene
The monoclinic cell was first discovered by Teare and Holmes [Teal957]. The monoclinic

cell is less stable than the orthorhombic cell and is found in samples subjected to mechanical
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stress (Fig. 2.3). The dimension at 23° C of the monoclinic cell of linear polyethylene with 4
CH, groups are according to Seto et al. [Set1968]; a = 8.09A, b = 2.53A (chain axis), and ¢ =
4.79A, which gives a crystal density of 997 kg m’. The zigzag planes of the chains of the

monoclinic cell have a uniform orientation (Fig. 2.3).

}\)
oy
I S

Figure 2.3 Crystal structure of polyethylene showing a view along the chain axis: monoclinic unit cell.

b

The hexagonal phase of polyethylene

The high - pressure hexagonal phase was discovered by Basset et al. [Bas1974]. The
hexagonal phase has very special properties: a regular hexagonal packing of conformational
disordered chains with extreme translational chain mobility that allows rapid crystal

thickening.

2.2 Polypropylene
2.2.1 History

Polypropylene (PP) was discovered in the early 1950s. In 1953 Ziegler discovered that
polyethylene could be prepared with a mixture of metal salts and transition metal salts
[Bus2001, Cip2001]. Giulio Natta succeeded in preparing polypropylene using the Ziegler
catalyst and was able to obtain and characterize isotactic PP by fractionation [Sal1996]. In
1957 polypropylene was taken into commercial production [Kar1995]. The polymer yield of
the catalyst (so-called Ziegler - Natta catalysts) had increased enormously from 0.8 Kg/(gram
catalyst) to more than 100 Kg/(gram catalyst) along with a significant increase in isotacticity.
In normal practice the term polypropylene means isotactic polypropylene obtained from

Ziegler - Natta catalysis.
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2.2.2 Properties and economic relevance

Polypropylene has grown to a commodity polymer with numerous grades for specific end and
uses. At present, the physical properties of PP can be tailored to the requirements with respect
to processing and structure. To achieve the desired properties several modifications of PP
could be obtained during polymerization.

The catalyst involved during the polymer synthesis is a complex system. A better
understanding of the mechanism involved has lead to the development of flexible,
economical, and environmentally friendly polymers and their products. The flexibility of the
material can be noticed in the processibility (molding and extrusion) where the polymer
chains can easily be oriented into high modulus thin films and fibers. Another major
advantage of using polypropylene is the recyclability of the polymer which is becoming and

important issue.

2.2.3 Morphology of isotactic polypropylene

Molecular characteristics

The chain characteristics follow directly from the chemistry of the particular polymerization
reactions. Stereo regular polypropylene can be obtained by using various catalysts that
promote regular insertion of the monomers in the growing chain. Thus, the type of catalyst
used, together with the support of the catalyst [Paul993] has a important influence on the
primary chain architecture.

The main chain — characteristics of linear PP are the molar mass (MM), molar mass
distribution (MMD), and chain regularity. Gel permeation chromatography (GPC) is typically
used to measure the MM and MMD.

Polypropylene is a stereoregular polymer. The stereoregular nature is determined by
the position of the methyl side - groups along the main chain as illustrated in Fig. 2.4a. This
means that the neighburing methyl groups in polypropylene chain have two stereo - isomeric

positions with respect with each other.
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a. —HCHy—CH-g
CH;

CH; H CH: p CHy H CHy H

Figure 2.4 Isomerism in polypropylene. a) Chemical structure of polypropylene. b) Isotactic polypropylene. ¢)
Syndiotactic polypropylene. d) Atactic polypropylene, as illustrated by Karger — Kocsis [Kar1995]

The three physical stereo - configurations that can be distinguished in polypropylene
are: isotactic, syndiotactic and atactic (as presented in Fig. 2.4b, c, d, respectively). From "*C
— NMR it is possible to extract the information about the degree of regularity within the

polymer.

Crystal phases of iPP
Isotactic polypropylene is a polymer with a number of crystal modifications [Var1992]. In all
of the crystal structures the chain is packed in the lattice as a left or right handed (or both)

2*3 — helix conformation with either and ‘up’ or ‘down’ positions of the methyl groups.

The a-phase of polypropylene

The a-phase of iPP is described by an alternation in the b — axis direction of layers parallel to
the ac — plane and composed of only left-handed (L) or right - handed (R) helices, indicated in
Fig. 2.5 by white and black triangles, respectively. The position of the methyl group in both
the left and right - handed helices can be positioned ‘up’ or ‘down’ (up or dw). Due to the
possibility of the chains to be situated ‘up’ or ‘down’ two limiting a - phases (a;: disordered,
a: ordered) can be recognized (see Fig. 2.5). The ordered o, phase (Figure 2.5 right) can be
obtained by re - crystallization or annealing [Ros2002]. The monoclinic unit cell has the
following parameters a = 6.65 A, b =20.96A, ¢ = 6.5A [Lot1996, Awa1988], and = 99.62°.
The overall density at room temperature is 0.946 g/mol [Awal988].
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o AAA  AAA -

L dw/up / L dw

can A A A A

L dw/up \/ \/ \/ Lup
‘ ‘ a sinf3 ‘ . a sinf

Figure 2.5 Two limiting forms of the a - phase. Left: o;; Right o, The horizontal arrows indicate the projection
of the a — axis, the vertical arrow indicates the b — axis. The ¢ — axis is perpendicular to the plane of view
[Aur2000].
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One of the characteristic morphological features of the o - phase is the so — called
cross — hatching, also known as lamellar branching. This feature is recognized by the initial
lamella (mother — lamella) showing branches (daughter — lamellae) that are attached to mother
— lamellae with angles of ~80° or ~100°. The molecular background of crosshatching is

described by Lotz and Wittmann [Lot1996].

The B - phase of polypropylene
Under proper crystallization conditions (shear, large temperature gradient, or use of a 3 -

nucleating agent), polypropylene samples with a high content of 3 - phase can be made

[V1e1997, Tri1998, Per1999].

Figure 2.6 Schematic representation of the arrangement of iPP — helices in the 3 - phase. The arrows indicates
the b — axis, the ¢ — axis is perpendicular to the plane of view.

The P - phase has a trigonal unit — cell with lattice parameters a=b =11A, ¢ = 6.5A, B

= 120°. The B - phase is metastabile relative to the o - phase.
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The y — phase of polypropylene
The y — phase is usually associated with the a — phase, although individual single crystals of
the y — phase has also been observed. The y — modification may be formed in degraded, low
molecular weight isotactic polypropylene and in the samples crystallized under high pressures
[Mez1997, Cam 1993]. Also, considerable amounts of the y — modification were obtained
under atmospheric pressure, both in systems with low tacticity or made by homogeneous
metallocene catalysts [Per1999, Mez1998].

The crystalline structure of the y — modification was first denoted as triclinic [Per1999,
Lov1983]. However, it has been shown that the structure is orthorhombic with parameters a =
8.54A, b =993 A, and ¢ = 42.41 A [Cam1993]. The structure is composed of sheets of

parallel chains in which the molecular orientations in adjacent sheets are inclined at an angle

of 80° [Tho1996]. In this unit cell the ¢ — axis is not parallel to the chain axis direction.

| = | =
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AV,

N S\ [\ /
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>
>
>
\

L L R R L L R

Figure 2.7 Schematic representation of the arrangement of iPP helices in the y — phase [Cam1993, Lot1991].
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Chapter 3

Experimental Methods

3.1 Introduction

In this thesis PE and PP samples are investigated using transmission electron microscopy
(TEM), atomic force microscopy (AFM), scanning electron microscopy (SEM), differential
scanning calorimetry (DSC), X-Ray diffraction (XRD) and nuclear magnetic resonance
(NMR). All these experimental methods and the associated experimental issues are described

in brief in this chapter.

3.2 Transmission electron microscopy (TEM)

TEM has been utilized to probe the morphology and structure properties including lamella
thickness and the nature of crosshatching. Transmission electron microscopy (TEM) has been
performed using Philips CM200 equipment at an acceleration voltage of 120 kV. The
polyethylene and polypropylene samples were trimmed at temperature of -120° C and stained
for 24 hours in a RuOy4 solution. Sections of 70 nm thick were obtained by slicing the sample

with an ultramicrotrome at -120° C.

3.3 Scanning electron microscopy (SEM)

In order to obtain information about the microstructure of impact modified copolymeric PP,
scanning electron microscopy was performed. The Scanning Electron Microscope (SEM) is
an electron microscope capable of producing high-resolution images of a sample surface. Due
to the manner in which the image is created, SEM images have a characteristic three-
dimensional appearance and are useful for judging the surface structure of the sample. The
SEM has a large field of depth, which allows a large amount of the sample to be in focus at
one time. Preparation of the samples is relatively easy since most SEMs only require the
sample to be conductive. The combination of higher magnification, larger depth of focus,
greater resolution, and ease of sample observation makes the SEM one of the most popular

research instruments today.

13
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3.4 Atomic force microscopy (AFM)

AFM experiments were performed to investigate the morphology of impact modified
copolymeric PP. The atomic force microscope (AFM) is a high-resolution type of scanning
probe microscope, with demonstrated resolution in the range of fractions of a nanometer, i.e.
more than 1000 times better than the optical diffraction limit.

The AFM can be operated in a number of modes, depending on the application. In
general, possible imaging modes are dived into static (also called contact) mode and a variety
of dynamic modes. AFM provides a three-dimensional surface profile and does not require
any special sample treatments that would irreversibly change or damage the sample

[Mag1996].

3.5 Differential scanning calorimetry (DSC)

DSC experiments were performed using a Perkin Elmer DSC-7 at a heating rate of 10° C/min.
In these experiments, a negative heat flow is defined as an exothermal process and positive
heat flow as an endothermal one. Small amounts of polymer (typically 2 — 3 mg) were put
into pans. After a first quick melting and recrystallization of the sample, specific treatments
were applied. The melting- and crystallization temperatures were determined from the
maximum of the melting endotherm and the minimum of the crystallization exotherm,
respectively.

Various cooling rates were applied from the melt while recording the heat flow during
cooling (crystallization) and heating (melting). For most samples, heating experiments were

performed immediately after crystallization by controlled cooling.

3.6 Small-angle X-ray scattering (SAXS)

The small angle X-ray scattering (SAXS) experiments were performed with a modified
Kratky setup in order to study the structure of polyethylene and polypropylene samples in
terms of average lamellae sizes. The method is accurate, non-destructive and requires only a
minimum of sample preparation. Conceptually, SAXS experiment is simple: the sample is
exposed to X-rays and a detector registers the scattering radiation. The analysis of the X-ray
scattering curve (intensity versus scattering angle) provides estimates of the thickness of the

rigid domains and long period in polyethylene and polypropylene.

14
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3.7 Wide angle X-ray diffraction (WAXD)

Wide angle X-ray diffraction (WAXD) is an X-ray diffraction technique that is used to
determinate the crystalline structures of polyethylene and polypropylene. Moreover, with
WAXS it is possible to obtain information about the unit cell orientation in the material.

In a X-ray experiment the monochromatic X-ray beam (with a wavelength 1) is
scattered (diffracted) by the material at a specific angle 8 [Ale1969], due to the presence of
regular (crystal) planes in the material separated a distance (d ). The scattering angle (26) is
related to the inter-planar distance (d ) by the Bragg equation,

nA

2d =———,
sin @

where nis an integer. The equation indicates a reciprocal relationship between the

characteristic length d and siné.

3.8 Infrared spectroscopy (IR)

Infrared measurements are suitable for the determination of the orientation of individual
components or phases (crystalline or amorphous domains in semi-crystalline polymers or an
average of the two domains). The method is based on the principle of selective absorption of
polarized IR radiation parallel and perpendicular to a certain reference direction.

IR experiments were performed on a Perkin Elmer Autolmage FTIR microscope. IR
spectra (4000-6000 cm™') were acquired at a spectral resolution of 4 cm’, using 200
accumulations. Three spectra were acquired for every spectrum, namely without polarisation,
with IR light polarised parallel to the stretching direction of the polymer, and with the IR light
polarised perpendicular to the stretching direction of the polymer. Dichroic analyses were
carried out using a wire grid polariser. The sample was rotated rather than the polariser, as it
is known that the exciting beam of the spectrometer used is partly polarised. The data
processing procedure follows the method provided by Kissin [Kis1983]. The method is used
as provided, i.e. without renewed validation, and the results should be considered indicative

rather than a fully validated.
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3.9 Mechanical tests

Impact testing method: A single point Izod test was used to measures the resistance of the
investigated material to impact. 1zod impact strength is defined as the strength at which the
specimen breaks when hit with a pointed hammer having a set kinetic energy. The specimen
is notched to prevent its deformation upon impact.

The tests were performed with a Zwick Type 5110 testing machine according to ASTM D256
on 65 x 12.7 x 3.2 mm specimens and with a striking speed of the hammer of 3.5 m/s. The
given value of the impact strength is an average of five tests.

The impact strength a;y, expressed in kJ/m® was calculated from the following equation:

Ay = E, x10°,
h-b,

where: E, is the corrected energy, in joules, absorbed by breaking the specimen

h is the thickness of the specimen in mm

by is the width at the notch in mm
Two hammers were used having a kinetic energy of 2.75 J and 5.5 J, respectively. If after
carrying out the test with the lighter hammer, the specimen did not fully brake, the specimen

was discarded without recording the impact strength and the heavier hammer was used.

Flexural testing method: The principle of this test is to bend or flex the specimen in the
middle at a constant bending rate until the specimen fractures or until the deformation reaches
some predetermined value. During the test the force applied to the specimen is measured.
Flexural modulus was computed and used as an indication of the material’s stiffness when
flexed.

The tests were carried out with a Zwick tensile machine according to ASTM D790.
The dimensions of the specimen were 65 x 12 x 3.2 mm. The values of flexural modulus are

an average values of five tests.

Tensile testing method: Is used to investigate the tensile behaviour of the specimens and for
determining the tensile strength and tensile modulus. The tests were carried out with a Zwick
7050 tensile machine according to ISO 37-1I. The tests were performed at 25° C with a
deformation rate of 50 mm/min.

The aim of the tensile tests were to determine the effect of the rubber content and the

addition of the nucleating agents on the yield point of the specimens under investigation.
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3.10 Nuclear magnetic resonance (NMR)

Different solid-state '"H NMR methods, namely wide-line NMR spectroscopy, transverse
magnetization relaxation (T, relaxation), and spin-diffusion experiments were used to study
the phase composition, molecular mobility, and the domain thickness in polyethylene and
polypropylene. The experiments were performed at low magnetic field using a Bruker
Minispec MQ20 spectrometer (Fig. 3.1a) operating at a proton resonance frequency of 19.6
MHz, and at high magnetic field using a Bruker DSX-500 MHz spectrometer (Fig. 3.1b)
operating at a proton resonance frequency of 500.45 MHz. The data were collected for static
samples at temperatures between 25 C and 140" C. The measurements, as a function of
increasing temperature, were conducted following a 10 minute stabilization time at each

temperature.

a) b) 1 ﬁ%’:;,. ‘k'&i o
s 85S)

Figure 3.1. (a) Low field and (b) high field NMR spectrometers [Webl, Web2]

3.10.1 Proton wide-line NMR spectroscopy

Proton wide-line NMR spectra were acquired to study the phase composition and chain
mobility in polyethylene and polypropylene. The NMR spectra measured in high magnetic
field were deconvoluted using the Bruker WinFit program (Fig. 3.2). The line shape of the
rigid component was taken as Gaussian, those of the semi-rigid, and soft components were
taken as Lorentzians. At high magnetic field, the duration of a 90" pulses was 3 s, the dwell

time was 0.75 ps, and the recycle delay was 5 s for all the experiments.

17



Chapter 3. Experimental Methods
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Figure 3.2. Proton wide-line NMR spectra (solid line) of iPP measured at 70° C with a 500 MHz NMR
spectrometer. The dashed lines show the spectral components that are assigned to the rigid, semi-rigid, and soft
fractions of iPP corresponding to broad, intermediate, and narrow line widths, respectively.

3.10.2 Proton transverse magnetization relaxation

Proton transverse magnetization decays were recorded to study the changes in the phase
composition and chain mobility in polyethylene and polypropylene. At low magnetic field,
the duration of a 90" pulse was 2.7-2.8 us and the dwell time was 0.5 ps. A BVT-3000
temperature controller was used for temperature regulation with a temperature stability better
than 1° C. In order to measure the decay of the 'H transverse magnetization (T, decay) of
polyethylene and polypropylene three different NMR pulse sequences were used. In the first
experiment, the free induction decay (FID) was recorded after a 90 -pulse excitation (SPE —
single pulse excitation), i.e. 90y — dead time — acquisition of the amplitude A(t) of the
transverse magnetization as a function of time t. The second experiment was the solid echo
pulse sequence (SEPS), i.c. 90, — t,. — 900y — te — acquisition of the amplitude of the
transverse magnetization A(t), with t=10 us. The third one was the Hahn-echo pulse
sequence (HEPS), i.e. 90, — tye — 1800y — tye — acquisition of the amplitude of the echo

maximum for a variable value of 2tye.
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Figure 3.3. The decay of the transverse magnetization relaxation (points) for iPP at 70° C. The decay (FID) was
measured at 20 MHz NMR spectrometer using the SPE (0) and the HEPS (1) methods. The solid line represents
the result of a least-squares fit of the decay with a linear combination of the Abragam function and two
exponential functions. Dotted lines show the separate components that are assigned to rigid, semi-rigid, and soft
iPP fractions.

The Hahn-echo pulse sequence was used to avoid the effect of the inhomogeneity of
the magnetic field on the decay of the transverse magnetization of the soft fraction of iPP, and
to obtain reliable information about the molecular mobility and amount of the soft fraction.
The 90° pulse excitation (SPE) and HEPS were finally used to record the FID for quantitative
analysis of the phase composition (Fig. 3.3). Repeated experiments for the same sample

indicated that the relative error of the extracted relaxation parameters was about 1 %.

3.10.3 Spin-diffusion NMR experiments with dipolar filters

An accurate analysis of domain sizes of PE and PP by '"H NMR spin-diffusion experiments
requires (1) highest selectivity to different phases by optimization of dipolar filters, (2)
knowledge of the spin-diffusion coefficients for modeling the experimental data and (3)

proper choice of a model that fits the morphology of the material studied.

Double Quantum (DQ) filter. Spin-diffusion experiments with a double-quantum (DQ)
dipolar filter were performed to determine the thickness of the rigid and amorphous domains
in both PE and PP samples. Proton double-quantum build-up curves and spin-diffusion data

were recorded at high- and low-magnetic fields wusing the pulse sequence

905 —7—90°, —tpy —90y —7—-90° —t, —90; — FID with the excitation time 7 and the spin-
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diffusion time t,. The evolution time of the DQ coherences is t, which was taken as 5 ps in

all experiments.
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Figure 3.4. Proton DQ build-up curve for iPP at room temperature showing the dependence of the integral signal
on the excitation time t. The DQ build-up curve was measured with high-field NMR spectrometer. The
maximum of the curve is observed at 10 ps that is marked by a dashed line.

The dipolar filter excites double-quantum coherences and selects mainly the
magnetization of the rigid fraction at a short excitation time t [Bud2003, Hed2007]. The
optimum t value in the DQ filter for selection the rigid fraction [Sch1999] was obtained from
the DQ build-up curve. It shows one maximum for iPP (Fig. 3.4) at short excitation times t of
approximately 10 ps. The efficiency of the filter is judged from 'H wide-line NMR spectra
recorded at different excitation/reconversion times 1t (Fig. 3.5). These spectra allow us to
choose the optimum filter time for selecting the magnetization of the rigid fraction. For short
excitation/reconversion time 1, the DQ filtered spectra are doublets (Figs. 3.5a and 3.5b)
which are related to the spin pairs of the methylene groups having the strongest dipolar
couplings. It should further be mentioned that the doublet structure of the DQ-filtered spectra
is due to the fact that at short excitation times, only the rigid polymer chains with dipolar
tensor orientation around 0 and 90 degrees are preferentially excited, while those orientated
around the magic angle are suppressed. An interesting property of the DQ filter is that at long
excitation times, only the signal from the most mobile chain fragments in the amorphous

phase is selected (Fig. 3.5d).
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a) b)
=2 us
400 200 O 200 400
ppm
c) d)
=20 us
2400 -200 0 200 400
ppm

=6 us
2400 -200 0 200 400
ppm
n =40 pus
400 200 O 200 400
ppm

Figure 3.5. High-field proton wide-line NMR spectra of iPP at room temperature recorded after different
excitation/reconversion periods of the DQ dipolar filter: T =2 ps (a), Tt =6 us (b), T =20 us (¢), and t =40 us

(d). The spin-diffusion time tq was set to 5 us.

The DQ filter shows high efficiency in selecting the magnetization of particular iPP

and PE domains with distinct molecular mobilities. The high selectivity of the DQ filter was

also observed in T, relaxation experiments at low resonance frequency. For all experiments,

the excitation/reconversion time of 10 us and short spin-diffusion time tg of 5 ps (Fig. 3.6)

were chosen to select the rigid iPP and PE fractions in the spin-diffusion experiment, both at

high- and low- proton resonance frequencies. The proton NMR spectra edited for different

spin diffusion times are shown in Fig. 3.6.
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Figure 3.6. Proton wide-line NMR spectra of iPP at room temperature. The spectra were
recorded using the spin-diffusion experiment with different spin-diffusion times: a) t4 = 0.005
ms,b)t3=0.010ms,c)ty=10ms andd) ty4=1s, and 7 =10 ps.

