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ABSTRACT

This thesis examines the relationship between the microstructural and the
mechanical properties of poly-(propylene-ethylene) bi-phasic copolymers.
The copolymers investigated covered a comonomer content ranging
between 4 and 23 percent ethylene. Nine grades were considered, with
variables such as the melt flow index, the degree of crystallinity, the
molecular weight distribution and the effect of a nucleating agent being
examined.

These copolymers have been characterised in order to gain a better
understanding of the interrelationship between the morphological
structure and their physical, mechanical, thermal and thermo-mechanical
properties. The toughness of the copolymers can be enhanced at low
temperatures by increasing the ethylene content, at the expense of a loss
in stiffness. A study of the microstructure using the scanning electron
microscope indicates that a good balance between these two properties
can be achieved through a uniform size and spatial distribution of the
ethylene-propylene rubber particles within the polypropylene
homopolymer matrix. The transmission electron microscope shows the
ethylene-propylene rubber (EPR) to be agglomerates of smaller particles,
with some crystallinity within the EPR being evident.

X-ray diffraction studies show that an increase in ethylene content
broadens the peak widths and decreases the average crystallite size.
Some grades show a presence of the (300)g crystallographic peak at 20°
= 16.1. This peak is due to the presence of the B hexagonal form of
polypropylene. The degree of crystallinity determined from XRD data
shows a decrease with increasing ethylene content. Dynamic Mechanical
Thermal Analysis (DMTA) shows that an increase in ethylene content
shifts the glass transition temperature to lower temperatures. Differential
Scanning Calorimetry (DSC) and Differential Thermal Analysis (DTA)
studies of the copolymer grades spanning the ethylene content range
show little difference in their melting behaviour. Thermogravimetric (TG)
studies for grades with very dissimilar ethylene contents showed similar
decomposition patterns.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS I
ABSTRACT v
CHAPTER 1 1
GENERAL INTRODUCTION 1
1.1 INTRODUCTION Lottt b et e s en s ea e ennennas 1
1.2 RESEARCH OBJECTIVES. ..ot 3
1.3 OVERVIEW OF THESIS ..ottt 3
CHAPTER 2 4
LITERATURE REVIEW 4
2.1 POLYMER STRUCTURE ..o 4
2,71  MOICCUIBE SEIUCTUTE. ..o 4
2.1.2  CryStalling SIIUCEUTE .........ccoooveeeeeeeeeeeeeeeeete et 5
2.2 MECHANICAL PROPERTIES ... ..o e e ennens 8
2.2.7  JEFOQUCEION ...t 8
2.2.2  ImMPAacCt SErengGth ..............ccooiiiiiiiiiiiiiiiiiii i s 9
2.2.3  FIexural MOGQUIUS ................ccoooeeeaeeeeeeee et 14
2.2.4  Effect of Molecular Weight and Molecular Weight Distribution on
MeECRhANICAl PrOPEIEIES.........ccccccouiaiimi i eiaeieaeeiaee e eeeaeeeaseasaesnaeeseeeannesananas 15
2.2.5 Effect of Morphology on Mechanical Properties..............ccccccecvvvicivinieniinnnn. 17
2.2.6 Effect of % Crystallinity on Mechanical Properties.............c..cccoeeeevoeeaennnnne. 21
2.2.7 Effect of the Glass Transition Temperature, Tg, on Mechanical Properties .22
CHAPTER 3 26
MATERIALS AND EXPERIMENTAL TECHNIQUES 26
3.1 INTRODUCTION ..ottt anean 26
31,7 MELrials TESIOM ..........oc.oeeeeeeieeiiiee ettt ennan 26
3.7.2  Production OF COPOIVIMEIS.........ccccooooiceeieeeeeeeeeeee e 28
37,27  POIMIGIISAEION ...t 28
3.1.2.2  Polymer-Gas SEDAIAtioNn ...........c..cccccouomeeeeeeeiieeieeieeeeeeeeeeeee e 30
Go7.2.2  EXEIUSION .o e 30
B.71.2.83  DOGASSINIG e veeeeeeiieieee et 30
3.1.2. 4 Blending SflOS..........cccocooioiiiiiiiiiccicie et s 30
3.1.3  SAMPIE PrepParation ................coccooiieiiuieueeeeeeieeeieeieeeeeeeeees e eere e 31
3.2  PHYSICAL CHARACTERISATION.......c.ooiiiiieeeeeceee e 32
3.2.1 Differential Scanning Calorimetry (DSC).................cccoooviiiiiiiiiiiiiiiiiie, 32
3.2.2  X-Ray Diffraction (XRD) .........cccuemmeiiiiiieieieee et 32
3.3  MECHANICAL CHARACTERISATION ..ot 34
3.3.7  HArdness TOSHIMG............cc.oeoeeeeiiiiiieeieeeeeee et anens 34
3.3.2  IMPACE TOSUIMG ettt 34
3.3.3  Flexural-Bend TeSEING.........cc.ccoeemeoeeeeeieeeeeeeeeeeee e enens 34
3.3.4  TENSHE TESHIMG. ...ttt en 36
3.4 MORPHOLOGICAL CHARACTERISATION ......c.ooimiiieeeeeeeeeee e, 37
3.4.1  Scanning Electron Microscopy (SEM) .........cccccoovmmmmioiiiiiiiiieeeeeeeieeie e 37
3.4.2 Transmission Electron Microscopy (TEMJ..............cccccovvcvciiiiiiniiiiiinnncneeeene 37
3.5 THERMAL CHARACTERISATION ......cooiiiiiiit et 39