Goldman — Shen filter. Another dipolar filter used in this investigation explores the Goldman-

Shen scheme [Goll1961]. The amorphous domains are selected by the pulse sequence
90) —7-90° —t, —90° — FID with the filter time T = 100 ps and tq being the spin-diffusion

time. Both dipolar filters were employed in the present study to gain a higher confidence in
determinations of the polyolefins morphology.

Spin-diffusion coefficients. The values of the spin-diffusion coefficients should change
with increasing temperature due to an increase in molecular mobility. Therefore, the spin-
diffusion coefficients should be determined at different temperatures for accurate analysis of
domain sizes in PE and PP as a function of temperature.

The values of the spin-diffusion coefficients D for the rigid and the soft fractions of
PE and PP can be determined assuming, to a good approximation, that the NMR line shapes
of the rigid and soft fractions are Gaussian and Lorentzian, respectively. The spin-diffusion

coefficients can be related to the second van Vleck moment of the NMR absorption lines,
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which, in turn, is related to the full line width Av,, at half height. Hence, the spin diffusivity
for the rigid (Dy) and soft (D,) fractions is as follows [Dem1995]:

1 Vs )
D ~— roA , 3.1
D 21n2< > Vi (3.1)

and

a

D zé<r2>[aAvl/2]”2, (3.2)

where <r2 > is the mean square distance between the nearest spins, and a is a cut-off parameter

for the Lorentzian line shape [Dem1995]. The temperature dependence of Av,,; is determined

at each temperature by spectral deconvolution as shown at one temperature in Fig. 3.2. For

calculating <r2> the Discover program (version 2004.1) was used. The estimated weighted

mean square of these distances <r2 > equal approximately 0.0484 nm” for PE and 0.08 nm” for

PP, respectively.

The calculated spin-diffusion coefficients are plotted as a function of temperature in
Fig. 3.7. The temperature dependence of the spin diffusivity in different fractions of iPP is
difficult to predict quantitatively, due to the complex origin of the chain motion and multi-
spin interactions. Nevertheless, a semi-quantitative approach can be presented based on the
arguments provided in Ref. [Abr1961]. In the presence of motions of the spins, the theory of

the NMR line width predicts that Av,, * M, ;.,7., where M, ., is the second van Vleck

moment for a rigid polymer, and 7, is the correlation time of the chain motions.
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Figure 3.7. The temperature dependence of the spin-diffusion coefficient for the rigid D, and amorphous D,
fractions of iPP.
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From Equation 3.2 and the above relationship, one obtains: D, oc (z,)">. The temperature

dependence of the correlation time in amorphous polymers can be approximated by the

Williams-Landel-Ferry (WLF) equation (see Ref. [Sch1994)), i.e.,

—¢,(T-1,)
7 (T)=z(T )exp{ . } (3.3)
‘ e T- iTg -C, )
where T, is the glass transition temperature and C, and C, are the WLF coefficients.

Using the above equation, the temperature dependence of the spin diffusivity D, of the

amorphous fraction of iPP can be described by the following equation.

Cl
{g)e-

D,(T)=D,, exp
9 T—(Tg—Cz)

, (3.4)

where D, is the spin-diffusion coefficient at temperature T,. The spin-diffusion coefficient
of the rigid fraction at 25 C is taken as D,, ~ D,, (see Fig. 3.7). A least-squares fit of the

dependence in Fig. 3.8 provides the following values of the WLF
parameters:C, =10,C, =57K and T, =273K..

-0.6

| amorphous
— WLF fit
-0.9}+ .

-1.2+ .

-1.5}F .

log[D,(T)/D, (T

-1.8

20 40 60 80 100 120 140
T-T, ['C]

Figure 3.8. The dependence of 10g[Da(T)/Dag(To)] on temperature. The line shows the fit of the dependence with
Eq. (3.4).

These values are in the range of typical WLF coefficients that describe dynamic mechanical

and  dielectric  data  for  amorphous  polymers, namely C, =16 and

C, =25K —104K [Str1997]. The observed differences could be due to the fact, that the WLF
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function has originally been proposed to describe the temperature dependence of the viscosity.
An increase in the amplitude and the length scale of the chain motion with increasing
temperature could affect the spin-diffusion coefficients and mechanical data in a slightly

different way.

Morphology of polyofefins by *H spin-diffusion. The ability of NMR spin-diffusion
experiments to provide self-consistent information on the dimensionality of the diffusion
process was discussed in Ref. [Dem1996]. Proton spectra recorded at 70° C with the DQ filter
after different diffusion times for iPP are shown in Fig. 3.6. The flow of longitudinal
magnetization from the rigid domains to the amorphous domains is observed with increasing
diffusion time, causing an increase in the intensity of the narrow line at the expense of the
broad line. The time-dependent integral of the spin-diffusion spectra intensities reach their
equilibrium values for iPP samples in about 70 ms. In a good approximation, the spin-
diffusion DQ edited "H NMR spectra can be decomposed into two components. The two-
component analysis is used to establish the average thickness of rigid (crystalline) and
amorphous domains. It can be shown that the solutions of the spin-diffusion equations for
different morphologies exhibit different sensitivities to the dimensionality of the process, as a
result of different surface/volume ratio (interface area) for a given source volume. The
information about the dimensionality of the spin-diffusion process can be obtained using the

following equations [Vod2006]:

E =1, 1D case
P
i =1, 2D case
pP(Z+p)
"B 1. 3Decase (3.5)
(1+p) -1
where r = p /p, and E=M,, /M, . The equilibrium magnetizations for the

amorphous and rigid domains are denoted as M, ,,and M respectively. The ratio between

r.eq?
the domain thicknesses d, and d, is denoted by p=d, /d,. In the two-phase approximation,

the rand E values for non-annealed iPP samples are obtained as 1.11 and 0.25, respectively.
These values are established independent of the spin-diffusion process. The spin-diffusion
decay and build-up curves shown in Fig. 3.9 are fitted with the solutions of the spin-diffusion
equations for 1D morphology [Bud2003,Wan1996]. For each spin-diffusion dimensionality,

the values of d,and d, are established from the best fit (Table 3.1). These values are used to
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estimate the ratio p . The estimated dimensionality ratios (Egs. (3.5)) are near unity for the 1D

lamellae morphology (Table 3.2).
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Figure 3.9. Proton spin-diffusion decay and build-up curves for the rigid (m) and amorphous (A) fractions of
iPP recorded using the DQ dipolar filter. These filters select the magnetization of the rigid fractions of iPP. The
solid lines represent the best fit for the 1D solutions of the spin-diffusion data for the two-phase morphology.

Table 3.1. Long period (L,), the thicknesses of rigid (dc) and amorphous (d,) domains, at 70°
C for iPP samples obtained by NMR spin-diffusion experiments for 1D, 2D and 3D
morphology models.

Model d; (nm) d, (nm) L, (nm)
1D 10 2.5 12.5
2D 15.4 3 18.4
3D 21 3.5 24.5

Table 3.2. The spin-diffusion dimensionality, as determined by Equation (6) for iPP.

dimensionality dimensionality ratio values of the dimensionality ratio
1D re/p 1.2
2D rE/[p(2+p)] 0.68
3D rE/[(1+p)*-1] 0.52

The values of the proton densities for the different phases of iPP, which are required
for the calculation of domain thickness, are determined from the densities of the crystalline
and amorphous phases of iPP, i.e., p. = 0.94 g/cm’ and p, = 0.84 g/cm’ [Bral999]. No
correction of the spin-diffusion data due to the longitudinal relaxation effect, has been
performed, because the spin-diffusion process is nearly completed at the longest mixing time
of tg = 70 ms. This time is significantly shorter than T; = 120 ms. Moreover, the absolute
values of relative fractions instead of the absolute values of the signal intensities, compensate

to a large extend for the effect of T, relaxation in the present case.
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Chapter 4

High Density Polyethylene (HDPE)

4.1 Introduction and motivation

The morphology of semi-crystalline polymers has important effects on the materials properties
including the mechanical performance [Pop1987, Man1988]. A quantitative characterization of
the phase composition and molecular mobility in semi-crystalline polymers is therefore of
great importance to advance our understanding of their properties. In this respect, the phase
composition is probably one of the most important morphological parameters, mainly because
the amorphous and crystalline phases exhibit vastly different behavior and their relative
contributions to the material properties should be accurately known. Traditionally, a two-phase
model is used to describe the morphology of undeformed, melt-crystallized polyethylene (PE)
and other semi-crystalline polymers [Flo1978, Man1990]. The most common methods for
crystallinity determination are X-ray diffraction, density measurement and differential
scanning calorimetry. In general, different methods for crystallinity determination do not
always yield the same results on exactly the same sample [Isal999, Hir1990] because of the
following reasons: (1) The complex morphology of semi-crystalline polymers requires
different sets of assumptions for the analysis of the data recorded by different techniques. (2)
The discrimination of the crystalline and amorphous phases is made on the basis of different
characteristics, such as the enthalpy of melting (DSC), long range periodicity (WAXD) and the
specific volume (density analysis). (3) The two-phase model is a simplified for description of
semi-crystalline polymers due to the presence of a crystal-amorphous interface, which can be
detected either as crystalline or amorphous fraction depending on the method used [Isal999].
Various experimental methods, such as neutron scattering, dielectric relaxation, calorimetry
and solid-state NMR, show that a thin layer separates crystalline and amorphous phases, and
the properties of this layer are intermediate between those for crystalline and amorphous
phases [Man1988, Man1990, Iwa2002, His1999]. Therefore, the term “phase composition” is
perhaps more appropriate than simply “crystallinity” to emphasize the multi-phase nature of
semi-crystalline polymers.
Solid-state NMR is one of the most informative techniques for characterization of
molecular mobility and molecular scale heterogeneity in materials [Sch1994]. During the

years, different solid-state NMR methods have been used for investigations of morphology
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and molecular mobility in PE. At temperatures well above T, of the amorphous phase, the T,-
relaxation decay and wide-line NMR spectra for PE can usually be decomposed into three
components, which originate from a crystalline phase, a semi-rigid crystalline-amorphous
interphase, and a soft fraction of the amorphous phase. The intermediate phase has distinct
dynamic properties and may not be considered as a true thermodynamic phase. Apparently,
the definition of an interface or a semi-rigid fraction of the amorphous phase is more
appropriate for this phase. ?C NMR spectroscopy has provided more detailed information
about molecular mobility in the different phases of PE, than '"H NMR because of the high
phase selectivity of ?C NMR exploring differences in the chemical shift for crystalline and
amorphous phases [Lit2002, Kit1994, Hil1998, Chel1994, Sch1991, Kle2002, Kuw2000].
Most of the *C NMR studies support the three-phase model of semi-crystalline PE. However,
other studies suggested four types of structures with distinctly different molecular mobilities
[Hil1998, Hu2000]: two types of crystalline environments, both with an all trans chain
conformation - a more perfect one and one with “twist” defects, and two types of chain
fragments in the amorphous phase - less mobile chain units mainly in the trans conformation
rotating around the trans chain axis, and more mobile chain fragments whose mobility
approaches isotropic tumbling. Detailed information about the nature of the molecular
mobility in linear PE has been obtained by two-dimensional (2D) "*C exchange NMR and “H
wide-line NMR [Sch1991, Hen1984].

Despite numerous studies, the morphological origin of PE regions with different
molecular mobilities is still a matter of discussion. Therefore, the determination of the
thickness of domains with distinctly different molecular mobility is of a substantial interest
for a better understanding of the morphology and relaxation properties of PE. Domain sizes in
heterogeneous polymers [Bril993, Pac1984] and polymer fibers [Hu2000, Bud2003,
Bud2004, Van1996] have been determined by proton NMR spin-diffusion experiments.
Previous 'H NMR spin-diffusion experiments have shown that the lamellae thickness of melt-
crystallized PE and PE fibers varies in a wide range depending on the degree of the branching
and the thermal history of the sample [Eck1997, Pac1984]. It should be mentioned that the
thickness of the rigid fraction in semi-crystalline polymers could differ from the lamellae
thickness since some fraction of the amorphous phase adjacent to the lamellae surface can be
largely immobilized and cause an apparent increase in the lamellae thickness. The estimated
thickness of the mobile amorphous fraction in PE ranges from 1 nm to 5 nm [Eck1997,
Hu2000, Pac1984]. The morphology and phase characteristics of HDPE were also
investigated by C edited 'H spin-diffusion using a dipolar filter for filtering out the

28



Chapter 4. High Density Polyethylene

magnetization from the rigid phase [Van1996]. The dimensions of 6.5 nm, 0.8 - 1.3 nm, and 5
nm were determined for the crystalline, intermediate, and amorphous phases, respectively. °C
solid-state NMR methods offer certain advantages for the analysis of domain sizes in PE due
to high phase selectivity [Axe1983, Kit1986].

The high sensitivity of proton NMR makes this method very attractive for
characterization of crystallization kinetics [Kri2000], premelting behaviour [Tan1995], and
quality control [Bud2003]. The main disadvantage of "H NMR for a phase analysis in PE is a
lack of high selectivity regarding the crystalline and amorphous phases, if the experiments
are performed at room temperature. A discrimination of these phases by proton NMR is
made on the basis of differences in molecular mobility. Despite numerous 'H NMR studies
of PE, it is still not well known how annealing at elevated temperatures affects the phase
composition and the thickness of the domains. To the best of our knowledge neither the
temperature dependence of the domain thickness was studied by NMR so far, as well as the
effect of annealing on the domain thickness.

Based on the above considerations, we aim to establish a reliable method for the
analysis of the phase composition and domain sizes in HDPE using high-field proton wide-
line NMR and low-field '"H NMR transverse magnetization relaxation methods. By
comparing the results of these two methods the performance of low-field NMR
measurements for characterization of the domain sizes in semi-crystalline polymers can be
validated. Furthermore, the effects of measurement temperature and annealing at elevated
temperatures on the polymer morphology are studied in detail, as temperature may play a
decisive role in the outcome of the measurements. Knowledge of the temperature effect will
help to identity the temperature range for which the largest NMR difference between the
different phases can be obtained, while ensuring high accuracy of the method by avoiding
annealing. A recently developed NMR spin-diffusion experiment is applied for measuring
the domains sizes [Bud2003, Bud2004]. This method explores a double-quantum dipolar
filter [Bud2003, Bud2004, Ba1998, Che2005], provides higher differences, and consequently
a more accurate analysis is possible. In order to evaluate the reliability of the NMR method,
the results are compared to crystallinity and domain sizes determined for the same sample by

SAXS and TEM.

29



Chapter 4. High Density Polyethylene

4.2 Materials

High-density polyethylene (HDPE) samples were obtained from SABIC Europe BV. The
molar mass and molar mass distribution, as determined by size exclusion chromatography in
1,2,4-three chlorobenzene, were characterized by: M, = 1510’ g/mol, M, = 78'10° g/mol, and
M,/M, = 5.2. Four millimetre thick compression moulded plates were prepared by melting
HDPE in a mould first under atmospheric pressure at 180° C with a subsequent pressure
increase to 500 kPa. To create a homogeneous melt, the HDPE sample was kept in the mould
for 15 minutes. Afterwards, the mould was cooled with cold water and the HDPE plates were
annealed at 100° C in an oven for one hour followed by slow cooling to room temperature.
For the annealing study, the sample was further annealed at different temperatures inside the

NMR probe for 100 hours.

4.3 Morphology of HDPE by TEM

The transmission electron micrograph of the sample shows in Fig. 4.1 stacked lamellar
crystals that are separated by a thin amorphous layer. The estimated thickness of lamellae in
the core part of the sample is 16 = 2 nm. The thickness of the amorphous layer does not
exceed 2 - 3 nm. The value of the L, was measured directly from the TEM image. The real
values of the L, were obtained by converting the actual measured value (mm) using the scale

of the TEM image. No more analysis of the TEM image has been performed.

Fig. 4.1 TEM picture of a core part of a compression moulded HDPE plate. The length of 100 nm is shown in
the bottom left-down corner of the figure.
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4.4 Crystallinity and morphology by SAXS

The SAXS patterns reveal a maximum due to the long period (Fig. 4.2a), which is a typical
feature of semi-crystalline polymers. For HDPE, this can be interpreted in terms of a quasi-
periodic, lamellar morphology as outlined in more detail above. The analysis of the one-
dimensional electron density correlation function assumes the two-phase model, which cannot

be strictly valid due to the presence of the interfacial layer, as shown below by NMR

experiments.
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Fig. 4.2 (a) One-dimensional scattering intensities 1,(S)=I(s)*s” recorded at various temperatures, indicating the
maximum of the long period due to periodic stacking of crystalline lamellae. (b) Normalized linear correlation
functions y(X) derived from the SAXS.

The long period L, is estimated from the position of the first interference maximum, at
about 0.038 nm™' (Fig. 4.2a), and from the normalized correlation function, which is shown in
Fig. 4.2b. According to these data, the long period is close to 25 nm, which is larger than the
values obtained by TEM, i.e. (18 - 19) = 2 nm. It is noted that the L, value can suffer from

systematic errors due to the experimental set-up used.

Based on the analysis of the correlation functions, the thickness of the crystalline
domains is estimated to 17 — 18 nm, which is in good agreement with the value measured by
TEM and NMR, as shown below. With the values of d and L, from the correlation functions,
the crystallinity is estimated to 68 £+ 5 vol%. This value corresponds to a crystallinity in mass
per cent of 71 £ 5 wt %, which is calculated with the densities of the crystalline and

amorphous phases of 0.99 g/cm’ and 0.87 g/em’, respectively. It is suggested in this
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calculation that the density of an interfacial layer is given by the mean value of the densities
for the crystalline and amorphous phases. SAXS experiments at different temperatures reveal
almost the same long period, lamella thickness, and crystallinity in the temperature range

from 30° C to 90° C.

4.5 Temperature dependence of the phase composition

and chain mobility of HDPE by NMR

The existence of three fractions with different molecular mobilities is revealed by 'H NMR
spectra, and the proton NMR free induction decay (FID) was measured for HDPE at 100° C.
The relaxation components are assigned to three fractions with different molecular mobilities,
the rigid - T,"¢9 semi-rigid - T,*™"€9 and soft -T,™" fractions, respectively [Ber1978,
Fed1985, Han1998, Lit2004]. Like the FID, the spectra can be deconvoluted into three
components (example Fig.3.3 and Fig. 3.4). Broad, intermediate and narrow lines originate
from rigid, semi-rigid and soft fractions of HDPE, respectively. However, the quantitative
analysis of FID and wide-line NMR spectra in terms of crystalline phase, crystal-amorphous
interface and soft fraction of the amorphous phase can be complicated due to the following
reasons: (1) To observe distinct differences in molecular mobility of the crystalline and
amorphous phases, and consequently in the T, relaxation and the line width, the temperature
of the sample should substantially exceed the dynamic glass transition temperature at the time
scale of the NMR experiment, i.e. in the range of 10™- 10~ sec. The T, of the HDPE sample
that was determined by a high performance DSC equals —57° C. The NMR T, should be
observed in the temperature range from —30° C to —10° C. Therefore, a proper choice of the
temperature of the NMR experiment is required. (2) Since the T,-relaxation experiments
should be performed at temperatures well above T, the sample exposure to elevated
temperatures can cause irreversible changes in the phase composition and thus in the
molecular mobility. Therefore, the temperature for the experiments should not be too high to
prevent annealing of the sample during the NMR experiment. In order to find the optimum
temperature for determination of the phase composition by NMR, we recorded the
temperature dependence of the T, relaxation and the wide-line spectra (Fig. 4.3).

At room temperature, a significant fraction of the amorphous phase is rigid on the time
scale of the NMR experiments and this amorphous fraction contributes to the intensity of the
broad line of the NMR spectra and the short T,-relaxation component of the FID, as can be

concluded by comparing the amount of the rigid fraction with the crystallinity determined by
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SAXS, i.e 71 £ 5 wt%. Upon increasing temperature, the amount of the rigid fraction, which is
composed of the crystalline phase and the rigid fraction of the amorphous phase, gradually
decreases, whereas the amount of the semi-rigid and soft fractions increases. These changes are
caused by an increase in molecular mobility of the less constrained chain fragments in the
amorphous phase, and possibly by melting of thin lamellae, which are inserted into the primary
stack of crystallites upon cooling of HDPE which was crystallized at elevated temperatures

[Mat1994].
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Fig. 4.3. Temperature dependence of the amount of rigid, semi-rigid, and soft fractions of HDPE measured with
(a) low-field, and (b) high-field NMR spectrometers. Dotted line shows crystallinity that was determined by
SAXS in the temperature range from 30 °C to 90 °C.

In the temperature range from approximately 100° C to 120° C, the amount of rigid
fraction is close to the crystallinity measured by SAXS. Above 120° C, the amount of the rigid
fraction decreases due by melting. The DSC analysis of this sample shows that the
extrapolated onset temperature of melting, as determined by a method described elsewhere
[Cru2004] is in proximity of 125° C and the peak of melting is observed at 136° C. Thus, the
temperature range from 100° C to 110° C is the most suitable for an accurate determination of
the phase composition in HDPE, since (1) the largest contrast in molecular mobility in the
different fractions of HDPE is observed at these temperatures, (2) no substantial sample
annealing occurs as will be shown below, and (3) the amount of the rigid HDPE fraction is
close to crystallinity determined by SAXS. It is mentioned in this context that, in general,
different methods for determination of crystallinity do not necessarily yield the same

crystallinity value for exactly the same sample.
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Fig. 4.4. Temperature dependence of 'H T, relaxation times for HDPE. The relaxation components with short
(T,"€% intermediate (T,*™"¢), and long (T,**") decay time (see Figure 4.3) are assigned to the rigid, semi-rigid
and soft fractions of HDPE, respectively.

As far as the molecular mobility in HDPE is concerned, the changes in the T, relaxation times
in the temperature range studied (Fig. 4.4) can be assigned to the following relaxation
transitions in HDPE [Boy1985]. A small increase in T, above 60 — 80° C is related to chain
motions in the crystalline phase - the a-relaxation process, which occurs prior to melting.
Interpretation of the molecular mobility in the amorphous phase is more cumbersome. Despite
numerous studies of relaxation processes in PE by different methods, a molecular
interpretation of the relaxation processes in the amorphous phase is under discussions
[Wo001993]. The increase in T,*" with increasing temperature from 40° C to 70° C can be
associated with a relaxation process in the soft fraction of the amorphous phase. This
temperature range and frequency of this relaxation, as estimated from change in T,*" (= 5 — 10
kHz), are in the range that is characteristic for the B-relaxation in the amorphous phase. It is
noted that the B-relaxation in HDPE is very broad and hardly detectable by mechanical and
dielectric relaxation methods [Wo001993]. Partial melting of HDPE crystals above 120° C
causes a decrease in constraints on chain motions in the amorphous phase and therefore an
increase in molecular mobility in the amorphous phase, as reflected by an increase in T,*™ €4

and T, (Fig 4.4).
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4.6 The effect of annealing on molecular mobility and the

phase composition by NMR

The experiments above have shown that the analysis of the phase composition should be
preferably performed at elevated temperatures where the NMR parameters show enhanced
contrast. Since the NMR experiments take approximately 2 hours, sample annealing is indeed
an issue. In order to determine a temperature, at which no detectable changes in the relaxation
will be observed during NMR experiments, the T, relaxation was recorded in real-time at
100° C, 110° C and 121° C. The data were recorded at one-hour intervals. Sample exposure to
100° C and 110° C for 60 hours causes hardly any change in the molecular mobility and the
phase composition. Annealing at 121° C for 100 hours showed an increase in the amount of
the rigid fraction by 1 wt% at the expanse of semi-rigid and the soft fractions of the

amorphous phase (Fig. 4.5a).
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Fig. 4.5. a) The amounts of crystalline phase (% T,"#), semi-rigid crystal-amorphous interface (% T,*™ %) and

soft fraction of the amorphous phase (% T,*") in HDPE as a function the annealing time at 121° C. b) The effect
of annealing on molecular mobility, as determined by the T, relaxation time for the different phases of HDPE.
Larger amplitude and/or frequency of molecular motions give rise to longer T, values.

The relaxation characteristics above are determined for the crystalline phase and the
crystal-amorphous interface from the analysis of the FID and using the Hahn-echo data for the
soft fraction of the amorphous phase, as described in experimental part. Due to annealing both
the melting temperature as well as the melting enthalpy increase, namely: the melting peak
shifts from 139.1° C to 145.4° C, and the melting enthalpy increase from 232.8 J/g to 273.9
J/g. The molecular mobility in the rigid, semi-rigid, and soft fractions of HDPE is also slightly
affected by annealing at 121° C (Fig. 4.5b). The value of T, for the rigid fraction (T,"¢)
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decreases upon annealing from 15 us to 14 ps due to perfection of crystals, as can be also
concluded from large increase of the melting enthalpy at only 1 wt% crystallinity increase.
The T,-relaxation time for the semi-rigid fraction and soft amorphous phase decrease by a few
percent. This decrease is likely to be caused by additional constraints imposed on to the
amorphous phase due to the increased amount of crystalline phase.

The analysis of the temperature dependence of the T, relaxation and the annealing
study show that 100° C is the optimum temperature for quantitative analysis of the phase
composition in HDPE using the NMR experiments. At this temperature, the relaxation
components T, 8¢, T, 84 and T, (Fig. 4.4) largely originate from the crystalline phase,
semi-rigid crystal-amorphous interface, and the soft fraction of the amorphous phase,
respectively. The relative fraction of these components represent the corresponding weight
fractions (Fig. 4.3a). The observation of three distinct T, relaxations rather than a wide
distribution of the relaxation times indicate a fast loss of restrictions on rotational and
translational chain mobility when moving away from the crystalline phase to the interface and
to the soft fraction of the amorphous phase. Therefore, a step-wise change in the molecular
mobility at the position between different phases is observed. Thus, we can conclude that the
three-phase model describes the phase structure of HDPE well [W001993, Sch1999,
Pav2005].

4.7 The thickness of domains in HDPE

The spin-diffusion experiments were performed for HDPE at 70° C, 100° C and 120°
C before and after annealing for 100 hours at 121° C. In order to determine the size of the
domains with different molecular mobilities, the spin-diffusion curves (Fig. 4.6) were fitted
with equations that have been obtained using analytical solutions of the spin-diffusion
equation for three distinct phases characterized by different spin diffusivities [Bud2003]. The
values of the proton densities for the different phases of HDPE, which are required for the
calculation [Bud2003], are determined from the densities of crystalline and amorphous phases
of HDPE, i.e p. = 0.99 g/cm’ and p, = 0.87 g/em’. It is suggested that the density of the
interface, p;= 0.93 g/cm’, is the mean value of the densities for the crystalline and amorphous

phases.
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Fig. 4.6. Proton spin-diffusion data for the rigid (m), semi-rigid (e), and soft fractions (A ) of HDPE at 100° C.
The experiment was performed on a low-field NMR spectrometer. The solid lines are the best fit with 1D
solutions of spin-diffusion equations [Bud2003]. The data of short t; are shown in the inset.

Table 4.1. The thickness of rigid (rigia), semi-rigid (Osemirigia) and soft domains (dson) at
different temperatures in non-annealed HDPE. The domain thickness was obtained from 'H
spin-diffusion experiments with a DQ filter."

The thickness of
domains Temperature
70 °C 100 °C 120 °C
Origia (nm) 18.0 (19.0) 17.0 (17.0) 13 (12.5)
Osemi-rigia(nm) 1.1 (1.1) 1.3 (1.4) 1.2 (1.3)
dsoft (NM) 0.6 (0.5) 0.7 (0.8) 1.0(1.1)
Long period from 20.8 (21.7) 20.3 (20.6) 16.4 (16.2)
NMR: ¥ d (nm)

*Measured using 500 MHz and 20 MHz (in brackets) NMR spectrometers.
® The relative error of the data, is estimated to about 15 %.

The thickness of HDPE domains before annealing was determined using the time-domain and
the frequency-domain spin-diffusion experiments, both methods yielding results that are in
good agreement with each other (Table 4.1). The result for the long period is almost constant
below 100° C (Fig. 4.7a). Moreover, below 100° C, the thickness of the rigid fraction yigiq
slightly exceeds the lamella thickness determined by TEM and SAXS. This is due to the fact
that the interfacial layer with intermediate mobility on the lamellae surface is largely
immobilized below 100 °C, as can be seen by comparing the amount of the rigid fraction with
the sample crystallinity measured by SAXS (Fig. 4.3). The thickness of the rigid domain
slightly decreases with increasing temperature and at approximately 100° C reaches the
lamella thickness as measured by TEM and SAXS, i.e. 16 — 18 nm. Thus, the thickness of

rigid domain at 100° C represents lamellae thickness. The lamellae thickness at 120° C is
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smaller than that at 100° C, which could be caused by partial melting of the sample.
Moreover, fragmentation of lamellae upon melting could also cause an apparent decrease in
lamellar thickness due to an increase in the efficiency of the spin-diffusion. As far as the soft
domain is concerned, its thickness increases with increasing temperature at the expense of the
rigid domains. The thickness of the interface is nearly constant in the studied temperature
range and equals 1.1 — 1.3 nm (Fig.4.3c). This value is in the same range as previously
estimated by Monte Carlo simulations [Gau2000, Bal2000, Man1990]. The simulations have
shown that density, orientational order and transverse structure parallel to the lamella surface
change from those of the crystalline phase to the disordered amorphous phase within a layer
of 1.0 — 1.2 nm thickness that is adjacent to the lamellae surface. It should be noted that the
interface thickness is close to the length of the statistical segment for PE chains, which
consists of 7 — 7 carbon — carbon bonds [Ahal983] and equals to 0.8 nm for fully extended
PE chain. Therefore, distinct differences in chain mobility in different fractions of HDPE are
apparently caused by short-range correlations of chain motion due to the short length of

statistical segments.
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Fig. 4.7. The temperature dependence of the long period from NMR (a), the thickness of rigid (b), semi-rigid (c),
and soft (d) domains of HDPE. The experiments were performed on low-field NMR spectrometer for a
compression moulded plate before and after annealing at 121° C for 100 hours. The shaded area shows the
lamellar thickness measured by SAXS and TEM.
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4.8 The effect of annealing on the thickness of domains

and molecular mobility

In order to determine the effect of annealing on the thickness of the rigid, semi-rigid, and soft
domains, a compression moulded HDPE plate was annealed at 121° C for 100 hours. The
thickness of domains was determined at 70° C, 100° C and 120° C and the results for the
annealed sample are compared to those of the sample not annealed (Fig. 4.7). Annealing
causes a significant decrease in the thickness of the interfacial layer and the soft amorphous
phase, and an increase in the lamellar thickness, which can clearly be seen for the results
measured at 120° C. The annealing causes only minor changes in molecular mobility (Fig.

4.5b).

The annealing study suggests the following mechanism of morphological changes due
to annealing at elevated temperatures. Upon approaching the melting temperature, the
molecular mobility increases both in the amorphous regions, the crystal-amorphous interface,
and in the crystalline phase (o-relaxation) (Fig. 4.4). Previous C NMR studies have
suggested two types of crystalline environments with distinctly different molecular mobilities:
a more perfect one and one with defects [Hil1998, Hu2000]. It might be suggested that chain
mobility increases at elevated temperatures in the less ordered, surface layer of lamellae, as
follows from a decrease in the lamella thickness above 100° C for the non-annealed sample
(Fig. 4.7b). An increase in the molecular mobility is accompanied by partial melting of small
crystals and less ordered fragments of the lamellae. An increased mobility in the amorphous
phase and chain diffusion in- and out of the crystals (o - relaxation) [Sch1991] facilitate to
some extent morphological changes towards a more thermodynamically stable, better-ordered
crystalline structure and thicker lamellae. It should be mentioned in this respect that the root-
mean-square displacement of chains in PE lamellac amounts to more than 10 nm at 100° C
within 100 seconds [Sch1991]. Chain rearrangements upon prolonged annealing at 121° C for
100 hours result in a decrease in molecular mobility in the crystalline phase, as follows from a
slight decrease of T,neid during annealing and large increase in the melting enthalpy (from
232.8 J/g to 273.9 J/g) at only 1 wt% increase in the crystallinity (Fig. 4.5b). This might
suggest perfection of the crystalline order. Lamellae thickening and a slight increase in the

crystallinity would cause additional slippage of chain entanglements towards the inner part of

inter-lamellar amorphous regions causing additional immobilization of the soft fraction of the
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amorphous phases, as can be concluded from the decrease of the thickness of this layer (Fig.
4.7¢c) and the decrease in T»' (Fig. 4.5b). Thus, our observations reveal that annealing is
accompanied by a continuous shift of the crystal-amorphous interface towards the inner part
of the amorphous regions and a reduction of the thickness of the amorphous layer [Che1994,

Mat2001, Bas1973, Str1997 ].

4.9 Conclusions

The effects of temperature and annealing on the following molecular and morphological
characteristics of HDPE were studied by time- and frequency- domain proton solid-state
NMR: (i) the amount of rigid, semi-rigid, and soft fractions of HDPE, (ii) the thickness of the
domains with different molecular mobilities, and (iii) the molecular mobility in these

domains.

This study focused on two areas, namely (1) the improvement of low-field solid-state
NMR methods for determining the thickness of domains in heterogeneous polymers, and (2) a
better understanding of the phenomena that occur upon annealing of HDPE. (1) The novel
spin-diffusion experiments that are based on the double-quantum dipolar filter provided
reliable information about the thickness of lamellae, crystal-amorphous interface and soft
fraction of the amorphous phase. The applied method allows a better discrimination between
the HDPE phases and, therefore, a more accurate analysis of the thickness of the domains. In
order to improve the accuracy of the method, the temperature dependence of the spin
diffusivities in all three phases was determined, which allowed us to obtain reliable
information about changes in the domain thickness as a function of temperature. The lamellae
thickness and the long period determined by NMR, are in good agreement with the results of
classical methods, i.e. TEM and SAXS, which proves the reliability of the NMR method. This
study has also showed that spin-diffusion experiments with advanced dipolar filters can be
performed with a low cost, low-field NMR spectrometer, which broadens the range of

applications of this equipment.

(2) This study shows that the three-phase model is the most appropriate description of the
phase composition in HDPE at least as revealed by 'H NMR data. The spin-diffusion
experiments show that rigid and soft fractions of HDPE are separated by a thin layer with
intermediate molecular mobility. The thickness of this interface is nearly constant in the
temperature range from 70° C to 120° C and its value is comparable to the length of the

statistical segment of the PE chains. This suggests that the interfacial layer largely originates
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from constraints on rotational and translational motions of chain fragments adjacent to the
lamellae surface.

The crystalline phase, the semi-rigid crystalline-amorphous interface, and the soft
fraction of the amorphous phase exhibit a larger contrast in molecular mobility at
temperatures above 90° C. Upon increasing the temperature, the molecular mobility begins to
increase in the inner/softer part of the amorphous phase towards the lamellae surface.
Annealing causes a significant decrease in the thickness of the interfacial layer and the soft
amorphous phase, and an increase in the lamellar thickness. It is suggested that annealing is
accompanied by structural reorganizations at the frontier between the crystalline and
amorphous phases, and these reorganizations are largely influenced by the chain dynamics in
the crystalline and amorphous phases. Annealing leads to improving perfections of the
crystalline order (presumably in a layer close to the lamellae surface), and a continuous shift
of the interface towards the inner part of the amorphous regions reducing the thickness of the
soft amorphous layer. These observations are in agreement with a previously proposed
mechanism of partial melting and surface crystallization upon annealing of HDPE at

premelting temperatures [Str1997].
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Chapter 5

Isotactic Polypropylene (iPP)

5.1 Introduction and motivation

The physical and mechanical properties of semi-crystalline polymers (like isotactic
polypropylene), and their practical lifetime, are significantly influenced by both the changes
in the degree of crystallinity [Pop1987, Hal1972, Boy1979, Boy1983,Boy1984, Boy1985,
Str1980, Man1964, Man1985, Negl1992, Worl1996], and the orientation distribution of the
crystalline volume portion [Bel1993, Gos1996]. Both quantities typically change when the
sample is exposed to temperatures well above the glass transition due to annealing [Hik1997,
Alo1999, Aki1999, Mar2000, 1ij2000, Mai2000, Weg2000, Ali2001, Lab2001]. This means
that the degree of the crystallinity and the orientation distribution depend on processing
conditions, crystallization, annealing, and thermal history in such materials. It is known that
annealing of semi-crystalline polymers after fabrication causes changes in the structure and
properties of the materials. This process has been employed to improve the final properties of
polymers via healing of defects and diminishing residual stress and strain. In addition,
lamellae thickening and rearrangement of the chain during heating also occur upon annealing.

For establishing structure-property relationships of semi-crystalline polymers, the
characterization of lamellar thickness in bulk materials is a necessity, because their thermal
and physical properties depend largely on the characteristic of the lamellae. Traditionally,
transmission electron micrograph (TEM) and small-angle X-ray scattering (SAXS) are two
major techniques used to determine the lamellar thickness. The former offers the advantage of
direct access to the morphology. SAXS is a well-developed method to quantitatively
determine the thicknesses of alternating layers of the crystalline and amorphous regions that
are formed in semi-crystalline polymers. The morphological parameters can be deduced from
SAXS data based on a model calculation. Although an indirect approach is applied, SAXS
provides volume average characteristic.

Proton NMR spin-diffusion experiments have been used to provide information about
the thickness of domains with different molecular mobility in polymers [Bri1993, Pac1984]
[Hu2000, Bud2003, Bud2004, Van1996].

The main aim of this chapter is to study the change in the rigid fraction/crystallinity,

semi-rigid, and soft fractions, and lamellae thicknesses for both annealed and non-annealed

43



Chapter 5. Isotactic Polypropylene

iPP samples. This was done using a combination of DSC, SAXS, WAXD, TEM, and 'H
solid-state NMR, including spin-diffusion NMR. The 'H NMR spin-diffusion methods, which
explore both double-quantum (DQ) dipolar filter [Bud2003, Bal1998, Che2005] and the
Goldman-Shen (GS) filter [Gol1961, Dem1996], were used for the first time to provide a
more accurate analysis of the domain thickness of iPP. It is thought that TEM, SAXS, and
NMR are complementary techniques, providing morphological evidence on the nanometer
scale. The most probable morphology was established by comparing the 'H spin-diffusion
data with the multidimensional evaluation of the magnetization by spin-diffusion. The results
are compared under the given conditions, which include the annealing time and annealing
temperature. A simple model of crystal thickening as a function of the annealing time is
discussed. The correlation between transverse relaxation rates and thickness of the rigid

domain is presented, i.e., microscopic and mesoscopic properties.

5.2 Materials

Isotactic polypropylene homopolymer was obtained from SABIC Europe BV and used in our
experiments. The material was injected in an Engel 45A machine. The melt temperature was
set to 235  C, the holding pressure to 40 MPa, the holding time to 20 s, the cooling time to 20
s, and the overall cycle time to 49.5 s. For the annealing study, the sample was further
annealed in the NMR probe at 134 C, 143" C and 153 OC, for several times between 15

minutes and 30 hours.

5.3 Crystallinity by DSC

Quantities like the enthalpy, derived from heat capacity measurements, can provide important
information about the physical state of the material. The heat capacities of iPP annealed for 10
hours at 143° C and iPP annealed for 10 hours at 153" C, are presented in Fig.5.1 as a function
of temperature. Parts a and ¢ of Figure 5.1 show the heat capacity C, and crystallinity W data
for the first heating curve and the second heating/cooling curve, respectively. The observed
differences between the first heating curves for non-annealed and iPP annealed for 10 hours at
143" C and 153° C (Figure 5.la) are due to the thermal treatment (thermal history) of the
sample. For completion, heat capacity measurements of the cooling and second heating curve
are presented as well in order to verify whether or not the thermal treatment modifies the
polymer material. The thermal history of iPP is erased after the first heating scan and by

keeping the polymer for 5 minutes in the molten state (200° C) (Fig. 5.1d).
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Litvinov and Soliman showed that annealing of iPP gives rise to shoulders in the DSC
thermograms [Lit2005]. In order to compare the annealed samples with non-annealed iPP, an
offset temperature is defined in this study. The offset temperature corresponds to a drastic
increase of the heat capacity due to melting of the polymer (see Fig. 5.1b). Offset
temperatures of 144° C and 153° C are observed for iPP annealed at 143° C and 153° C for 10
hours, respectively. An apparent offset temperature of 134° C (increase of C, in comparison
to the baseline) is observed for non-annealed iPP. The determined offset temperatures for the

annealed samples correlate with the applied annealing temperatures. These observations are in

agreement with the NMR data discussed below.
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Figure 5.1. (a) Heat capacity (C, ) and crystallinity (W) data recorded during the first heating of non-annealed
iPP (black solid and dashed lines), annealed at 143 “C iPP (red solid and dashed lines), and annealed at 153 'C
iPP (blue solid and dashed lines). The annealing time was 10 hours. The green and orange dotted lines represent
the heat capacity for the crystalline (C,¢) and amorphous (C,,) phases, respectively. (b) Heat capacity and onset
of melting for non-annealed iPP (black line), annealed at 143 C (red line) and annealed at 153 C iPP (blue line),
respectively. The annealing time was 10 hours. (c) Heat capacity (solid lines) and crystallinity (dashed lines)
recorded during the second heating (Cypaand Cyp e, Wepn) and cooling (W, Cyca and Cycc) of iPP. The dotted lines
represent the heat capacity for the amorphous and crystalline phases for the second heating and cooling,
respectively. (d)c Heat capacity curves recorded fcor the second heating curves for non-annealed iPP (black line),
annealed at 143 C (red line) and annealed at 153 C iPP (blue line). The annealing time was 10 hours.

A complete heat capacity analysis is performed. The extreme states in which the
material can be found (100% crystalline and 100% amorphous) are referred to as reference
states. These data are reported for a large number of polymers in the ATHAS Data Bank
[Pyd1994].

Mathot has shown that the polymer can be regarded as consisting of regions having
the same thermal properties as the reference states, and a simple two-phase model can be used
in order to determine the enthalpy-based mass fraction crystallinity [Mat1944]. This means
that no transition layers between the regions and no contributions from interfaces are taken
into account for the analysis of DSC data in this study. We observed that the crystallinity of
iPP, determined at 80° C (Wspec), increases as expected with the annealing temperature: Wygec

= 50 wt% for non-annealed iPP, 59 wt% for iPP annealed at 143° C and 61 wt% for iPP
annealed at 153° C, (Fig.5.2).
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Figure 5.2. Crystallinity of iPP at the first heating curves (solid lines) of non-annealed iPP (black), iPP annealed
at 143" C (red) and 153° C (blue). The annealing time was 10 hours. The crystallinity at second heating curve is
shown by the orange dashed line.

After erasing the thermal history by melting, the crystallinity of iPP (Fig. 5.2 - second
heating curve; the dashed, orange line) is somewhat higher than the crystallinity of non-
annealed iPP (Fig. 5.2 - first heating curve; the straight, black line), but still lower than the
crystallinity of both annealed iPP samples (Wgopec = 55 wt% for the second heating curve).
Thus, the crystallinity of iPP derived from the first heating curve shows a thermal history
different from the one derived from the second heating curve (Figure 5.1d). The end of the
melting behaviour of the annealed samples is located at a higher temperature than that of the
second heating curve (indicated in Fig. 5.2 by the green arrow). This is expected when crystal
thickening and crystal perfection occur. NMR experiments also show an improvement of
crystal perfection upon annealing, as will be shown below. Crystal thickening is observed by
NMR and TEM during annealing of iPP samples. Thus, the results of NMR and TEM are in
line with the heat capacity data.