3.5.1 Dynamic Mechanical Thermal Analysis (DMTA)..........ccooeeoeeeciviciiieccceeaaen . 39



Vi

3.5.2 Simultaneous Thermal Analysis (STA) ..o 39
CHAPTER 4 41
RESULTS 41

4.1 INTRODUCTION ... ettt e e ae e rae e abs et 41
4.2 PHYSICAL CHABRACTERISATION. ...t 42
4.2.1 Effect of Ethylene Content (% C2) on the Crystalline Structure.................... 42
4.2.2  X-Ray Diffraction SEUTIES...........cc.ccooweieeioiiii ittt 44
4.3 MECHANICAL CHARACTERISATION .......coiiiiiiiieee e 51

4.3.2  IMPAct TESES ROSUILS.........coveoeeiieeeeeeeeee ettt 53

4.3.3  FIeXUIal TESLS ROSUIS........oooceeeeeeeeeeeeeeeeeeeeeeee e 56

4.3.3.1  Effect of the Inter-Particle Spacing on Flexural Modulus ........................... 57

4.3.4  TenSile TESES ROSUIES ........cooooeeieeeeeeee et e 59

4.3.4.7  TeNSHe BERGVIOUS.............ccceeeeeeeeeee et 59

4.3.4.2 Effect of Ethylene Content on Tensile Properties..................cccoooveeveeveennnns 61

4.4 MORPHOLOGICAL CHARACTERISATION .....oooiiiiieeeeeeeeeeeee et 64

4.4.1  Scanning Electron MICIOSCOPY ...........c..cooeeoiriiciniciiiecceeeee i 64

4.4.1.1  Effect of Ethylene Content on MiCroStruCture...............ccccceeveeeniiiiiicninnnns 68

4.4.1.2  Effect of the Melt Flow Index on the Microstructure.....................ccocccc... 68

4.4.2  Transmission EIectron MiCIrOSCOPY ........cccccccoviiiviiiniiiiniiiieieeieeeeec e 70

4.5 THERMAL CHARACTERISATION ..ot 71

4.5.1 Dynamic Mechanical Thermal Analysis (DMTA].........c.ccccciiimiiiinniiiiiiicae, 71

4.5.2 Differential Thermal Analysis (DTA) .........cccccooimimiiiiiiiiiiiiiiiieeeeeies e 74

4.5.3  Thermogravimetry (TG) ..o 74

4.5.4 Differential Scanning Calorimetry (DSC).........ccccccoovnmiiiiiniiiiiiiiineie, 75
CHAPTER 5 79
DISCUSSION 79

5.1 INTRODUCTION ...ooiiiiiee et et eae e e ree e s 79
5.2 THE EFFECT OF ETHYLENE CONTENT ON THE MICROSTRUCTURE.................. 79