5.4 Morphology of iPP by TEM

The transmission electron micrograph is used to determine the type of the morphology in the
studied samples. A TEM image of the non-annealed iPP sample is shown in (Fig. 5.3a).
Stacked lamellar crystals separated by a thin amorphous layer can be observed. The iPP
samples annealed at 143" C and 153" C for 10 hours reveal a cross-hatched morphology (Fig.
5.3b and 5.3c) consisting of radial and transverse lamellae. The thickness of the lamellae

increases with increasing the annealing temperature.
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Figure 5.3. TEM image for non-annealed iPP (a), iPP annealed at 143" C (b), and 153" C (c). The annealing time
was 10 hours. The scales of the images are show in the figures.

5.5 Crystallinity and Morphology by SAXS

The crystallinity of both annealed and non-annealed iPP samples has been determined by
SAXS.
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Figure 5.4. a) One-dimensional WAXD intensities obtained via integration of two-dimensional WAXD patterns
for non-annealed iPP, and iPP annealed at 143 C and 153 C for 10 hours. b) Deconvolution of WAXD pattern
for crystalline and amorphous phases for non-annealed iPP.

Integration of the 2D-WAXD pattern over a pie-shaped area yielded the intensity profiles
displayed in Fig. 5.4a. In all cases, the sequence of the detected diffraction maxima is
consistent with the monoclinic a-structure of polypropylene. The contributions arising from
the crystalline and the non-crystalline components are extracted via peak fitting of the
diffraction pattern (Fig.5.4b). The latter yielded the (X-ray) crystallinity which showed a 9%
increase from a value of 0.49 £ 0.05 for the non-annealed system to 0.58 + 0.05 for a sample

annealed at 153° C. These values are in good agreement with DSC crystallinity.

15

o non-annealed
e annealed at 143° C

12

I(@)*q°

Figure 5.5. One-dimensional SAXS intensity 1(q)=1(q)*q’ recorded for non-annealed iPP and iPP annealed for
10 hours at 143 C.

The SAXS patterns reveal well-defined interference maxima owing to a quasi-periodic
arrangement of the crystalline domains. More details about the scattering and correlation

functions are discussed in Ref. [Hed2007]. The one-dimensional scattering intensities
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I(q)*qzare shown in Fig. 5.5, where (= (2/1)*sin6, A is the wavelength of the X-ray

radiation and, @ is the scattering angle and g is the scattering vector.

It follows from the results in Fig. 5.5 that annealing has a strong influence on the
lamellae thickness. After annealing, the position of the interference maximum shifts towards
lower scattering angles which indicates an increase of the effective long period. This is also
reflected by the linear correlation functions, calculated from the scattering intensities (Fig.

5.6).

1 OL o non-annealed
' e annealed at 143° C
J
®

Figure 5.6. Normalized linear correlation function 1) revealing an increase in the long period and phase
dimensions due to annealing at 134° C, 143 C and 153° C for 10 hours.

In this case, the position of the first side maximum indicates the changes in the value
of the long period following different thermal histories. Moreover, the inner part of the
correlation function provides insight into the thickness of one of the phases. However, it
cannot be concluded directly whether or not the corresponding value reflects the thicknesses

of the crystalline or the amorphous domains.
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5.6 Solid-state NMR study of phase composition,
molecular mobility, and domain thickness
5.6.1 Temperature dependence of phase composition and

chain mobility

A quantitative analysis of the FID and wide-line NMR spectra in terms of crystalline phase,
semi-rigid phase, and soft phase was performed at a temperature well above T,. The amounts
of the rigid, semi-rigid and soft fractions of iPP obtained from low- and high- field NMR are
shown (Fig. 5.7). At room temperature, a significant fraction of the soft phase is rigid, and
contributes to both the intensity of the broad line of the NMR spectra, and the short T,
relaxation component of the FID. At elevated temperature, the amount of the rigid fraction,
which comprises the crystalline phase and the rigid fraction of the soft phase, slowly
decreases. While the amount of the soft fraction increases under the same conditions, the

amount of the semi-rigid fraction is almost constant in the temperature range from 70° C to

100" C (Fig. 5.7).
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Figure 5.7. Temperature dependences of the amounts of rigid, semi-rigid, and soft fractions of non-annealed iPP
measured with low-field (a) and high-field (b) NMR spectrometers.

The data in Fig. 5.8 show nearly constant values for T,"8¢ and Av;,"89 with temperature
increasing up to 100° C, indicating that the molecular motion in the rigid fraction is almost
unchanged. The small increase in T,"€“ above 100° C may be related to the motion in the

crystalline phase (o relaxation process) which occurs prior to melting and to the thermal
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expansion of crystal lattice [Sch1994]. In the temperature range from 40  C to 60  C, the
transverse relaxation time of the semi-rigid and soft fractions increases largely, whilst AV
rigid, ) and Av*°",, largely decrease (Fig. 5.8). These changes are due to the high-frequency
(ca. 10 kHz) manifestation of the glass transition of the amorphous phase. The temperature

) ) 1
and of Avl/gs(’ﬁ can be correlated by the relationship Av, /ZSOﬁ ~—

T,

soft

dependences of the T,

2

valid for a Lorentzian line shape (Fig. 5.8). In the temperature range from 100 C to 140° C,
an increase in the T, relaxation time of the semi-rigid and soft fractions is due to partial

melting of isotactic polypropylene. That reduces hindrances of the chain mobility in the soft

phase.
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Figure 5.8. Temperature dependence of the 'H 1/T, relaxation rates (a), and line-width Av,, (b) for non-
annealed iPP. The assignment of the parameters to the rigid, semi-rigid, and soft fractions of iPP is shown in the
figure.

In conclusion, the temperature range from 70° C to 100° C appears to be most suitable
for accurate determination of the phase composition. In this temperature range, the differences
in molecular mobility in different fractions of iPP are higher, and annealing can be lately
avoided during the NMR experiment, as shown below. In the temperature range from 70° C to
100° C, the amount of the rigid fraction is largely independent of temperature, and its values is

closed to that of the crystallinity measured by DSC and X-ray scattering, as discussed below.
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5.6.2 The effect of annealing temperature and annealing

time on the phase composition and molecular mobility

To determine the temperature at which annealing causes changes in the morphology, two
different types of annealing studies were performed. The annealing was studied at isothermal
conditions in the temperature range from 70" C to 130° C in real time. The data were recorded
each hour for 30 hours. No annealing effects were detected by NMR for iPP samples exposed
to 70° C, 90° C and 110° C for 30 hours. In the temperature range from 110" C to 130" C,
small changes in the molecular mobility and the phase composition were observed over a time
of 500 hours. Annealing at 130" C for 500 hours causes ~ 5 wt% increase in the amount of
the rigid fraction at the expense of the soft phase. The amount of the semi-rigid phase remains
almost constant (Fig. 5.9a). Figure 5.9b show that the molecular mobility in the crystalline
phase of iPP is hardly affected by annealing at 130° C, whereas the molecular mobility of the
semi-rigid fraction decreases and the molecular mobility in the soft fraction increases during

the annealing.
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Figure 5.9. (a) The amounts of rigid phase, semi-rigid interface, and soft fraction of iPP as a function of the
annealing time at 130° C. (b) The effect of the annealing on molecular mobility, as determined by the T,
relaxation time for the different fractions of iPP. Larger amplitude and/or frequency of molecular motions lead to
longer T, values. The relaxation characteristics were determined by the analysis of the FID (rigid and semi-rigid
fractions), and Hahn-echo (soft fraction), as described in experimental section. The experiments were performed
with low-field NMR spectrometer.

From the above results, we can conclude that exposure of iPP to temperatures between 100 -
130" C influences the NMR results, due to annealing of the samples during NMR
experiments. These experiments were used to determine the maximum temperature at which

no annealing occurs.
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The effects of the annealing time and the annealing temperature on the phase
composition and molecular mobility were studied for iPP samples annealed at 134" C, 143" C,
and 153 C. The annealing times are taken in the range from 15 minutes to 30 hours. After
annealing at the indicated temperatures, the NMR experiments were performed at 70° C. A
fast increase in the amount of the rigid fraction is observed during the first five hours of
annealing at 134" C, 143" C, and 153" C (Fig. 5.10a). The amount of the rigid fraction
increases by a few wt% at the expense of the soft fraction. The amount of the semi-rigid
fractions remains almost constant. It is also observed that the molecular mobility in the rigid
and semi-rigid fractions of iPP decreases, while the molecular mobility of the soft fraction
increases during the annealing. This increase is due to the better organised morphology of iPP
during annealing. This is shown by the decrease in the T, values for the rigid fraction (T,"€")
(Fig. 5.10b), the semi-rigid fraction (T,*™ %) and the increase in the T, values for soft

fraction (T,*"

). The observed changes during annealing can take place for the following
reasons: formation of thin lamellae between the primary lamellae, lamella thickening, and

improvement of the ordering in different phases [Weg2000, [to1992].
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Figure 5.10. The effect of annealing time and annealing temperature on (a) the amount of the rigid fraction (%
T,"8Y), and (b) 'H relaxation time (T,"¢) of this fraction of iPP.
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5.6.3 Comparison of the amounts of rigid

fraction/crystallinity obtained by NMR, SAXS, and DSC

It can be anticipated that the crystallinity values determined by different methods for the same
sample are not exactly the same. By comparing the results of different methods, the complex
morphology of semi-crystalline polymers can be understood better. The difference between
the amounts of the rigid fraction that is obtained by the NMR experiment at 70° C and the
degree of crystallinity obtained from DSC and SAXS for both annealed and non-annealed iPP
does not exceed 10% (Table 5.1). All methods used show an increase in the amount of the

rigid fraction/degree of crystallinity with increasing annealing temperature.

Table 5.1. The amounts of the rigid fraction/crystallinity obtained by NMR, SAXS, and DSC
for non-annealed and iPP samples annealed for 10 hours.

NMR 70 °C (wt%) SAXS (vol%) DSC (wt%)
rigid semi-rigid  soft  crystalline amorphous crystalline amorphous
non-annealed 56 36 8 51 49 51 49
annealed at 143°C 67 26 7 55 45 59 41
annealed at 153°C 70 24 6 58 42 61 39

The reasons for the apparent differences between the results obtained by NMR, DSC,
and SAXS have been discussed in the previous chapter [Hed2007].

5.6.4 Comparison of the domain thicknesses measured by
the DQ and the Goldman-Shen dipolar filters in spin-

diffusion experiments

The confidence in both the values of the domain thickness and the effective dimensionality of
the 'H spin-diffusion process can be enhanced if the experiments are performed on the same
PP sample using different dipolar filters. In this case, we employed DQ and Goldman-Shen
(GS) filters. These dipolar filters select the initial magnetization in the rigid and amorphous

domains, respectively.
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Figure 5.11. Proton spin-diffusion decay and build-up curves for the rigid (w) and amorphous (e) fractions of
non-annealed iPP recorded using the DQ (a) and GS (b) dipolar filters. These filters select the magnetization of
the rigid and amorphous fractions of iPP, respectively. The time-domain data were recorded at 70 °C with a low-
field NMR spectrometer and fitted with one Abragam function and one exponential function. The filter time for
the GS was set to 100 ps. The solid lines represent the best fit for the 1D solutions of the spin-diffusion data for
the two-phase morphology.

The measurements of 'H spin diffusion using both dipolar filters were performed on
the non-annealed iPP sample at 70" C with low-field NMR. The spin-diffusion build-up and
decay spin-diffusion curves are shown in Fig.5.11.

From these data it is evident that the spin-diffusion process reaches the quasi-equilibrium

state after a diffusion time of the order of t;  70ms for both filters. Moreover, for the DQ

filter, the quasi-equilibrium of the relative magnetization for the rigid and amorphous phases
equals 0.73 and 0.27, respectively. In the case of GS dipolar filter, the corresponding phase
fractions are 0.79 and 0.21. In the limit of experimental errors, these two results prove that
both dipolar filters provide similar values of domain thickness. Small differences exist
because the efficiency of the dipolar filters in selecting the magnetization just from one
domain is not 100%, and the shape of the relaxation components biases the accuracy of the
FID deconvolution procedure.

The thicknesses of the rigid (d;) and amorphous (d,) domains are determined from fits
of the spin-diffusion data (Fig. 5.11) with the 1D solutions of the spin-diffusion equations.
The approximation of two phases should not have a large effect on the extracted domain
thicknesses, taking into account the small amount ~4 wt% of the soft fraction. The time
dependence of the analytical spin-diffusion signals for the GS filter can be obtained from
those of the DQ filter, by interchanging the indices r and a of the quantities present in the
spin-diffusion solutions. The domain thicknesses obtained by fits of the spin-diffusion data of

Fig. 5.11 are given in Table 5.2.
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Table 5.2. The thicknesses of the rigid (d;) and amorphous (d,) domains of non-Annealed iPP
measured at 70 C using spin-diffusion experiments with double-quantum (DQ) and
Goldman-Shen (GS) dipolar filters (Fig. 5.11).

dipolar filter d; [nm] d. [nm]
DQ 10 25
GS 9 3

The time domain data were fitted with a combination of one Gaussian and one
exponential function, and with a combination of one Abragam and one exponential function.
The domain thickness with values closest to that measured by SAXS, is that obtained from the
free induction decay deconvoluted with the sum of one Abragam and one exponential
function. Moreover, both dipolar filters provide a volume ratio of the rigid and amorphous

domains that is close to the mass fraction of these phases, as determined from the FID at
different temperatures, i.e., d,/d, ~2—5 and %T,"% /%T ™™ ~3—-4.8. These results

provide additional proof of validity of the method for domain thickness determination, as well
as the type of morphology. The thicknesses of the iPP domains determined by time-domain

and frequency domain spin-diffusion experiments are in good agreement (Table 5.2).

5.6.5 Temperature dependence of the domain thickness

In order to estimate the domain thickness of the rigid and amorphous fractions, the spin-
diffusion experiment was performed for non-annealed iPP samples at three different
temperatures, 70 C, 100" C, and 130 C. The thickness of rigid and amorphous domains as
well as the long period increase with increasing temperature (Table 5.3). These changes can
be explained by melting of the small disordered crystals upon increasing temperature and by

lamellae thickening.

Table 5.3. Long period (L), the thickness of rigid (d.), and amorphous (d,) domains, at
different temperatures for non-annealed iPP samples. The domain thicknesses were
determined from 'H spin-diffusion experiments with a DQ filter measured at low- and high
field (in brackets) NMR spectrometers, respectively.

thickness temperature
70 °C 100 'C 130 °C
d; (nm) 10 (10.5) 11.4(12) 12 (12.5)
d, (nm) 2.5(2.1) 3.503) 7(7)
L, (nm) 12.5 (12.6) 14.9 (15) 19(19.5)
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5.6.6 The effect of annealing temperature and annealing

time on the domain thickness of iPP samples

The long period L,,, and the thickness of the rigid d; and amorphous d, domains, was studied
as a function of annealing temperature and annealing time. The spin-diffusion experiments
were performed at 70" C for the iPP samples, annealed at three different temperatures, and
different annealing times. The values of the long period before and after annealing,
determined by NMR spin-diffusion experiment and SAXS, are in a good agreement (Table
5.4).

Table 5.4. The long period® of non-annealed iPP and iPP that was annealed for 10 hours at
143° C and 153° C as determined by NMR and SAXS.

non-annealed annealed at 143° C  annealed at 153° C
NMR (70 °C) 12.5 nm 19.9 nm 21.3 nm
SAXS data 12.9 nm 21 nm 21.8 nm
SAXS, linear 12.5 nm 20 nm 21 nm

correlation function

“The average errors are of the order of 15%

Figure 5.12 shows the changes of L, dc, and d, with annealing time. A rapid initial
increase in the long period and in the thickness of the rigid domains is observed for the iPP
samples during first 10 hours of annealing (Fig.5.12ab). The rapid increase in the crystal
thickness with annealing is confirmed by the increase in the crystallinity (Fig. 5.10a, Table
5.1, and Table 5.4). For long annealing times, ranging between 10 — 30 hours, L, and d. do not
seem to change significantly, showing a stabilization of the iPP morphology (Fig.5.12ab)
[Poul998].
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Figure 5.12. Changes of the (a) long period L,, (b) thickness d, of rigid domains, and (c) thickness d, of
amorphous domain of iPP as a function of annealing temperature and annealing time. The domain thicknesses
were determined from 'H spin diffusion experiments exploring a DQ filter. The experiments were performed
with a low-field NMR spectrometer.

The thickness of the amorphous domains slightly decreases with increasing the
annealing temperature and annealing time (Fig. 5.12¢). Chain dynamics and thermodynamic
factors play an important role in the annealing process. The growth of lamellae involves
translational motion of the polymer chains [Fer1984]. Faster chain diffusion through iPP
crystals, and higher chain mobility in the amorphous phase upon increasing the temperature
facilitate the structural reorganization towards thermodynamically more stable thicker crystals
[Sch1991, San1973] Previous studies have also shown that the annealing of iPP samples at
sufficiently high temperature increases the thickness of the lamellae [Poul998, Mar1998,
Fer1984].

5.6.7 Thickening of crystalline domains during annealing

The spin diffusion NMR experiment measures the smallest dimension of the crystalline
regions, 1.e., the thickness of the crystal. This quantity changes during annealing, and this

process is known as crystal thickening.

The polymer crystals when annealed isothermally are thermodynamically metastable
since they are formed with high surface-to-volume ratios. The thickening can be considered as
a process of going from a state of high to a state of low free energy. For thin polymer crystals,
a thermodynamic force capable of driving the thickening phenomena arises from the unequal
free energies of the fold and lateral surfaces. This process is an irreversible thermodynamic

process that can be described by the non-linear differential equation [San1973]
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ﬂ_i 1_y3/2 (5 1)
dt 7, y ’ '

where y = d/dy, Oy is the equilibrium thickness of the crystal, r, :kdf0 and Kk is a

proportionality constant. The temperature dependence of the thickening rate should enter the

theory through k, or equivalently 7,. When z, is assumed to be independent of d;, the above
equation can be integrated analytically, and the transverse crystal thickness d. exhibits a
sigmoidal shape as a function of log(ta /rt) [San1973, Sat1961, Fis1962, San1974, Pet1963,
Pet1967]. At the intermediate values of log(ta /T, ), the crystal thickness increases
approximately linearly with a higher rate at higher temperatures. Therefore, in the
intermediate range of the annealing time t_, the rigid domain thickness d, measured by spin-
diffusion can be described by the relationship
d, ~d,, +Bloglt, /7). (5.2)

For an annealing time t, =7, we get from the above equation d, ~d,,. When t, =er, we
get the significance of the constant B, i.e., B~d, —d,,.

The dependence of the rigid domain thickness for annealed iPP at three different
temperatures is shown in Fig. 5.13 as a function of log(ta ) At all annealing temperatures, the
data can be fitted with a straight line in agreement with Eq. (5.2). Therefore, the process of
crystal thickening upon annealing for iPP can be described in the linear approximation by the
Eq. (5.2) with can be derived from Eq 5.1 [San1973, San1974]. A strong temperature
dependence of the thickening rate is not detected (cf. Fig. 5.13) probably due to the limited
range of annealing temperatures. Moreover, the thickening rate is primarily a function of

undercooling AT =T —T, where T is the equilibrium melting point of the crystal (about

182° C for iPP [Yam2003]), rather than the absolute temperature T.
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Figure 5.13. Change of the thickness dr of the rigid domains with the annealing time {, at three different

annealing temperatures. The straight lines are a least-squares fit of the data using Eq. (5.2).

5.6.8 Correlation between the 'H transverse relaxation rate

and the domain thickness of the crystalline domains.

The microscopic properties of iPP are represented by several parameters that describe the
polymer chain dynamics. These dynamics correlate with the local structure on the nanoscale
range and are revealed inter alia by the 'H transverse magnetization relaxation rates. The
morphology and domain thickness characterize the materials on the mesoscopic scale, i.e., on

the scale of tenth or hundreds of nanometers.

The values of the 'H effective transverse magnetization relaxation rate (1/ T2rigid ) for
the rigid domain is related to the residual second van Vleck moment<M 2>, Le.,
/7,9 oc <M2>. This is evident from the fact that the free induction decay G(t) of the rigid

domains in the short time domain is described in a good approximation by the Gauss function
<M 2> 2 . . . rigid .
G(t)oc exp —Tt . An effective short relaxation time T,°“ can be introduced to

rigid
T2

1 :[MJI/Z. (5.3)

Tzl’igid 2

2
describe this decay by the function G(t) oc expl( j ] , and hence we obtain

Consequently, faster transverse relaxation rates correspond to larger values of <M 2>
due to larger strength of the dipolar couplings. This is the case of slower chain motions, and
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increased interchain dipolar interactions due to denser chain packing and/or better crystal

organization.
7 —®— 1 hour
— —e— 5 hours
0.076 —%— 10 hours
| —4—20 hours

0.072

Figure 5.14. Correlation between the 'H transverse magnetization relaxation rate (1/ Tzng'd ) and the thickness of

the rigid domains for iPP that was annealed at 134° C, 143° C, and 153° C for 1, 5, 10, and 20 hours. The NMR
measurements were performed at 70° C using a low-field NMR spectrometer. The lines are a guide for the eye.

A phenomenological attempt to correlate 1/T,"%" and d, for different annealing

temperatures and annealing times is shown in Fig. 5.14. The transverse magnetization

relaxation and spin-diffusion measurements were made at the same temperature of 70 "C.
Therefore, the changes in the values of 1/T,"" are due to the crystal thickening and

perfection of the crystalline order during annealing. The theory of polymer annealing
[San1973, San1974, Pet1963, Pet1967] predicts that for a given annealing temperature the
crystalline domain thickness increases linearly with log(t,) (see Eq. (5.2)), where t, is the
annealing time. This is evident from the values of d, measured as a function of t, at different
annealing temperatures (Fig. 5.14). Only small changes in the values of 1/T,"% are detected

at each annealing temperature as a function of annealing time. This parameter increases

slightly with annealing time due to an increase in the density (perfection) of the crystalline
regions during annealing [San1973]. This leads to an increase in 1/ T2rigid , due to an increase in
the 'H dipolar couplings, and consequently in <M 2>. Higher annealing temperatures lead to

more perfect and better-packed crystals in which fast small-angle fluctuations are reduced.
Moreover, we note that this major effect occurs rapidly, and only minor further changes are

observed during the course of annealing. This shows that there is no simple correlation

between 1/T,"% and crystalline the domain thickness.
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5.7 Conclusions

Changes in phase composition (namely the amounts of rigid fraction/crystallinity, semi-rigid,
and soft fractions), molecular mobility and domain thickness of both annealed and non-
annealed iPP samples were investigated by 'H NMR, SAXS, and DSC at different
temperatures and different annealing times. The amounts of the rigid fraction as determined
by NMR, exceeds by 5-10% the crystallinity from DSC and SAXS. This difference can
quantitatively be explained by the effect of the interface, which is not taken into account in
the analysis of the DSC and SAXS data.

According to TEM, the morphology of non-annealed iPP is mainly lamellar. For iPP
samples that have been annealed at different temperatures and different times, the cross-
hatching morphology can be observed. However, the predominant morphology remains
lamellar. This is confirmed by the comparison of the phase composition with the domain
thickness ratio that is determined by simulation of the results of the spin-diffusion data using
1D, 2D, and 3D solutions of the spin-diffusion equations. In an approximation of the two-
phase model, the long periods obtained by NMR and SAXS are in good agreement with each
other.

An important feature of the spin-diffusion experiments reported in this investigation is
the temperature dependence of the proton spin diffusivities, which decrease with increasing
temperature. The temperature dependence of the spin diffusivity of the amorphous phase was
derived from the spectral line width. In the approximation of a single correlation time
described by the Williams-Landel-Ferry (WLF) equation, the temperature dependence of the
spin diffusivities was established, and the obtained WLF coefficients are in the range that is
typical for the amorphous phase in semi-crystalline polymers and amorphous polymers.

The thicknesses of the rigid domains for iPP that has been annealed at different
temperatures and different times has been discussed as a function of the logarithm of the
annealing time. A linear relationship holds for all cases in good agreement between theory
and the experimental results for other polymers [San1973, San1974].

The existence of a phenomenological correlation between microscopic and
mesoscopic properties of iPP is reported. Microscopic properties are described by 'H
transverse relaxation rates or second van Vleck moment characterizing mainly the proton
dipolar network. The morphology and domain thickness characterize the polymer on the
mesoscopic scale. The correlation is complex and explained by the improvement of the

crystalline order during the crystal thickening.
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Chapter 6

Aging on Isotactic Polypropylene

6.1 Introduction and motivation

Physical aging of semi-crystalline polymers, which has been studied extensively in the past
[Crul984, Chal980, Tom1996, Uz01997, Ibh1996, Hel1997] from many aspects, refers to the
evolution towards an equilibrium state and the associated changes in the morphological
organization and physical properties. Above the glass transition the physical aging at different
temperatures and different times involves the densification of the amorphous fraction
(reduction in free volume) [Son1987], constraints in the chain mobility [Agal981], lamellar
perfection or densification, lamellar thickening, crystallization of constrained polymer chains
forming small crystals or fringed micelles, and melting-recrystallization. The exact origin of
the changes in iPP samples (and in other semi-crystalline polymers) with aging time and
aging temperature is still under dispute [Crul984, Chal980, Tom1996, Uzo1997, Ibh1996,
Hel1997, Son1987, Agal981]. One reason of the dispute lies in the limitations of different
techniques used to probe the structure of these materials and the discrepancies between their
results.

Differential scanning calorimetry (DSC) rarely provides similar values for crystallinity
as other techniques [Isal999, Zho1997]; wide-angle X-ray diffraction (WAXD) requires an
estimation of the amorphous fraction and the lattice imperfection factor [Rul1961]; and small-
angle X-Ray diffraction (SAXS) is extremely model dependent [Bal1989]. It should be noted
that the problems with SAXS analyses are enhanced in the case of iPP due to the crosshatched
lamellar morphology [O111989].

One feature that is generally agreed upon by most researchers as important for aging
behaviour is whether the annealing temperatures are above or below the crystalline dielectric
relaxation a.. The crystalline relaxation o, is associated with the rotational-translational
motion travelling along the crystal stem [Boy1985, Boy1985, Spil991, Hul999] that can
grow from the soft fraction in a crystal thickening process. The responsible mechanism for
crystallinity increase due to aging is the secondary crystallization by which the new lamellae
are inserted between those formed during the primary crystallization. This mechanism occurs

since the regions remaining amorphous still have the potential to partially crystallize. The
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newly formed lamellae are constrained by those formed during primary crystallization. They
are thicker as they are formed at higher temperatures. Because an additional driving force is
needed, the newly formed lamellae at lower temperature upon further non-isothermal cooling
are thinner. They may thicken if a low temperature active process is plausible. It is not only a
matter of aging temperature, with respect to the glass transition temperatures of the crystalline
and amorphous phases, for the new formed lamella, but also depends on the initial iPP
morphology.

The first aim of this chapter is to study in detail the effects of aging temperature and
aging time on the phase composition, crystallinity, melting and crystallization temperatures,
chain mobility and mechanical properties of injection molded, crystallized from the melt, and
quenched homopolymeric iPP by 'H low field solid state NMR, DSC and X-ray. The second
goal of this chapter is to show that the 'H low-field solid-state NMR technique is capable of
detecting the small changes in the phase composition and chain mobility due to aging at
different times and different temperatures. Moreover, a correlation between the changes in the

NMR, and DSC parameters due to aging and mechanical data is presented and discussed.

6.2 Materials

Three homopolymeric isotactic polypropylene (iPP) samples were used in our investigations.
All the samples are commercial Ziegler-Natta-catalyzed PP manufactured by SABIC Europe
BV. The first sample is an injection molded homopolymeric iPP. The materials were injected
in an Engel 45A machine. The melt temperature was set to 235  C, the holding pressure to 40
MPa, the holding time to 20 s, the cooling time to 20 s, and the overall cycle time to 49.5 s.
The second sample is melt-crystallized homopolymer iPP. The injection molded plates were
melted at 230° C for 30 minutes in an oven under nitrogen flow, in order to avoid the
oxidation of the samples, and finally crystallized at a slow cooling rate. The third sample is a
quenched homopolymeric iPP sample. The sample has been brought to 250° C, kept 30
minutes at that temperature and than quenched from the melt at -195° C between two metal
plates.

For the aging study at 28° C, all the homopolymeric iPP samples were further
annealed in the NMR probe, for times between 10 minutes and 1000 hours after preparation.
For the aging study at different temperatures the iPP samples crystallized from the melt was
annealed in the NMR probe for the temperature range from 70° C to 130° C, for times
between 10 minutes and 150 hours after preparation. The temperature of the NMR

experiments coincides with the annealing temperature. All NMR measurements were repeated
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with an interval of one hour. The samples were not removed from the NMR probe for 150

hours and 1000 hours, respectively.

6.3 NMR data processing.

At 28° C the FID of homopolymer iPP samples was fitted with a linear combination of one

Abragam and one Gaussian function;
A(t) = A(0)" exp[—(t/2T,*)?]. [sin(at)/ at]+ A(0)*" exp[—(t/T,")]. (1)

At temperatures higher then 70° C the FID of homopolymer iPP samples was fitted with a

linear combination of one Abragam, one Gaussian and one exponential function, i.e.,

A(t) — A(O)rigid eXp[—(t/Tzrigid )2]'[Sil’l(at)/at]+ A(O)semi—rigid exp[_(t/-l-zsemi—rigidt)z]

soft soft (2)
+ A0)™ exp[—(t/T,77)]

The parameter a is related to the second and fourth van Vleck moments. The transverse
relaxation times (T,), which are characteristic of different slopes in the magnetization decay
curve, are related to the mobility in each fraction. The relative fractions of the relaxation
components, {A(0)/[A(0)"€ + A(0)**™ 74 + A0)*™M} x 100%, represent the relative amounts
of hydrogen atoms (mass fractions) of iPP phases/fractions with different molecular mobility.
Repeated experiments for the same sample indicated that the relative error of the extracted

relaxation parameters was about 1 %.

6.4 Mechanical results

To determine the influence of aging on the mechanical properties of homopolymer iPP, the
effect of aging on the flexural modulus, impact strength, and shrinkage were investigated.
Figure 6.1 shows the results of tensile modulus (parallel and perpendicular) plotted against the
aging time and obtained from samples aged at 28 °C. The modulus increases with aging time.
Compared to the value reached after one hour, the modulus has increased by approximately

~13.5% after 200 hours.
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Figure 6.1. Flexural modulus as a function of aging time at 23° C for homopolymer iPP sample.
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Figure 6.2. Impact strength in parallel and perpendicular directions at 23° C as a function of aging time for a
homopolymeric iPP sample.
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Figure 6.3. Relative shrinkage in parallel and perpendicular direction versus aging time for homopolymer iPP

sample.
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The decrease in impact strength in both directions (parallel and perpendicular),
measured at 23° C with aging time can be observed in Fig. 6.2. Free shrinkage experiments
were performed to investigate the changes of the organization of the amorphous phase
depending of the aging time. Fig. 6.3 shows the change of the degree of shrinkage in time. In

general, the shrinkage behaviour is non-linear and increases with increasing aging time.

6.5 X-ray results

Figure 6.4 shows the X-ray patterns of crystallized from the melt homopolimeric iPP samples
aged for 10 minutes and 20 hours. Compare the diffraction patterns of the sample aged for 10
minutes and sample aged for 20 hours, no significant differences were observed as a function
of time in the lattice parameters. The d-spacing values are almost constant for the observed
crystallographic planes, which indicate no changes in the crystal packing. The significant
changes of the mechanical properties during aging cannot be attributed to the changes in the

crystallinity, seems not changes in X-ray patters were observed in time.
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Figure 6.4. X-ray patterns of both initial and aged homopolymeric iPP samples

6.6 DSC results

Differential scanning calorimetric measurements have been performed to investigate the
influence of time/temperature treatment on the crystallization and melting behaviour of
homopolymeric PP samples. The applied temperature profiles are described bellow. All
samples were kept for 15 minutes at 250° C, where after they were cooled at 10° C/min to 25°
C. After an isothermal stay for 1 min at 25° C the PP homopolymer was heated at 10° C/min
to 28, 70 and 130° C, and kept for 10, 60, 120, 480 and 1440 minutes at these programmed
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temperatures. This pre-treatment can be compared with the thermal treatment used to measure
the PP samples by solid-state NMR. After this isothermal treatment, the samples were cooled
with 10° C/min to 0° C, where they were kept for 5 minutes to equilibrate and then heated at
10° C/min to 200° C (~ 1* heating curve), kept for 5 minutes at this temperature and cooled at
10° C/min to 0° C (~ cooling curve), after equilibration time of 5 minutes at 0° C the samples
were finally reheated at 10° C/min to 200° C (2" heating curve). The so-called 1% heating
curve provides information concerning the thermal treatment (a certain time at a certain
temperature), whereas both the cooling curve as the 2™ heating curve are being used to verify
whether or not the thermal treatment has influenced the thermal response of the material, i.e.

molecular and/or morphological changes.

Isothermal Measurements. The isothermal measurements have been analyzed. No
crystallization phenomena could be detected. Although crystallization is present, the DSC
does not record a crystallization signal during the isothermal treatment. The crystallization is

that slow, it can not be seen due to the noise of the baseline (signal/noise ratio too small).

Dynamic Measurements. An offset and melting temperature, Ty, can be calculated by the 1%
heating curve. All results are presented in Table 6.1. In order to compare the thermal pre-
treated samples with non-treated PP, offset and apparent offset temperatures are being used
based on the previous article [Hed2007]. The crystallization temperature, T, the enthalpy of
crystallization, AH, and the melting temperature, Ty~ (2™ heating curve), are also presented in
Table 6.1. The enthalpy of the cooling curve is being used to verify the reproducibility of the
enthalpy of all samples. Table 6.1 shows that by calculating the mean crystallization
temperature, T¢ average = 121.0 + 0.3° C, the mean crystallization enthalpy, AHc average = 98 £ 1
J/g and the mean T, (= 164.0 £ 0.6° C ) one may conclude that the thermal treatment does
not change the thermal response of the material after erasing the thermal history. The thermal
treatment is a reversible process, which means that no structural changes took place within the

homopolymeric iPP sample.

70



Chapter 6. Aging in Isotactic Polypropylene

Table 6.1. Changes in offset temperature Tosrer, Crystallization temperature T, the enthalpy of
crystallization AH,, and melting temperature Ty, of homopolymeric iPP samples as a function
of aging time and aging temperature

Dynamic measurements

Thermal treatment 110-130° C
Time (min) Temp (°C) Tomre CC) Tm "H(CC) T.(°C) AH.(J/g) Tu H(CC)
5 0 / 162.9 121.2 100 163.3
10 132 164.1 120.9 98 164.2
60 133.4 164.9 121.3 97 164.7
120 130 133.7 164.8 121.1 97 164
480 134.2 164 120.5 98 163.2
1440 134.9 164.8 120.6 98 163.7
10 74.4 164.2 120.9 98 164.4
60 75.7 163.8 121.4 98 164.4
120 70 78.3 163 120.7 99 164.2
480 77.1 162.9 120.7 99 163.2
1440 80.5 164.2 120.8 97 164.3
10 314 163.9 121.1 98 164.2
60 34 164.7 121.1 97 165
120 35.8 164.2 121.1 98 164.5
480 28 36.9 163.3 121.4 98 163.8
1440 40.2 162.8 121.5 98 164
Average 163.9 121 98 164.0
- STDEV 0.7 0.3 1 0.5

For the samples kept at respectively 28 and 70° C, it is very difficult to determine the Tosrer
due to the small Cp step and the baseline curvature. The offset temperature of the transition
related to the thermal treatment seems to shift to higher temperatures when more time is
applied at this isothermal temperature (Table 6.1). The offset temperature values are plotted as
a function of the log time and the data are linearly fitted (Figure 6.5). The slope of these lines
present the variation of the offset temperature with time, which is the largest for the sample
kept isothermal at the lowest temperature (28° C). The offset temperature differences between
1440 minutes and 10 minutes at a well-defined temperature (130, 70 and 28° C) are presented
in the Table 6.2. The lower the applied isothermal temperature, the larger the difference is of

the offset temperature (slope in Figure 6.5).
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Figure 6.5. Offset temperature values as a function of log aging time for homopolymeric PP samples annealed
different temperatures

Table 6.2. Offset temperature difference between 1440 minutes and 10 minutes for annealed
PP samples at 28, 70, and 130° C.

temperature (° C) A[1440 - 10] (° C)
130 29
70 6.1
28 8.8

These results clearly indicate long term changes when keeping homopolymeric PP samples
for elaborate times at a well defined temperature. The changes are recorded as an increase of
the Cp, which may indicate that the amorphous phase is changing rather than the crystalline
phase. Most likely the amorphous and rigid-amorphous phases are seriously influenced by
time and temperature effects. The question rises to which extent these long term changes

influence the crystalline and/or the amorphous phase.

Figure 6.6. Changes in the morphology of homopolymeric iPP samples due to aging/annealing.
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Figure 6.6 presents a hypothesis how annealing influences the amorphous (L,), rigid-
amorphous (L.,) and crystalline phases (L.). Rigid-amorphous phase increases, L., ,
amorphous phase decreases, L,”, and the crystalline phase increases slightly, L." (3% of
crystallinity increase), with time/temperature treatment. These results are in line with the

observed NMR results.

6.7 Changes induced by aging at 28° C in the phase
composition and chain mobility of homopolymeric iPP

samples

Analyses of FID of injection-molded, crystallized form the melt and quenched
homopolymeric iPP samples, in terms of rigid and soft fractions were performed at a
temperature above T, (0° C) of 28° C. At this temperature we are claiming that the contrast in
chain mobility of the rigid and soft fractions of iPP is enhanced, and the aging process at this
temperature can be followed over time with excellent sensitivity. The high amount of the rigid
fraction detected by NMR at 28° C is due to the contribution of the immobilized soft fraction
to the amount of the crystalline phase. Aging at 28" C for 1000 hours causes ~1-2 wt%

increase in the amount of the rigid fraction at the expense of the soft fraction (Fig. 6.7a).
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Figure 6.7. (a) The amounts of rigid and soft fraction of injection molded, crystallized from the melt and
quenched homopolymeric iPP samples as a function of the aging time at 28° C. (b) The effect of aging at 28° C
on chain mobility, as determined by the T, relaxation time for the different fractions of injection molded,
crystallized from the melt, and quenched samples.

For all homopolymeric iPP samples the recorded amounts of the rigid phase increased
systematically with increasing aging time (Fig. 6.7a). The systematic changes in the phase
composition show that the aging persists for long times with no evidence of reaching an

equilibrium state. The chain mobility of the rigid fractions (T,'") of iPP is affected by aging

at 28° C during 1000 hours, whereas the chain mobility in the soft fraction (T,”") decreases

over time (Fig.6.7b). The decrease in the chain mobility of the soft fraction due to the aging
was also observed by Agarwal [Agal962] and VanderHart [Van2003].

To calculate a relative rates of aging, the amounts of the rigid and soft fractions, and
the chain mobility (1/T,"® ,1/T,°") data were plotted against aging time on a log scale, and a

linear fit was made to the data. The changes in the phase content and chain mobility due to
the aging at 28° C are approximately linear on a logarithmic scale over a time of 1000 hours.
The overall slopes observed in Fig. 6.7a on a log time scale are not much different for the
injection molded (slope = 0.53), melt-crystallized (slope=0.42) and quenched (slope = 1.2)
samples. In the case of chain mobility in soft fractions the difference in the slopes are bigger

(Fig. 6.7b).
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6.8 Changes induced by aging at 70 — 130° C in the phase
composition and chain mobility of homopolymer iPP

samples

At temperatures between 70° C to 130° C the proton NMR free induction decay (FID)
measured for homopolymeric iPP samples crystallized from the melt is decomposed into three
components assigned to three fractions with different chain mobilities, manifested in the
transverse magnetization times, i.e., the rigid (T, ), semi-rigid (T,*™ "), and soft (T,"")
fractions. At this temperature the contrast in the chain mobility of the rigid, semi-rigid and
soft fractions of all homopolymeric iPP samples is enhanced and a quantitative analysis can
be performed. Aging in the temperature range from 70° C to 130° C for 150 hours causes
~1-2 wt% increase in the amount of the rigid fraction at the expense of the soft fraction
(Fig. 6.8a). The amount of the semi-rigid fraction remains almost constant in all the cases
(Fig. 6.8b). For all aging temperatures a decrease in the chain mobility of semi-rigid and soft

fractions is observed. The chain mobility in the rigid fraction slightly decreases (Fig. 6.9).
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Figure 6.8. The amounts of rigid (a), semi-rigid (b), and soft (c) fractions of homopolymeric iPP samples
crystallized from the melt as a function of the aging time for different aging temperatures.
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Figure 6.9. The effect of different aging temperatures on the chain mobility in the (a) rigid (T,"&9), (b) semi-
rigid (T,*™™%) "and (c) soft (T,*") fractions of melt-crystallized homopolymeric iPP samples.

Using the same approach as in the previous paragraph it is possible to calculate the

rates of aging, at different aging temperatures, in terms of the slopes of plots of the amounts
of the rigid and soft fractions versus log annealing time and from the plots of T,/ T ™9
and T,”" versus log annealing time. In a good approximation all the plots yield a linear

relationship at long aging time. The results obtained from those plots are summarized in Table
6.3 and Table 6.4.

Table 6.3. Overall slopes estimated from fitting of the dependences of the rigid and soft
fractions on the logarithm of aging time at different aging temperatures.

aging slope
temperature
rigid fraction  soft fraction
70 °C 0.64 -0.55
110 °C 1.56 -1.24
120 °C 1.64 -1.27
130 °C 2.60 -1.7

Table 6.4. Overall slopes estimated from fitting of the dependences of the 1/T,"¢ and 1/T,*"
on the logarithm of aging time at different aging temperatures.

aging slope
temperature
rigid mobility  soft mobility
70 °C -0.04 -14.01
110 °C -0.01 -14.22
120 °C -0.02 -14.51
130 °C -0.01 -28.63
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6.9 Discussion: physical aging in homopolymeric iPP

samples by NMR and mechanical analysis

[Hed2007] has reported that the morphology of isotactic polypropylene at temperatures well
above the glass transition can be described by a three phases model of rigid, semi-rigid and
soft phases. At temperatures close to 25° C the morphology of iPP can be described by a two-
phase model of rigid and soft fractions. The amounts and chain mobility of each fraction are
important parameters regarding the physical and mechanical properties of iPP. Those
quantities typically change when the sample is exposed to temperatures well above the glass
transition due to aging and annealing [Hik1997, Alal999, Aki1999, Mar2000, 1312000,
Mai2000, Weg2000, Ali2001, Lab2001]. It is known that the aging of iPP samples after the
fabrication causes changes in the structure and properties of the materials. This process has
been employed to improve the final properties of the polymers via healing of defects and
relaxing residual stress and strain. The observed changes in the mechanical properties (Fig.
6.1, 6.2, 6.3) with the aging time indicate that micro-structural reorganization take place
within the material. An increase in elastic modulus has been observed (Fig. 6.1), while the
impact strength decreases (Fig. 6.2) with increasing aging time. The decrease in the impact
strength is associated with an increasing the amount of the rigid fraction during aging.
Property changes occurring upon aging are generally attributed to the relaxation process in the
amorphous phase, leading to a reduction in free volume (Fig. 6.3), which will be recovered at
higher temperatures, implying that aging is a fully thermoreversible process. The mechanical
data imply that aging restricts the motion of the polymer chains, and a good way of probing
such changes is to study isothermally the changes in the NMR signal for a long period of
time.