5.2.1  XRD @nd DSC ANGIYSIS.......ccoooueaeeaieeaeeeeeeeeeeeeee et 79

5.2.2 SEM and TEM ANGIVSIS ......ooeoeeeaeeeeeeeeeeeeeeeeee e 82

5.2.3 DMTA and DTA ANGIYSIS ..ot 84

5.3 THE EFFECT OF ETHYLENE CONTENT ON THE MECHANICAL PROPERTIES....85
5.3.7  Properties that Depend on CrysStallinity.............ccoooveeieeiiiiiioieeeee e, 85
5.3.2 Properties that Depend on Molecular Weight and Molecular Weight

DISEIBULION ... et e e 87
CHAPTER 6 89
SUMMARY AND CONCLUSIONS 89

6.1 SUMMARY ... e 89

6.2  CONCLUSIONS. ..o 90

FUTURE WORK ... ettt ee et e e nn e 91

APPENDI X A o et aeeanns A

APPENDIX B e B

APPENDIX C oo et 0

APPENDIX D ..o e u



CHAPTER 1

GENERAL INTRODUCTION

1.1 INTRODUCTION

Polypropylene is an extremely versatile semicrystalline polymer because
its properties can be modified to meet specific requirements. The most
important molecular parameters that can be manipulated are its melt flow
index (MFI), molecular weight distribution (MWD) and its % crystallinity.
Careful control of these parameters leads to the conversion of useful
products via processing routes such as injection moulding, extrusion and
melt spinning. Polypropylene is also often used as the matrix in
composite materials. It has a very low density and this leads to a
favourable specific- strength and stiffness as well as an advantageous
price-performance ratio. Polypropylene occupies a special place amongst
synthetic polymers, standing as it does on the dividing line between

" On the one hand, its price makes

engineering and commodity polymers
it desirable for use in low cost applications, whilst on the other hand, its
specific properties and performance allows it to be used in engineering

applications.

Its major disadvantage though, is its relatively poor toughness at low
temperatures. To overcome this problem, polypropylene can be
copolymerised with comonomers such as ethylene. The main reason for
the poor toughness of the polypropylene homopolymer at Ilow
temperaturc  is i  high deg of crystallinity coupled with its g ss
transition temperature (Tg) at about -10 °C. The synthesis and
development of polypropylene copolymers was a natural development
after the initial discovery and industrial manufacture of the polypropylene
homopolymer'?. Copolymerisation lowers the crystallinity of
polypropylene by introducing irregularity into the chain structure, thus
lowering the close packing density. The glass transition temperature is

dependent on the crystallinity of the polymer and the configuration of the



polymer chain. Reducing the crystallinity through copolymerisation
allows a controlled decrease in the glass transition temperature hence
increasing toughness at low temperatures with an acceptable loss in
stiffness.

The incorporation of the ethylene-propylene rubber (EPR) particles as the
dispersed rubber phase into the polypropylene matrix can be done either
in the reactor or in the extruder™. The reactor-made copolymer can be
made either in a single reactor where the resulting product is a random
copolymer, or with two reactors in tandem, with the matrix produced in
the first reactor and the dispersed phase produced and incorporated in
the second reactor. Truly block copolymers can only be produced under

conditions of'*":

e Active sites being able to polymerise both ethylene and propylene;
e Active sites sufficiently stable along the polymerisation period and a
e Long average life of the growing macromolecules.

The above conditions are not all usually fulfilled; hence the copolymer is
strictly speaking a bi-phasic polymer but is commonly referred to as a
block or impact copolymer. The reactor-made method is considered more
advantageous than the post-reactor process since™:

e Products are polymerised directly from the monomers, thus the
reduced variability in raw materials imparts better material
consistency;

e There are fewer manufacturing steps, thus cost savings are possible;

e Elastomers are finely dispersed in the matrix and therefore improved
physical properties and melt uniformity are achieved and

e The viscosity ratio does not restrict the selection as severely as in
blends and so a wider range of elastomeric compositions is possible.