In order to follow with high sensitivity the changes in the structure at 28° C the
amounts and the chain mobility of the rigid and soft fractions are plotted versus log annealing
time. When the sample is exposed at temperature of 28° C for 1000 hours after preparation the
amount of the rigid fraction gradually increase in time at the expense of the soft fraction (Fig.
6.7ab). In contrast to the characteristic values describing the mechanical behaviour, the
increase in the amount of the rigid fraction is not very pronounced and is not sufficient to
attribute the significant enhancement of mechanical properties during aging just to the
secondary crystallization. The chain mobility of the rigid fraction remains almost constant and

the chain mobility of the soft fraction decreases with time.
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Based on information from Fig. 6.7b, it is plausible to conclude that the aging at 28° C
influences mainly the soft fraction of all homopolymer iPP samples, and the soft fraction
becomes more restricted possibly due to molecular ordering. Our observations are in line with
Struik’s model [Str1987]. The information provided by Fig. 6.7(a) and (b), with the available
level of resolution, indicates that the aging rate is higher in the case of injection moulded and
quenched homopolymeric iPP compared to the material crystallized from the melt. From these
results we can conclude that important factors determining aging are the morphology of the
sample, and a relationship between the physical aging kinetics and the relative amount of the
soft fraction. At 28 °C we cannot conclude about the changes in the semi-rigid fraction due to
aging, because at this temperature the NMR signal can be decomposed into only two
components.

In order to study the changes in the semi-rigid fraction due to aging, the temperature
of the aging and NMR experiment was set within 70° C to 130° C. Increasing the aging
temperature from 28° C to 70 - 130° C allows molecular motions to occur, which may lead to
structural rearrangements and the observation of the phenomenon of physical aging.
According to the results shown in Figure 6.5, Figure 6.8 and Figure 6.9, it is plausible to
conclude that in homopolymeric iPP samples crystallized from the melt physical aging
influences both the semi-rigid and soft fractions. These changes can be due to the small
crystals formed by secondary-crystallization, which hinder the mobility of the soft fraction.
The NMR data are consistent with the possibility of the formation of the small crystals, but do
not prove this type of structure. Based on the chain mobility considerations, the formation of
the new crystals, due to the secondary crystallization, takes place mainly in the semi-rigid and
soft fractions, where the chain mobility decreases with increasing the aging time. No evidence
of formation of thinner lamellae growing between the primary one due to aging is pointed out
by X-ray data (Figure 6.4) Based on the results summarized in Table 6.3 and Table 6.4 the
aging rates increase with increasing aging temperature.

The combination of results from NMR, DSC, X-ray and mechanical properties as a
function of the age of the polymer on the basis of the current understanding of the dependence
of those parameters on the polymer structure suggest an explicit interpretation of the changes
in the structure, which accounts for the variation of the properties during aging. The structural
changes are considered to be associated with a molecular rearrangement generally similar to
secondary crystallization accompanied by a decrease in segmental chain mobility of the
amorphous chains involved in the diffusion process. A decrease in the segmental chain

mobility, by increasing the structural packing density in the amorphous or intercrystalline
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regions due to the aging, results in an increase in the elastic modulus (see Fig. 6.1.). Tobolsky
[Tob1965] states that for polypropylene and another semi-crystalline polymers, the crystalline
regions act in part like crosslinks, thereby tending to increase the modulus by increasing the
resiliency contributions of the amorphous or semi-rigid regions. The effect of the formations
of small crystals due to secondary crystallization may therefore be viewed as effectively

increasing the modulus.

6.10 Conclusions

In this chapter, we have investigated the influence of morphology, aging time, and aging
temperature on the physical aging behaviour of homopolymeric iPP samples. We
characterized the morphology in terms of the two- and three-phase model comprising rigid
and soft phases, and rigid, semi-rigid and soft phases, respectively. Injection molded,
crystallized from the melt, and quenched homopolymeric iPP samples provided us with
specimens of widely differing morphologies. Crystallization from the melt resulted in a
relatively lower amount of the soft fraction. This is consistent with a lower degree of
constraints imposed by the crystallites on the mobility of the noncrystalline chain segments
when crystallization occurs under conditions of high segmental mobility.

The extent and kinetics of physical aging in these samples were characterized
following the changing in the phase content and chain mobility with time. These changes in
the amounts of the rigid, semi-rigid, and soft fractions, and chain mobility in each fraction
(/TS ,1/T,2™"9 and 1/T,°") displayed a linear dependence on log(aging time). The
changes in the phase content and chain mobility with time indicated that the extent of physical
aging in semi-crystalline homopolymer iPP samples is significant and easily quantifiable. As
a result, physical aging must be considered as an important factor when semi-crystalline 1PP
samples are designed for use in applications that involve prolonged exposure to above-
ambient temperatures.

We have observed that the chain relaxation rate in semi-crystalline homopolymeric
1PP is sensitive to the relative amounts of the semi-rigid and soft factions. Specifically, for a
given aging history, the chain relaxation rate was observed to increase in the samples with a
more stable thermodynamic morphology. This observation raises the possibility that the aging
takes place primarily in regions of highest mobility that are more distant from the fold surface
of the primary -crystallites. The observation reported here also suggests that the

conformational entropic state of the semi-rigid and soft fractions is more relevant to physical

80



Chapter 6. Aging in Isotactic Polypropylene

aging in semi-crystalline polymers than the proximity of the aging temperature to their

respective glass transition temperatures.
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Chapter 7

Uniaxially Deformed Isotactic Polypropylene

7.1 Introduction and motivation

The mechanical properties of semi-crystalline polymers are strongly affected by changes in
the degree of crystallinity due to variations in the molecular structure, different processing
conditions and loading conditions [Popl1987, Hall972, Boyl1979, Boyl1983, Str1980,
Man1964, Man1985, Negl1992, Worl996, Boy1984, Boy1985]. Loading conditions include
the drawing temperature, draw ratio, and the strain rate [Bel1993, Gos1996, Sil1998]. The
deformation process of semi-crystalline polymers has been extensively investigated for many
years using a variety of methods [Fis1962, Pet1967, Hay1965, Pet1967, Pet1969, Fis1969,
Ste1969]. When semi-crystalline polymers are highly drawn, the shear forces destroy the
spherulites. This is followed by the reorganization of the spherulitic morphology to another
type of morphology depending on the material drawn and the drawing conditions. Several
modes of deformation above glass transition temperature have been identified in semi-
crystalline polymers. According to Flory and Yoon [Flo1978], the plastic deformation occurs
by partial melting and re-crystallization of the crystalline phase. However, according to
Peterlin [Pet1973] the plastic deformation during the application of stress occurs in three
stages. In the first stage, the plastic deformation of the original spherulitic structure occurs.
The deformation occurs by strain of the interlamellar soft regions with a combination of
interlamellar separation, lamellae stack rotation, interlamellar shear deformation and
cavitation [Li11999, Lin1974, Zha2000]. In the second stage, the discontinuous transformation
of the spherulitic structure to a fibrillar morphology takes place. During this stage, the
lamellae in micronecks are fragmented and the broken crystal blocks are incorporated into
newly formed microfibrils. In uniaxial drawing, the blocks are not only oriented into the
drawing direction, but also in the direction perpendicular to it [Bral986]. The chains
connecting the broken crystal blocks in the lamellae serve as intramicrofibrillar tie molecules.
In the third stage, the plastic deformation of the fibrilar structure occurs. The drawing of the
microfibrillar structure [Pet1973] is completely different from the initial plastic deformation
that transforms the lamellae into the microfibrillar morphology. The thickness of the fibrils

changes almost proportionally to the draw ratio, as a consequence of the much smaller shear
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displacement of the constituting microfibrils, caused by the shear stress on the fibrils [Pet
1987].

Crystallinity, molecular mobility, lamellar thickness and structural orientation in both
soft and crystalline phases are important parameters regarding the physical and mechanical
properties of stretched and non-stretched iPP. There are several methods for the structural
characterization of the soft and crystalline phases of the polymers. One of the methods - solid-
state NMR - is capable of characterizing the crystallinity, the molecular mobility, domain
thickness and specifically the orientation distribution function of semi-crystalline polymers
[Sch1994, Sch1991, Gun1992, Kiv1986, Bud2003, Ba1998, Che2005, Gol1961, Dem1996].
Another method is IR spectroscopy, widely used to determine the degree of crystallinity of
1PP [Heil959, Sam1981, Kis1983]. Knowledge of strain-induced order in the crystalline and
soft phases of stretched iPP under various conditions is valuable information for
understanding the structure reorganization mechanisms, and their relation to the mechanical
properties of iPP.

Wide-angle X-ray diffraction (WAXD) provides information about the crystal lattice
order, strain-induced changes in orientation of crystalline domains, and highly oriented
crystalline structures in the fibrilar morphology generated in the neck part of uniaxially
stretched polymers [Men2003]. Very little information about strain-induced changes in the
soft component can be obtained from WAXD. Small angle X-ray scattering (SAXS) provides
information about lamellae packing, orientation, and long period [Zhu2004, Wen1993,
Zhu2005, Mez1994, Aur2001].

The spectroscopic evidence from infrared (IR) and NMR for structural reorganization
during deformation is rather indirect as far as morphology is concerned. Transmission
electron microscopy (TEM) yields direct access to the details of the lamellar morphology
[Yam1998, Zho2005]. It is thought that IR and NMR are complementary techniques
providing morphological evidence on nanometer scale phenomena for stretched iPP, the phase
composition, molecular mobility and the orientation. In a recent investigation on iPP by
NMR, SAXS, WAXD, DSC and TEM [Hed2007] the phase composition, chain mobility, and
domain thicknesses were correlated.

The focus of this chapter is to study the change in the phase composition/crystallinity,
molecular mobility, and lamellae thicknesses in iPP upon uniaxial drawing at different
drawing temperatures and rates. Two complementary methods, 'H solid-state NMR and IR,
are used. The study largely focuses on strain-induced changes in the soft phase that have not

been analyzed previously in detail.
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7.2 Materials

The isotactic polypropylene (iPP-PP575P) homopolymer samples that were used for the
present study were manufactured by SABIC Europe BV. The material is characterized by a
melt flow index of 10g/10 min. It was injected moulded into plates of 12 cm x12 cm and 4
mm thickness using an Engel 45A machine. The melt temperature was set to 235° C, the
holding pressure, the holding time, the cooling time and the overall cycle time were 40 MPa,
20s, 20 s and 49.5 s, respectively.

Dog - bone shaped tensile bars with a length of 70 mm, thickness of 4 mm and gauge
dimensions of 20 mm length were cut from the injection moulded iPP plates. The samples
were uniaxially stretched at different temperatures (25° C, 80° C, and 110° C) and different
rates (1, 10, 50, 100 mm/min) to draw ratios in the range of A = 7 — 16 using a Zwick Z050
tensile machine. Based on the literature information [Pet1971] we assume that in this
deformation range the spherulitic structure is transformed into fibrillar structure. Since no
homogeneous neck formation was observed at A = 1 — 6, samples in this range of strain were
not studied. All the NMR and IR experiments in this study were performed on the neck part of
stretched samples after 2 hours of strain recovery. New tensile bars were used for each NMR

experiment as a function of temperature, strain and deformation rate.

7.3 Stress-strain characteristics

Figure 7.1a shows the stress-strain curves for iPP samples that were uniaxially stretched at a
deformation rate of 10 mm/min in a temperature range between 25° C and 110° C. It can be
observed that the deformation behavior of iPP is strongly affected by the temperature. For a
drawing temperature range between 25° C and 110° C typical ductile deformation behavior
with a yield point, neck formation, and propagation, and strain hardening is found. In the low
temperature region a pronounced yield point occurs, which is related to necking and the
inhomogeneous deformation of the iPP samples. At a microscopic scale this corresponds to
the beginning of the transformation of the initial spherulitic morphology into fibrillar
morphology. The higher values of the yield stress at low drawing temperatures can be
explained with increasingly important contributions from the soft phase to strain-induced
changes in the crystalline phase due to the low chain mobility in the soft phase. With
increasing drawing temperature, the yield stress and strain hardening decrease. The strain-

hardening region also becomes less well defined and the yield point becomes diffuse. At high
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drawing temperatures, the increase in the chain mobility of iPP chains in the soft and
crystalline regions (see below 7.5) results in a lower stress required for strain-induced
morphological changes. Strain hardening is related to an increase in stress when the neck
propagation over the whole length of the gauge part of the sample is achieved. The onset

strain hardening seems to be slightly shifted to higher draw ratio with increasing temperature.
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Figure 7.1. Stress-strain curve recorded (a) at 25° C, 80° C and 110° C at a constant drawing rate of 10 mm/min,
and (b) with different drawing rates of 1, 10, 50, and 100 mm/min at 80° C. The hashed area corresponds to the
draw ratio A where the NMR experiments were performed for recovered after strain sample.

Figure 7.1b shows the stress-strain curves of iPP samples stretched at 80°C with
different drawing rates of 1, 10, 50, and 100 mm/min. Both, the yield stress and the strain
hardening increase with increasing strain rate at 80° C (see Figure 7.1b). These changes
indicate that chain mobility plays an important role in the molecular rearrangements that are
required for strain-induced morphological changes. Therefore, the strain increases with the

deformation rate.

7.4 Crystallinity by IR

Infrared analyses were carried out on the samples draw to A=7, 10 and 12.5 at 80° C and 10
mm/min. Dichroic and non-polarised spectra of one of the samples (A=10) are provided in
Figure 7.2. It is clear that orientation of the sample has a distinct effect on the acquired
spectra, indicating that the sample is non isotropic. The peak heights of the relevant peaks
were extracted from these spectra based on the definitions mentioned in the experimental

section [Kis1983] and used to calculate the crystallinity (cf. Table 7.1). Due to the
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experimental errors we cannot draw a conclusion about the dependence of the crystallinity on
the draw ratio. However it is clear that the value of rigid fraction from NMR is in the same

order of magnitude as the crystallinity measured by IR.

Table 7.1. Crystallinity of uniaxially stretched iPP determined by IR spectroscopy using the
Kissin [Kis1983] method. The samples were uniaxially drawn at 80° C with 10 mm/min.

Sample Crystallinity”
A=17 67
A=10 66

A=12.5 69

2) The errors are of the order of 10%

not polarised
i e parallel polarisation
I == perpendicular polarisation

2.8

Amplitude signal [arb. units]

4000 3200 2400 1800 1400 1000 600

wave number [cm™']

Figure 7.2. IR spectra of the iPP drawn to A=10 at 80°C acquired with and Polarized and non-polarised lighter.
The drawing rate was 10 mm/min.

7.5 Phase content and chain mobility by NMR at 70° C

The temperature dependence of the amount of the rigid, semi-rigid and soft fractions for iPP
samples both non-stretched and uniaxially stretched at 80° C, and at three different drawing
ratios (A=1, 7, and 12.5) at a drawing rate of 10 mm/min are shown in Figure 7.3a. For the
non-stretched iPP sample (A=1) the content of the rigid fraction first decreases upon heating

to 60° C, then it is almost constant in the temperature range from 60° C to 110° C, and finally
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decreases from 120° C onward due to the partial melting. In the temperature range from 40° C
to 60° C, a significant fraction of the soft phase is immobilized and contributes to the amount
of the detected rigid fraction (see Figure 7.3a). In this temperature range, the amount of the
rigid fraction is composed of the crystalline phase and immobilized fraction of the soft phase.
The amount of the soft fraction increases upon increasing the temperature. This increase is
accompanied by an increase in molecular mobility of the less constrained chain fragments in

the soft phase as it follows from T,*"

. In the temperature range from approximately 60° C to
100° C the amount of the rigid fraction is close to the crystallinity determined by SAXS and
DSC [Hed2007]. Above 110° C, the amount of the rigid fraction of iPP decreases due to the
partial melting of thin lamellae. The iPP samples, having recovered after strain show similar

temperature dependence of the amount of each fraction as non-deformed iPP samples.
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Figure 7.3. (a) Temperature dependence of the amounts of rigid, semi-rigid, and soft fractions of non-stretched
iPP (A=1) and uniaxially stretched iPP (A=7 and 12.5). The samples was stretched at 80° C with a draw rate of
10 mm/min. (b) Temperature dependence of the 'H T, relaxation times (T,"9, T,*™ ¢ and T,*") for both non-
stretched and uniaxially stretched iPP samples. The NMR experiments were performed at 70° C.
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Thus, above 40° C, three different fractions (Figure 7.3a) with different mobilities
(Figure 7.3b) are detected. The characteristic decay time T is related to the chain mobility in
rigid

different fractions. The relaxation time (T, =) of the rigid fraction increases slightly with

temperature in all the samples. The small increases in T,"#¢ with increasing temperature could
be related to a. relaxation process [Sch1991]. The intermediate T,*™™€¢ relaxation time
increases with increasing temperature, but its value essentially does not exceed T, ¢ for the
same sample at a given temperature. This indicates that the segmental motion responsible for

T8 §s largely restricted. A significant difference in temperature dependence for the

°ft of the soft fraction

sample with different draw ratios is observed for the relaxation time T,
(Figure 7.3b). With increasing draw ratio the constraints on the segmental mobility in both
soft and semi-rigid component increases. This leads to a decrease of T,*™ "¢ and T, is

especially in the strain-hardening region (A ~ 7) of the samples.

7.6 Effect of drawing ratio on the phase composition and

chain mobility

In order to study the structural changes caused by drawing, the amounts of rigid, semi-rigid,
and soft fractions that was measured at 70° C is plotted as a function of the draw ratio for iPP
samples which were uniaxially stretched at 80° C, with a drawing rate of 10 mm/min (Figure
7.4a). Drawing to A = 7 cause a small increase in the amount of the rigid fraction, which
indicates the presence of highly strained tie molecules. With the draw ratio increasing to 10 —
16, a further increase in the amount of the rigid fraction is observed. This increase can be
attributed to strain-induced crystallization due to high straining of chains in the soft
component and/or large immobilization of chains in the soft phase due to their elongation. In
the deformation range from A=7 to A=12.5 the amount of the rigid fraction is in good
correspondence with the degree of crystallinity obtained by IR (see Figure 7.4a). Thus, the

increase in the amount of the rigid fraction is mainly due to strain — induced crystallization.

89



Chapter 7. Uniaxially Deformed Isotactic Polypropylene

a) b)
50 e 250 . . —
E '-'---.- ___.___Tzngld
O----- :I"D 200+ e T semi-rigid |
< 60 s '?igid . ?
o\o ......... — soft
= . semi-rigid 2 150t T, -
§ a0l soft | -
§ ® .. .__D_‘_:ZSta“'nlty“R 100L i
i T
20} o] 50l @ ]
0000 @ ... °
1 1 ! 0 el L u L .---. -'-. !
% 4 8 12 16 0 4 8 12 16
draw ratio draw ratio

Figure 7.4. (a) Dependence of the amounts of rigid, semi-rigid, and soft fractions at 70° C on the draw ratio of
iPP uniaxially stretched at 80° C (A=7+16). The drawing rate was 10 mm/min. The amount of the rigid fraction
(m) determined by NMR at 70° C is compared with the degree of crystallinity (0) determined by IR. (b) Draw
ratio dependence of the 'H T, relaxation times for both non-stretched and stretched iPP samples. The T, values
are assigned to the rigid, semi-rigid, and soft fractions of iPP as shown in the figure.

In order to reveal the effect of drawing on the mobility of the rigid, semi-rigid and soft
fractions, T, €9, T,5™ed and T,5°% are shown as a function of draw ratio in Figure 7.4b. At A
=7, both T,*™™¢¢ and T," are significantly shorter than for non-stretched iPP, indicating
that the molecular mobility of the semi-rigid and soft fractions largely decreases upon

fi :
% continuously

drawing. At A >7, T,°™"¢ j5 essentially unaffected by strain, while T,
decreases up to the highest draw ratio (A=16). The semi-rigid fraction is not affected any more
by deformation and the structural changes of the soft phase continue. All these results
regarding mobility considerations have important implications for the understanding of the
deformation mechanism, and the characteristic changes of the tensile modulus with the draw

ratio, in terms of the corresponding changes in the morphology.

7.7 Effect of drawing rate on the phase composition and

chain mobility

The effect of the drawing rate on the phase composition and molecular mobility is
investigated for iPP samples uniaxially stretched at 80° C to a draw ratio A = 10 with drawing
rate dA/dt of 1, 10, 50 and 100 mm/min. The NMR experiments were performed at 70° C.
The amounts of the rigid, semi-rigid, and soft fractions and the chain mobility in each fraction

of uniaxially stretched iPP are hardly affected by the drawing rate within the limit of the
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experimental errors (Figure 7.5 a and b). These results show that the changes in the
morphology and chain rearrangements upon uniaxially drawing of iPP are fast compared to
the total time scale of explored deformation. Another explanation can be the relaxation

process which occurs when removing the sample from the tensile machine.
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Figure 7.5. (a) Dependence of the amounts of rigid, semi-rigid, soft fractions on the drawing rate of iPP
uniaxially stretched at 80° C and A = 10. (b) Proton T, relaxation times for uniaxially stretched iPP samples as a
function of drawing rate. The NMR experiments were performed at 70° C. The lines are guides for the eyes.

7.8 Effect of drawing temperature on the phase

composition and chain mobility

Isotactic polypropylene samples uniaxially stretched with a drawing rate dA/dt of 10
mm/min, show differences in the phase composition and chain mobility depending on the
drawing temperature. All the NMR experiments were performed at 70° C. In Figure 7.6ab, the
T, relaxation times, and the amounts of the rigid, semi-rigid and soft fractions are shown as
functions of both drawing temperature and drawing ratio. The amount of the rigid fraction
increases with increasing drawing temperature for all draw ratios at the expense of both the
semi-rigid and the soft fractions. The chain mobility in all fractions is lower at higher
deformation temperatures.

The observed changes suggest that the o-relaxation influences morphological
transformations via shearing and fragmentation of the lamellae upon deformation. The
relative difference in imperfections of the crystalline structures can be identified by
rigid | rigid

comparing the relaxation time T value is longer at lower deformation temperatures
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at the same draw ratio A. This indicates larger imperfections of the crystalline phase of iPP

stretched at 25° C, as compared to the undeformed sample (Figure 7.6b).
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Figure 7.6. (a) Dependence of the amounts of rigid, semi-rigid, and soft fractions on drawing temperature and
draw ratios for iPP uniaxially drawn at 25° C, 80° C, and 110° C. A drawing rate of 10 mm/min was used. The
NMR measurements were performed at 70° C. (b) Dependence of the 'H T, relaxation times on the drawing
temperature and the draw ratio for iPP uniaxially stretched at different temperatures. The lines are guides for the
eyes.

A small increase in the amount of the rigid fraction is observed at strain hardening
deformations (A>7) that can be due to a large extension of the tie chains. These results suggest
that at higher deformation temperatures, higher strain-induced chain orientation and better
ordered crystalline structures are formed upon deformation. This is because higher chain
mobility facilitates the morphological transformations, and possibly partial melting and strain-
induced crystallization occur at higher temperatures. The NMR measurements reveal that the

drawing temperature has an important influence on the phase composition and molecular

mobility of drawn iPP.
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7.9 The effect of draw ratio and drawing temperature on

the domain sizes of iPP

The long period L, and the thickness of the rigid (d;) and semi — rigid + soft (dss) domains
were studied as a function of both draw ratio and drawing temperature. The values of L;, d.,
and dys were determined from the analysis of the spin-diffusion data (measured at 70° C)
(Figure 7.7) with the 1D (non-stretched iPP) and 2D (stretched iPP) spin-diffusion models
[Hed2007].
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Figure 7.7. Proton spin-diffusion decay and build-up curves for the rigid and semi-rigid fractions of iPP
uniaxially stretched to A = 7, 10 and 12.5. The drawing temperature and drawing rate were 80° C and 10
mm/min, respectively. The NMR experiments were performed at 70° C. The DQ filter selects the magnetization
of the rigid fractions of stretched iPP, as described in ref [Hed2007]. All experiments were performed at low
field. The FID was fitted with the sum of one Abragam function and one exponential function. The solid lines
represent the best fit to the 2D solutions of the spin-diffusion data for the two-phase morphology.

The different models are required because above yield strain, the spherulitic
morphology is transformed into a fibrillar morphology typical for polymeric fibres. The
chosen dimensionality of the spin diffusion process is established based on the morphology
for non-stretched and stretched polyolefin’s [Sch1991, Hu2000, Fis1962]. This is also
confirmed by the analysis that was outlined in the Chapter 5 describing the morphology of
non-stretched iPP [Hed2007], which shows that the dimensionality of the spin-diffusion
process is 1D and 2D for initial sample and the uniaxially drawn iPP, respectively. The
thickness of the rigid and combined semi-rigid plus soft domains are determined for
uniaxially stretched iPP because the small amount of the soft fraction ~2-5 wt.-% (Figure

7.4a) does not allow accurate determination of the thickness of this fraction.
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The long period and the domain thicknesses obtained by the analysis of the spin-diffusion
data which are shown in Figure 7.7 are given in Figure 7.8. This figure shows the changes of
Ly, d., and dgr upon uniaxial drawing to different draw ratios and at different drawing
temperatures. At a drawing temperature of 25° C, that is below the a-relaxation temperature,
the long period and the thickness of the rigid domains slightly decrease at the expense of the
thickness of the semi-rigid plus soft domains (Figure 7.8). These dependences of the rigid
domain thickness d; and long period L, on the deformation temperature can be explained by
brakeage and disordering of crystals. During the uniaxial deformation of iPP at 25° C the
probability of the broken crystals to recrystallize and form thicker crystals is small. Strain-
induced immobilization of the soft phase hinders the displacements of chains in the soft and
crystalline phases that are required for lamellae thickening. No significant strain-induced
crystallization and/or annealing occur during deformation at 25° C. At higher deformation
temperature faster chain mobility (Figure 7.3) can provide the required energy to facilitate the
reorganization of chains to cause an increase in the amount of the rigid fraction (Figure 7.6).
For higher drawing temperatures (80° C and 110° C), an increase in the long period and
thickness of lamellae is observed upon increasing the draw ratio and drawing temperature

(Figure 7.8).

2 1 1 1 1
0 4 8 12 16 ¢ L

draw ratio

Figure 7.8. Dependence of long period L,, the thickness d, of the rigid and semi-rigid + soft (dy) domains on
the drawing temperature and the draw ratio for iPP stretched to A = 7, 10-16 at 25° C, 80° C, and 110° C with 10
mm/min.

The thickness dgs of the semi-rigid plus soft layer slightly decreases with increasing
the draw ratio and drawing temperature suggesting that the crystal thickening is caused by the
chain reorganization in the soft phase adjacent to the crystal surface and the annealing
process. Thus, deformation at temperatures above 60° C causes an increase in crystal

thickness and long period, while deformation at lower temperatures causes a slight decrease in
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crystal thickness and possibly long period. The main difference between deformation at high

and low temperature is attributed to the rate of molecular motion with respect to the rate of

molecular displacement with increasing strain.

7.10 Correlation between the amount of the rigid fraction

and the thickness of the rigid domains

Figure 7.9 shows the correlations between the amount of the rigid fraction and the domain
thickness d; of the rigid phase for all iPP samples uniaxially stretched at different

temperatures. For the limited drawing temperature range 80° C - 110° C, the dependence of

the amount of the rigid fraction on d, is apparent described by a linear function.
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Figure 7.9. Correlation of the thickness of the rigid domains with the amount of the rigid fraction/crystallinity
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for iPP uniaxially drawn at 25° C (a), 80° C (b) and 110° C (¢) with 10 mm/min.
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The behavior of the long period presented in Figure 7.10 (see below) is in qualitative
agreement with that reported in Ref. [Ball969]. As proven by SAXS [Bal 1969] for
polypropylene, drawing at a temperature higher than 60° C yields an increase of long period
whereas deformation below these temperatures causes a decrease of the long period. This is
evident from Figure 7.9b and c and Figure 7.9a, respectively. Nevertheless, in our case the
correlation is established between the thickness d, of the rigid fraction and the content of the
rigid fraction measured by 'H spin diffusion at different drawing temperatures and draw
ratios.

We shall consider in the following a semiquantitative model to establish the
correlation between the thickness d; of the rigid fraction and the content C; of the rigid
fraction in the high drawing temperature regime (Figure 7.9b and c). The changes produced
by deformation in polymer morphology are enhanced at higher drawing temperatures. This is
due to large mobility of polymer chains at the interface and in the soft fraction. Hence, the
thickness of the rigid fraction and its content will increase at higher drawing temperatures. At
such conditions the original morphological structure is completely destroyed and every single
lamella is broken up into small folded chain blocks. The blocks are then incorporated into
long microfibriles. We assume that the spin diffusion process in these microfibriles can be
described by a 2D morphology as proposed for polyethylene in Ref. [Hu 2000]. In the

approximation of a square section of microfibriles of size d, and length h, the volume is

V microfibril

rigid ~d’h, . The total volume of the rigid fraction at the end of the drawing process is

Vigg =N vV et & N d’h, . Therefore the rigid fraction content is C, ocV

rigid microfiblils ¥ rigid microfiblils ¥ r rigid »

and finally C, oc d; or d, o (Cr )”2. These simple arguments explain semiquantitatively the

correlation between d, and C, (Figure 7.9b and c). Apparently a linear dependence is shown

by the data that we believe is due to the limited range of C; explored in the experiments.
Finally, we shall point out that NMR measurements that establish the thickness of the rigid

domain and the phase composition are independent.

7.11 Correlation between the long period and the drawing

temperatures

The long periods (L,) were measured for different iPP samples drawn at different draw ratio
A=7-+16 in the temperature (T4) range from 25° C to 110° C using the 'H spin-diffusion

method. Our particular interest is the influence of the drawing temperature on the long period
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(Fig. 7.10). The long period first increases rather slowly with temperature and finally
increases rapidly near the melting point. Such investigation was reported before on

polyethylene [Bal1969, Pet1965, Cor1967 55].
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=
= 15} -
S ]
o 14} .
g) 4
o 13+ .

12+ & .

20 40 60 80 100 120
drawing temperature [°C]
Figure 7.10. The long period of iPP samples uniaxially drawn with 10 mm/min and measured by 'H spin-

diffusion NMR as a function of the drawing temperatures for different values of draw ratios. The solid lines
represent the fit of the data with Eq. (7.1). The fit parameters A and B are reported in Table 7.2.

The long period of drawn iPP as a function of the drawing temperature is shown in
Figure 7.10. This dependence can be represented approximately [Bal1969, Pet1965, Cor1967]
by the equation:

L =A+— (7.1)

where T is very close to the melting temperature (T,,=160° C) and T, is the temperature of

drawing. The continuous lines in Figure 7.10 represents the fit of the data with Equation. 7.1.

The constants A and B are given in Table 7.2 for different draw ratios.

Table 7.2. The values of the constant A and B from Equation (7.2) obtained from a fit of the
data shown in Figure 7.10.

Draw ratio A [nm] B [nm T]
7 9.7+0.8 355.1+£69.9
10 9.5+0.9 383.7+77.6
12.5 9.3+0.9 413.2 +74.5

They are in the same range of values as those reported for polyethylene [Pet 1965, Cor1967].
The long periods were measured in this case by SAXS. These results prove indirectly that the

spin-diffusion measurements give a valid trend for the long periods.
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One can conclude that the blocks of chains broken in the initial iPP morphology are
subjected to such a high concentration of deformational energy that they melt and reorganize
according to the temperature of drawing like in polyethylene [Cor1967]. The resultant long
period is more characteristic of the drawing temperature than the initial state of the iPP
sample. The change of the long period is abrupt, indicating a discontinuous step in the

transformation form the original microspherulitic into the fibrillar structure [Bal1969].

7.12 Correlation between the 'H transverse relaxation rate

and the domain thickness of the rigid domains

Morphology of semi-crystalline polymers and domain thickness characterize the material on a
scale ranging from nanometers to hundreds of nanometers and micrometers. The analysis of
the chain dynamics, revealed inter alia by the 'H transverse magnetization rate, is a useful
tool to improve the understanding of the microscopic properties of heterogeneous polymers.
The value of the 'H effective transverse magnetization relaxation rate (l/Tzrigid) for the
rigid domains is related to the type and frequency of chain motions, and to intrachain and
interchain interactions in those domains. Faster transverse relaxation rates correspond to an
increase in the dipolar coupling due to the denser chain packing and/or better crystal
organization that could affect chain mobility in the rigid domains. The correlation between
l/Tzrigid and domain thickness d; for different draw ratios and drawing temperatures is shown
in Figure 7.11. For iPP samples uniaxially stretched at 25° C, the increase in 1/T,"¢ and
decrease in d; with increasing draw ratio are due to the immobilization of the polymer chains
and the fragmentation of the crystalline blocks. At this drawing temperature, the chain
mobility is lower and the reorganization of the morphology from spherulitic to fibrillar is
restricted. The increase in the values of 1/T,"€“ and d,, for iPP samples uniaxially stretched at
80° C and 110° C, are due to a decrease in chain mobility. Moreover, at this deformation
temperature the chain mobility is larger than at deformation temperature of 25° C, which
facilitates the reorganization of the morphology. The perfection of the crystals can occur
during the strain-induced recrystallization process and/or immobilization of the soft phase,
which both occur at higher deformation temperatures.
We note that all NMR measurements were done at 70° C on stretched iPP samples recovered
after strain. Therefore, the dependences shown in Figure 7.11 reflect changes in the thickness

and chain reorganization of crystals due to irreversible iPP deformation at different

temperatures.
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Figure 7.11. Correlation of the thickness of the rigid domains with the 'H transverse magnetization relaxation
rate of the rigid domains (1/T,") for iPP that was uniaxially drawn at 25° C (a), 80° C (b) and 110° C (c) with
10 mm/min.

Elastic recovery in the soft phase can cause some changes in the phase composition,
domain sizes and molecular mobility after removing the applied stress. However, these
changes would not affect the conclusions about the effects of the draw ratio, drawing rate, and

temperature on the structural reorganization during drawing of iPP.

7.13 Conclusion

In this present chapter, we have investigated by 'H solid-state NMR the changes in the phase
composition (namely the amounts of rigid fraction/crystallinity, semi-rigid, and soft
amorphous fractions), chain mobility, and domain thickness for uniaxially drawn iPP at

different draw ratios, drawing rates, and drawing temperatures. The values of the rigid
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fraction/degree of crystallinity obtained by NMR and IR coincide within a few percent. The
small difference can be explained by the analysis of NMR and IR data using three- and two-
phase model, respectively. An increase in the drawing rate from 1 mm/min to 100 mm/min
does not affect the phase composition and chain mobility for iPP stretched at 80° C. The
drawing temperature was shown to have a significant effect on the phase composition, chain
mobility, long period, and lamellar thickness. The results show that the amount of the rigid
fraction/crystallinity increases as the draw ratio and drawing temperature increase for the
entire range of draw ratios (A = 1, 7 - 16). For example, the amount of the rigid fraction in
non-drawn iPP is 55 wt.-% at 70° C. Its value at the same temperature increases up to 65 wt.-
% for iPP stretched to A=12.5. Higher draw ratio and drawing temperatures above 80 °C
resulted in an increase of the thickness of the lamellae from 11 nm to 16.5 nm that can be
explained by partial melting and recrystallization as well as immobilization of the soft phase.
We can conclude that the phase composition, chain mobility and the thickness of domains
largely depend on the deformation conditions, namely the draw ratio and the drawing
temperature.

Correlations between the following molecular parameters were established: (1) the
amount of the rigid domains and their thickness; (2) the chain mobility in the rigid domains
and the thickness of these domains. A semiquantitative model was developed to describe the
correlation between the amount of the rigid fraction and the thickness of the crystalline
domain in the range of high drawing temperatures. Moreover, the correlation between the
long period and the drawing temperature was analysed based on a phenomenological law
applied before on polyethylene [Cor1967]. These relationships differ for iPP uniaxially drawn
at 25° C and at higher deformation temperatures > 80° C. The results reveal the important role
of chain mobility during strain-induced transformation of the spherulitic morphology to a
fibrillar one. At 25° C, the rate of molecular motion is not high enough to follow molecular
displacements that are caused by macroscopic strain. This is conformed by the fact that the
stress-strain dependence at 25° C largely depends on the deformation rate. High local forces
that cause crystal slip damage crystalline structures as can be concluded from a small decrease
in the lamellae thickness. At the same time the amount of the rigid fraction increases due to
the immobilization of highly strained chain fragments in the soft phase. Deformation at
temperatures of 80° C and higher, is not accompanied by high local forces due to more
intensive chain motion. Moreover, a heat release during drawing causes partial melting
followed by recrystallization. This results in thicker crystals and larger long periods. As far as

the chain mobility is concerned, it decreases with increasing draw ratio both in the rigid and
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soft phases. The decrease is more pronounced at higher deformation temperatures, which
points out a more perfect structure reorganization due to partial melting followed by

recrystallization at higher deformation temperatures.
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Chapter 8

Impact Modified Copolymer Polypropylene

8.1 Introduction and motivation

Polypropylene (PP) is one of the most important commercial polymers available because of
its extremely broad spectrum of applications. Homopolymeric PP however is too brittle for
applications such as automotive components that require a polymer with high or medium
impact resistance. The most widely used method to improve the impact properties of PP is
through copolymerization with another a-olefin in a multi-stage reactor system or blending
with ethylene propylene rubber (EPR), resulting in a system with dispersed ethylene
propylene rubber particles (EPR) in a PP matrix [Ros1992, Kar1999]. The impact properties
depend on the EPR rubber dispersion, composition and particle sizes and on the matrix
crystallinity [Jan1993, Jan1994, Pre2000, Jan1996]. However, such modifications to improve
the impact properties are often detrimental to other desired properties. The development of
new systems that show an improved balance between properties represent therefore one of the
major challenges to the PP industry. For instance, an improved balance between impact
strength and stiffness, impact strength and transparency and impact strength and stress
whitening is desired and are areas of continuous research. To partially compensate the
decrease in stiffness due to the addition of EPR, addition of nucleating agents such as talc and
ADK STAB NA-11 is recommended. Addition of nucleating agents increases the temperature
of crystallization resulting in a decrease in cycle for injection moulding [Fil1994]. Nucleating
agents increase the number of crystallization sites in polymers and reduce the spherulite size.
They cause simultaneous growth and thus evenly sized crystals. Smaller evenly sized crystals
improve the physical properties of the polymer like transparency and flexural modulus. A
detailed knowledge of the phase morphology is a key parameter for improving the mechanical
and optical properties, and for obtaining a proper balance between these properties for
different applications.

A wide range of characterization methods has been applied to study the PP
copolymers. A number of these techniques are suited to give information on the morphology
of PP copolymers where the EPR domains typically extend form a few hundred nanometers to
a few micrometers in size. Scanning electron microscopy (SEM) has been applied to study the

EPR distribution in PP copolymers [Gre2002, Goil992, Goil993, Poe2000, Kim1998,
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Cha2002, Cha2002, Cop1987, Pet1996, Bro1997, Kar1979, Ora2001, Bed2000, Yam1999,
Oral982]. TEM is another technique that has been widely applied to study the morphology in
PP copolymers [Gre2002, Kim1998, Nor1995, Yok1997, Nys1999, Stal998, Sanl1986,
Bed2002, Tom2000, Kim1996]. The prepared TEM samples show clear contrast between
matrix and rubber inclusions. This technique has the advantage that the lamellae structure of
the PP matrix as well as the rubber part can be studied [Poe2000, Ora2001, Stal998,
San1986].

Atomic force microscopy (AFM) is a convenient method compared to SEM and TEM
in the sense that less sample preparation could be necessary and several investigations have
employed AFM for morphology studies of rubber-modified PP [Cha2002, Cha2002,
Nys1999, Bed2002, Nys1995, Swa2000,]. AFM directly reveals the presence of the rubber
inclusions on the surface.

Nuclear magnetic resonance (NMR) relaxation provides an excellent microscopic
probe of molecular or segmental motion in PP copolymer systems [Doul979]. Sensitive
indicators of molecular mobility in different fractions are the nuclear spin-lattice relaxation
time T; and spin-spin relaxation time T,. Previously, solid-state NMR relaxation has been
used to study the changes in the phase content and the chain mobility in different fractions of
polyethylene and polypropylene [Hed2007].

The first purpose of this chapter is to study the morphological features of impact
modified PP copolymer by transmission electron microscopy (TEM), scanning electron
microscopy (SEM) and atomic force microscopy (AFM). The second purpose is to study the
changes in the phase content and chain mobility due to the change in the rubber content and
the addition of nucleating agents (talc and ADK STAB NA-11). The third propose is to

establish a correlation between the NMR parameters, DSC results, and mechanical data.

8.2 Materials

The impact modified copolymer polypropylene samples used in our experiments were
manufactured by SABIC Europe BV. The material was first compounded at temperature
between 244 - 262° C in a ZSK3033 extruder than injected in an Angel 45A machine. The
melt temperature was set to 235° C, the holding pressure was 40 MPa, the holding time 20 s,
the cooling time 20 s, and the overall cycle time 49.5 s. The mold chosen provides an
injection molding plate (65 x 65 x3.2 mm) and a tensile bar (dumbbell shape). Three series of
five samples were prepared with different rubber contents (from 0% to 33%) and different

nucleating agents (Table 8.1).
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Table 8.1. Listed details of impact modified PP copolymer samples that were examined in this

study
Series % % % Series % wt % % Series % wt % %

1 wt  Talcum ADK 2 RC talcum ADK 3 RC talcum ADK
RC STAB STAB STAB
NA-11 NA-11 NA-11

1 0 - - 1 0 0.05 - 1 0 - 0.05

2 5 - - 2 5 0.05 - 2 5 - 0.05

3 15 - - 3 15 0.05 - 3 15 - 0.05

4 25 - - 4 25 0.05 - 4 25 - 0.05

5 33 - - 5 33 0.05 - 5 33 - 0.05

The first series of samples (Series 1) is a regular PP impact modified copolymer, the second
series (Series 2) is a PP impact modified copolymer with talc nucleating agent and the third
series of samples (Series 3) is a PP copolymer modified copolymer with an ADK STAB NA-
11 nucleating agent, respectively. The injection molding plates were used for the impact test,
stiffness text, CLTE, and NMR experiments. The tests on the injection molding plates were
performed in two directions: parallel and perpendicular to the injection molding side because
the values measured are significantly different for the two directions. The tensile bars were

used for the tensile test.