The commercial application of the random copolymer is mainly in the
packaging industry where its low melting and softening points, as well as
improved clarity offer significant benefits. The block copolymer is
considered to be both a commodity and an engineering polymer, and is
used in the manufacture of items such as kitchenware, car bumpers and
electrical appliance casings. The copolymer grades produced by Polifin



are custom made, and to this end different operating variables are
introduced in the polymerisation process as well as through different
additives packages added in the extruder. Since the production process
is continuous, the grades produced show a great deal of property
variation between batches. The above statement brings us to the
objectives of this study.

1.2 RESEARCH OBJECTIVES

This study was undertaken to:

e Fully characterise the copolymer grades;

e Seek to understand the influence that each of the variables has on the
mechanical properties of the copolymers;

e Determine the physical and structural parameters that give the
optimum stiffness to toughness ratio;

e Determine the optimum conditions that ensure the production of
copolymers with such physical and structural parameters and

e Ultimately, the thesis aims to be a valuable contribution to Polifin in
the drive to ensure the production of copolymers with highly
reproducible and desirable properties.

1.3 OVERVIEW OF THESIS

This thesis is divided into 6 chapters.

e Chapter 2 gives a review of the literature pertaining to the aspects of
research in polypropylene with a strong emphasis on poly-(propylene-
ethylene) copolymers;

e Chapter 3 gives detailed information about the experimental
techniques used in this study;

e Chapter 4 is a presentation of the resu/ts in the form of tables, graphs,
SEM and TEM micrographs;

e Chapter 5 is a discussion and interpretation of these results and

e Chapter 6 summarises the work completed.



CHAPTEK 2

LITERATURE REVIEW

2.1 POLYMER STRUCTURE

2.1.1 Molecular Structure

Isotactic polypropylene is a semicrystalline, linear chain macromolecule
composed of propylene -(CH (CHs) CHa2)- repeat units added in a tail-to-
head fashion. Depending on the spatial arrangement of the methyl (-CHzs)
groups, three stereoisomers of polypropylene are found. In atactic
polypropylene the methyl groups are randomly distributed, in syndiotactic
polypropylene the methyl groups are situated in an alternating fashion
around the chain, while in the isotactic form of polypropylene the methyl
groups are all positioned on the same side of the chain (see Figure 2.1).

Figure 2.1: Stereoisomers of polypropylene (a) isotactic, (b} syndiotactic and (c)
atactic, R = -CHs (methyl group), [after ref. 21.
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The study also noted that there was no strong correlation between
impact strength and modulus. The above observations are summarised in
Figure 2.6.

BLOCK COPOLYMERS
= 1300 +
o
= o
g 1200 -
=
=2
o
~ 1100 -
1000 ; f : + 1
0 10 20 30 40 50
MFI (a/10 min)
A '540H 'S00K  mZbusL o Z5UuUL '508L
LC '500M '540PC ¢ 2300H « 2300K '300L
LC '340PC « 2340RC o 2348SC ¢ 2348TC
Figure 2.6: Flexural modulus as a function of MFl and ethylene content for various

copolymer grades, [after ref. 22].

2.2.4 Effect of Molecular Weight and Molecular Weight Distribution on
Mechanical Properties

The statistical nature of the polymerisation process results in a distribution
of molecular sizes, which in turn depend on reactants’ residence time and
the concentration of the chain transfer agent (hydrogen). The molecular
weight distribution (MWD) is mainly due to the fact that the Ziegler-Natta
catalyst system used in the polymerisation process has multiple reaction
sites that differ in their activity. The molar mass can be expressed as any
one of the three arithmetic averages'®. Gel permeation chromatography
(GPC) can be used to determine the three molecular parameters”. In
these expressions nj is the number of molecules of species / in the sample

and M/ is the molar mass of the molecular species, /. The number-, mass-
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and z-average molar masses are defined as follows, using a summation
from/ = 1ton:

e Mn - xni Mi / Xni;
e wiw - ni M2 / Zni Mi and
e Mz - Tni M? / Zni M.