8.3 Morphology by TEM and AFM

The shape, content, size, and size distribution of dispersed rubber particles are important
factors affecting the toughening effect of PP impact modified copolymer, which relate to the
micromorphological structure of the material. Transmission electron micrograph was used to
determine the type of the morphology in the studied samples. TEM images of regular impact
PP modified copolymer samples with rubber contents amounting to 5% and 33%, are shown

in Figure 8.1ab and Figure 8.2ab.

Figure 8.1. TEM picture of a regular PP impact copolymer sample with 5% of ethylene-propylene rubber (EPR)
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Figure 8.1 and 8.2 demonstrate that EPR domains can clearly be seen within the PP
matrix for both samples containing 5% EPR and 33% EPR, respectively. It was also observed
that increasing the rubber content changes only the density and sizes of the rubber particles in
the PP matrix. Because the EPR domains are soft relative to the surrounding PP matrix,
lighter regions correspond to the PP matrix and darker regions correspond to EPR domains. It
can be seen also that some EPR domains are dispersed and nonuniform in the cross section
however, most of them can be approximated as having a rather spherical shape. Comparing
the images of Fig. 8.1 and Fig. 8.2, it becomes clear that the rubber domains are more
numerous for the sample with 33% rubber content. The average size of the rubber domains is
between 0.2 um and 2.4 um for the samples with 5% rubber and between 0.2 um and 3.4 um
for the samples with 33% rubber.
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Figure 8.2. TEM picture of a regular PP impact copolymer sample with 33% of ethylene-propylene rubber
(EPR)

Figure 8.1b and Fig. 8.2b further detail the morphology of the rubber domains of the
regular impact copolymer PP samples with 5% and 33 % rubber content, respectively. For
both samples the rubber domains can be better visualized, the presence of the dark amorphous
phase (rubber) and relatively light crystalline phase (ethylene crystals) being clearer.

An additional technique used to visualise the overall shape of the dispersed rubber
domains in the PP matrix is the AFM Phase Imaging (Figure 8.3). The lighter colour
represents the homopolymer PP matrix whereas the darker colour represents the rubber phase.
In both Figures 8.2 and 8.3 the presence of ethylene crystals in the rubber phase can be

observed, i.e. the lighter regions within the darker ones.
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i
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Figure 8.3. AFM phase image revealing distribution of rubber particles in an injection moulded plate of PP
impact copolymer (33% rubber).

The size of the rubber domains provided by the AFM images is in good agreement with the
size provided by TEM, i.e. between 0.2 um and 3.4 um for the 33% rubber content sample.
The AFM scans also provided information with respect to the talcum particles, i.e. their flow-
induced orientation and the fact that they are preferentially surrounded by the matrix.

Based on AFM scans of specific areas, the changes in the shape of the particles can be
monitored throughout the sample’s surface, even in systems containing high amounts of

talcum particles (Figure 8.4). These systems were difficult to investigate by TEM.

) ._ i I " |
alcurh pa*’cles

I 4

=

Q 10.0 pm O 10,0 e

Figure 8.4. AFM height (left) and phase (right) images revealing distribution and orientation of rubber and
talcum particles in an injection moulded plate of PP copolymer.

107



Chapter 8. Impact Copolymer Polypropylene

8.4 Temperature of crystallization and heat of fusion by

DSC

DSC curves have been measured on injection molding plates of all series of PP samples. Fig.
8.5 shows the temperature of crystallization of all sample series vs. rubber content. No
changes in temperature of crystallization of PP matrix with increasing ethylene-propylene-
rubber (EPR) content can be detected by DSC for all series of samples as expected as the
rubber and PP matrix crystallized separately. An increase in the temperature of crystallization
is attributed to the nucleating agent which has an effect on the PP matrix. The nucleating

agents improve the temperature of crystallization and decrease the cycle time.
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Figure 8.5. Temperature of crystallization of both homopolymer and PP copolymer versus rubber content
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Figure 8.6. Heat of fusion of both, the homopolymer and all series of the PP modified copolymer versus rubber

content
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Figure 8.6 represents the heat of fusion of the second heating curve versus the rubber content.
A decrease in the heat of fusion for all series impact copolymer PP samples can be observed
with increasing rubber content. The heat of fusion of PP matrix is constant and independent of
the rubber content. An increase in the heat of fusion is observed due to the presence of

nucleating agent.

8.5 Mechanical properties

The improvement in toughness (impact strength) when EPR is added to PP matrix normally
implies in a reduction of its stiffness, which is usually related to a decrease in flexural
modulus, yield stress and an increase in the yield strain. A balance between toughness and
stiffness is always required for optimum performance of the rubber-toughened polymer. The
aim of tensile and flexural tests is to study the effect of rubber content and the addition of
nucleating agents to the yield point and flexural modulus. The yield point is defined as the
first point on the stress-strain curve at which an increase in strain occurs without a stress
increase. A soft but tough material shows a low modulus and a low yield stress. We expect
that the addition of rubber would decrease the yield stress whereas the addition of nucleating
agents would increase the yield stress.

Figure 8.7 shows the dependences of yield stress on the rubber content. The yield
stress decreases with the rubber content indicating that the softness increases. The impact
modified copolymers tend to have lower stiffness and lower yield stress than the
homopolymer as the presence of the ethylene reduces the crystallinity and stress level to
produce shear yielding [Mes1995]. The addition of nucleating agents produce a finer
spherulitic structure in the nucleated impact modified PP copolymers sample, which tend to
give higher yield stress values in relation to non-nucleated sample. All the nucleating agents

have almost the same effects.
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Figure 8.7. Yield stress of PP copolymer sample with different nucleating agent

—_ 1 1 Tt —1—m—Series 1
E 2000 —0O— Series 2
=3 i —s— Series 3
o

© 1500} .

©

o

(7)) L

>

=]

g 1000+ .

€

B I

5

é 500 1 N 1 N 1 N 1 N

= 0 10 20 30

rubber content [wt%]

Figure 8.8. Flexural test of PP copolymer sample with different nucleating agents

A flexural test was conducted to determine the elastic modulus of each of the sample

in the series. The principle of the flexural test is to bend the tested specimen in the middle
until the fracture of the specimen or until the deformation reaches a predetermined value.
During this procedure, the bending force applied to the specimen is measured. The tests have
been performed in two directions.
Figure 8.8 represents the flexural modulus determined when the bending force was applied
parallel to the injection direction in the injection molding process. It was observed that the
flexural modulus decreases with increasing rubber content. Addition of the rubber increases
the toughness, however, it is associated with a loss in stiffness.

The addition of nucleating agents increases the elastic modulus. The decrease in the

modulus associated with the increase in the rubber content can be partly prevented by the
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simple addition of nucleating agents. For example, the modulus of a sample containing 25%
of rubber was brought to the value of the modulus corresponding to a sample with 15% rubber

and no nucleating agents by adding nucleating agents.

8.6 Phase content and chain mobility by NMR at 70° C

Figure 8.9 shows the changes in the phase content and chain mobility in all series of impact
PP modified copolymer samples due to both, the addition of different nucleating agents and
the increase in the rubber content. The amounts of the rigid, semi-rigid, and soft fractions
decrease with increasing rubber content. This can be explained by the decrease in the
percentage of PP matrix in the sample with increasing rubber content. Since the PP matrix is
semi-crystalline and the rubber domains are mainly amorphous, the amount of the rigid
fraction decreases with increasing rubber content. However, it was observed that the
crystallinity in the PP matrix is constant and independent of the rubber content. These results

are in line with DSC results on heat of fusion.
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Figure 8.9. (a) The amounts of rigid phase, semi-rigid interface, soft fractions and rubber phase of all series of
impact modified PP copolymers. (b) The effect of rubber content and nucleating agent on chain mobility, as
determined by the T, relaxation time for the different fractions the copolymer. Larger amplitudes and/or
frequencies of molecular motions lead to longer T, values. The relaxation characteristics were determined by the
analysis of the FID, (rigid and semi-rigid fractions), and the Hahn-echo (soft and rubber fraction). The
experiments were performed a with low-field NMR spectrometer.

At 70° C the NMR signal (FID) of all series of PP samples showed four different

relaxation times (Fig. 8.9b). The shortest relaxation time T,"#¢ is associated with the chain

semi-rigid :

mobility in the rigid fraction; the intermediate relaxation time T, is associated with the

chain mobility in semi-rigid fraction; the long relaxation time T,™" is associated with the
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rubber ime is associated with the

chain mobility in soft fraction, and the longest relaxation T,
interface and rubber fraction.

The chain mobility of the rigid (T,"¢"%) and semi-rigid (T,**™"€%) fractions was found
unaffected by increasing the rubber content. This shows that the ethylene-propylene rubber is
well separated from the rigid and semi-rigid fractions, and cannot be present in those
fractions. Similarly, the increase in the chain mobility of the soft fraction (T,*") of the
copolymer was explained by the presence of ethylene-propylene rubber mainly in the more
mobile core part of the soft phase.

The longest relaxation time (T,™**

) related to the mobility of the rubber fraction was
found to increase with increasing the ethylene-propylene rubber content. This is believed to
be related to the average size and size distribution of ethylene-propylene rubber domains and
the presence of small ethylene crystals in the rubber domains. In small rubber domains the
chain mobility of the rubber molecules is more restricted due to the attachment of a large
percentage of these molecules to the fraction of the PP chains in the amorphous phase. In
larger rubber domains the percentage of the attached rubber molecules is lower and therefore

rubber

the chain mobility is less restricted. Another explanation for increase in T, with
increasing the rubber content can be the better phase separation between the rubber domains
and the amorphous PP phase for the sample with the highest amount of rubber. The large
difference in the molecular mobility between PP matrix and rubber matrix is due to T, much
lower for ethylene-propylene rubber than for the PP homopolymer.

No significant changes in the phase content and chain mobility were detected by NMR
for any of the series of impact modified PP copolymer samples upon addition of nucleating
agents. The amount of rubber estimated by low-field NMR was found to be in good

agreement with the results obtained from liquid-state NMR and the calculated chemical

composition.

8.7 Aging in impact modified PP copolymer at 70° C by
NMR

In the chapter 6 we reported that aging at 70° C causes changes in the morphology and chain
mobility of homopolymeric PP. The observed changes in the phase content and chain mobility
with aging time indicate that a micro-structural reorganization takes place within the material.

In order to follow the micro-structural reorganization at 70° C in the structure of the impact
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modified PP copolymer, the amounts and the chain mobility of rigid, semi-rigid, soft, and

rubber fractions are plotted versus log aging time (Figure 8.10).
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Figure 8.10. (a,b) The amounts of rigid, semi-rigid, soft and rubber fractions as a function of aging time for
regular impact modified PP copolymer with 5wt% and 33 wt% rubber. (c,d) Chain mobility in rigid, semi —
rigid, soft and rubber fraction of impact modified PPcopolymer with Swt% and 33 wt% rubber .

Comparing the results shows in Figure 6.7 and 6.8, and the results of Figure 8.10 we
concluded that the changes in the phase content and chain mobility of the PP matrix of the
impact modified PP copolymers are the same as in the homopolymer PP samples. We also
observed that in time the amount of the rubber fraction decreases whereas the chain mobility
of the rubber phase increases, which is probably due to the ongoing separation between the
rubber domains and the amorphous PP phase. The highest increase in chain mobility of the
rubbery phase is observed for the sample with 33 wt% rubber. Based on chain mobility
considerations, a better separation between the rubber domains and amorphous phase of PP
will cause an increase in the chain mobility of the rubber domains. This can partly explain the

results presented in Figure 8.9.
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8.8 Phase content and chain mobility by NMR at 0° C

At 70° C the analysis of the NMR signal of the complex impact modified PP copolymer is not
by any means trivial. To verify the correctness of the results obtained by NMR at 70° C, the
amount of the rubber phase in the PP copolymer was also determined by low temperature
NMR. At 0 °C the morphology of PP impact copolymer by NMR is less complex (Figure
8.11). At temperatures below the glass transition temperature (0 °C) of the homopolymer PP
matrix, no difference in chain mobilities between different morphological phases of the PP
matrix was detected. At this low temperature, the existence of only one fraction (rigid) with

low chain mobility can be detected.
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Figure 8.11. Schematic representation of morphology of impact modified PP copolymer at 70° C and 0° C

In contrast to the homopolymer PP matrix, the existence of three fractions with
different mobilities is revealed at 0° C for the impact modified PP copolymer. Relaxation
components were assigned to these three fractions of different molecular mobility, i.e for the
PP matrix (T,™"™), interphase (T,™*""**°), and rubber (T,"***) phases, respectively (Figure
8.12). It was observed by NMR that the amount of the interphase increases with increasing
rubber content (Figure 8.12a). This is in line with the TEM picture which shows that the
sample with 33% rubber content contains bigger rubber domains (Figure 8.1 and 8.2). The
chain mobility in the PP matrix remains constant however, indicating that the EPR is well
separated from the most crystalline part of the PP matrix (Figure 8.12b).

It was further observed that the chain mobility of the interface increases with
increasing rubber content. This effect can be explained by a higher amount of mobile EPR
chains that is present at the interface. On the other hand, the chain mobility of the rubber
phase remains almost constant indicating that the EPR chains in the rubber domains have the

same mobility. Using these findings at 0 °C, we can now explain better why the mobility at
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70° C increases with increasing amount of rubber (Figure 8.9). We also assume that the
ethylene crystals inside the rubber domains play an important role in the mobility of the EPR

chains within these domains.
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Figure 8.12. (a) The amounts of rigid phase, interface and rubber fractions at 0° C of regular impact modified PP
copolymer with different rubber amounts (Series 1). (b) Chain mobility of the rigid (T,™"), interphase
(T,™ePh%e) “and rubber (T,™**") fractions at 0° C of the regular impact modified PP copolymer with different
rubber contents.

To further verify the accuracy of the data obtained at 0° C, the sum as determined by NMR of
the amounts of the interphase and rubber phase was compared with the same data derived
from the chemical composition (Figure 8.13). A good correlation between these data was
obtained. The above described analysis by low temperature NMR helped to understanding the

mechanical behaviour of the impact modified PP copolymer.
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Figure 8.13. Comparison between the amounts of the rubber detected by NMR and the amounts of the rubber
estimated from the chemical composition.
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One of the disadvantages of known PP copolymers is their low impact strength at low
temperatures. A method to improve the impact strength is to blend the PP with rubber, also
known as rubber toughening. Figure 8.14 represent the impact strength versus temperature for
regular impact modified PP copolymer with 5 wt% rubber. The letters indicate the different
classifications given to the sample. A brittle sample (B) means that the sample break rapidly,
whereas a tough sample (T) yields above a certain value of the applied force. In the transition
regime, there are brittle-tough samples (B-T) and tough-brittle (T-B) samples. The sample is
called brittle-tough when for the five sample tested there are more brittle than tough samples

and the other way around for the tough-brittle samples.
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Figure 8.14. Impact strength of regular PP impact copolymer with 5 wt% rubber at different temperature

The impact strength at low temperatures depends on the behaviour of the rubber at
those low temperatures. To study in detail the rubber behaviour with temperature in impact
modified PP copolymer samples with 5 wt% rubber content, the NMR experiments were
performed from -40° C and up to 70° C. In the temperature range from -40° C to -20° C
(regime I in Figure 8.15ab) the NMR signal can be decomposed in two components with

different chain mobility, i.e. a rigid component with low chain mobility and a soft component

with higher chain mobility.
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Figure 8.15. (a) The amounts of soft and rubber phase at different temperatures for regular impact modified PP
copolymer with 33% rubber. (b) Chain mobility of the soft (T,*") and rubber (T,™***) fractions at different
temperatures. (c) Schematic representation of the morphology at different temperatures by NMR.

In the temperature rage from -20° C to 40° C (regime II in Figure 8.15ab) three
different components with different relaxation times can be identified, i.e. a rigid component
with low chain mobility, a semi-rigid component with intermediate mobility and a soft
component with higher chain mobility. Above 60° C (regime III in Figure 8.15ab) the NMR
signal can be decomposed in four relaxation components i.e. a rigid component with low
chain mobility, a semi-rigid component with intermediate mobility, a soft component with
higher chain mobility, and a rubber component with the highest chain mobility.

It can be concluded that by increasing the temperature, the presence of the rubber
phase in the impact modified PP copolymer becomes more significant because it provides the
entire copolymer with a more rubber-like behaviour. As a consequence, the impact strength of

the copolymer increases accordingly.
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8.9 Conclusion

Improving the impact toughness and stiffness of PP has important practical meaning for
extending the range of applications. Obviously the impact toughness of PP can be enhanced
by rubber inclusion in the PP matrix. DSC, TEM, AFM, and NMR analysis confirmed that the
impact modified PP copolymer consists of multiple phases: PP, EPR (crystalline and
amorphous), and PE.

Because of the addition of rubber in homopolymeric PP, variations of the molecular structure
can be induced. The effects of the addition of rubber and the addition of nucleating agents on

the different properties are presented in the following Table 8.2.

Table 8.2. Effect of addition of rubber and nucleating agent on crystallization temperature,
heat of fusion, yield stress, flexural modulus, phase composition and chain mobilities of
impact modified PP copolymers.

Properties, phase content and Increasing rubber content Adding of nucleating agent
chain mobilities
Crystallization temperature No effect Increase
Heat of fusion Decrease Increase
Yield stress Decrease Increase
Flexural modulus Decrease Increase
Toughness Increase Decrease
Rigid fraction Decrease Increase
Semi-rigid fraction Decrease No effect
Soft fraction Decrease No effect
Rubber fraction Increase No effect
Mobility in rigid fraction No effect No effect
Mobility in semi-rigid fraction No effect No effect
Mobility in soft fraction Increase No effect
Mobility in rubber fraction Increase No effect
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Chapter 9

General Conclusions

Solid state Nuclear Magnetic Resonance has successfully been applied for the characterization
of high-density polyethylene, isotactic polypropylene, and impact modified polypropylene
copolymers. For the first time, NMR experiments on polyolefin materials have been
performed at both low and high field. These NMR methods alone and in combination with
DSC, X-ray, IR, TEM, and AFM were used to obtain information about the changes in the
structure, molecular dynamics, and domain thickness of the investigated systems. These
changes were caused by stretching and exposure of the sample at elevated temperature for a
certain time, and addition of rubber and nucleating agents. The main conclusions of this work

results are as follows:

1. The most appropriate description of the morphology of both homopolymer HDPE
and iPP by NMR is a three-phase model (rigid, semi-rigid, and soft fractions). The
amounts of the rigid, semi-rigid and soft fraction, and chain dynamics in each fraction
of polyethylene and isotactic polypropylene have been investigated by 'H solid state
NMR as a function of temperature. The domain thicknesses as determined by NMR
were compared with those measured by small-angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM) and are in a good agreement. This proves the
reliability of the low-field NMR methods for the determination of domain thicknesses
in heterogeneous polymers like those enumerated above. Annealing at higher
temperatures causes an increase in the lamellae thickness and crystallinity and a
decrease in the chain mobility in all fractions. It was shown that the thickening of the
crystalline domains during annealing of iPP can be described by a model based on
irreversible thermodynamics. A phenomenological correlation was established
between the relaxation rate of 'H transverse magnetization characteristic to the rigid

fraction of iPP and the annealing temperatures.
2. The effects of deformation ratio, deformation rate, and deformation temperatures on

the phase content, chain mobility, and domain thickness of homopolymeric iPP has

been investigated using low-field solid state NMR. The amount of the rigid
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fraction/degree of crystallinity obtained by NMR coincided within few percent with
that obtained by IR. A decrease in the chain mobility has been observed in all fractions
with increasing the drawing rate, draw ratio, and drawing temperature. The increase in
the thickness of the lamellae with increasing draw ratio and drawing temperature can
be explained by partial melting and recrystallization, as well as immobilization of the
amorphous phase. We established correlations between the thicknesses of the rigid
domains and the amount of the rigid fraction of unaxially stretched iPP, as well as

between the thickness of the rigid domains and the chain mobility in the rigid fraction.

3. The effect of aging temperature and aging time on the phase composition, chain
mobility and mechanical properties of iPP homopolymer has been studied in detail by
'H low-field solid state NMR. The samples were obtained by a process involving
injection molding, crystallization from the melt, and quenching. The aging effect on
different morphologies of homopolymeric iPP samples was rationalized in terms of
increased restrictions of the chain mobility in the semi-rigid and soft fractions. All
samples exhibited physical aging at elevated temperatures and furthermore, it was
observed that the physical aging kinetics depends by the morphology of the iPP and
the aging temperature. The structural changes due to aging are considered to be
associated with a molecular rearrangement generally similar to a secondary
crystallization which is accompanied by a decrease in segmental chain mobility of the

diffusing amorphous chains.

4. Changes in the morphology, phase content, chain mobility, and mechanical data of
impact modified polypropylene copolymer have been investigated using a
combination of different techniques such as NMR, X-Ray, TEM, AFM, and DSC.
These changes were caused by the ethylene-propylene rubber and nucleating agents
added to improve the impact strength and modulus of the polymer. A decrease in the
heat of fusion, yield stress, flexural modulus has been observed with increasing rubber
content. The addition of nucleating agents however, caused an increase in the
crystallization temperature, heat of fusion, yield stress, flexural modulus, and rigid

fraction.

Based on the above results, we can conclude that low and high field proton NMR can be

successfully used to obtain information about the structure, molecular dynamics, and domain
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thickness in the investigated homopolymers of HDPE, iPP, and copolymeric PP. However,
the potential of these NMR techniques can be easily extended to other polymeric systems.
Corroborating the NMR results with data obtained from other measurement techniques as
those enumerated above, helped in gaining further insights in the microscopic properties of
the materials under investigation. Therefore, the authors hopes that this thesis brings the
reader a step closer to understanding at least part of the known multiple possibilities of NMR

investigations and sets a solid base for those that are yet to be discovered.
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