In poly-(propylene-ethylene) block copolymers, the molecular weight
distribution (MWD} is a very important molecular parameter and is
expressed as the ratio of Mw/Mn. Depending on the catalyst system
used, the MWD is either narrow when using the third generation Z-N
catalyst system, or wider with the second generation Z-N catalyst system.
A narrow MWD at constant MFI would result in a higher impact strength

71

for polypropylene' ".

Besides the catalyst system used, the MWD can also be controlled
through a process known as vis-breaking. This is achieved by reacting

the polymer powder with peroxide in an extruder'?*?®

The peroxide
promotes extrusion degradation of the starting polymer resin. The final
resins are known as controlled rheology (CR) grades. The controlled
rheology grades consist of shorter chains having a more uniform length
and thus narrower molecular weight distribution. Longer chains are
broken down more easily as there is a higher probability of the peroxide
attacking the longer chain molecules. This lowering in molecular weight
results in an increase in the meit flow index (MFl) and a narrowing in
MWD, which promotes improved processability in the polymer. The MFI
and MWD affect the impact strength in opposite ways. An increase in
MFI lowers impact strength whilst a reduction in MWD (at constant MFI)
increases the impact strength. According to Becker * a/*®' the amount of

peroxide needed depends on:

e The MFI of the starting resin;
e The desired MFI of the final resin and
e The antioxidant system used in the formulation.
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Narrow MWD grades generally show superior processing characteristics
in high speed melt spinning of very thin fibres, high-speed extrusion of
thin films and injection moulding of thin-walled articles. Controlled
rheology gives grades with higher gloss, enhanced transparency, higher
flowability, higher toughness at comparable flowability, less warpage,
less shrinkage and shorter cycle times. All the above are gained at the

expense of lowering the stiffness and the melt strength'?®.,

For long-chain polymers, many mechanical properties can be improved by
an increase in molecular weight. This effect reaches a limiting value at a
relatively high molecular weight after which no appreciable change in the
property is apparent. Eventually, at very high molecular weight, the melt
viscosity becomes so high that the polymers cannot be dissolved, worked
mechanically or be made to flow in the molten state. The stress-strain
properties of an amorphous polymer depend on chain entanglements, and
thus the molecular weight. In semicrystalline polymers, like
polypropylene, this influence is not as apparent, due to the presence of
crystallites, which also contribute to the strength.

2.2.5 Effect of Morphology on Mechanical Properties

The morphology of the copolymers determines the balance between the
stiffness and the impact strength. The scanning electron microscope
(SEM) and the transmission electron microscope (TEM) can be used to
study the morphology of the copolymers. The TEM is us | to study the
finer details of the structure of the copolymer, especially the rubber phase
and the in"  facial properties between the phases.

The similarity in electron density between polypropylene (PP) and
polyethylene (PE) makes it impossible to get good contrast between the
matrix and the dispersed rubbery phase. In order to enhance the contrast,
the copolymers are stained with various staining solutions. Some of the
work done on the staining procedures can be found in papers by Sano et

’28]

al”” and Reimschuessel et af?®. The use of osmium tetroxide (OsQ4) as a

staining agent is well documented for ethylene-containing systems, but it
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has been shown to work best for systems containing an unsaturated
bond'?’?®",  According to Khandpur et af*® staining with ruthenium
tetroxide (RuQ4) seems to be ideal for staining saturated polymer systems
such as poly-(propylene-ethylene) copolymers. The preparation of the
RuOs can be done in two ways, ther by the oxidation of hydrated
ruthenium dioxide using sodium periodate,

0°C
2 NalO4 (4g) + Ru02(0.6g) % RuO: + 2 NalOs
H20

or by the oxidation of ruthenium trichloride with sodium hypochlorite,

H20
2 RuCls.3H20 + 8 NaOCl ™% 2 RuOs + 8 NaCl + 3 Clz + 3 Hz0
(0.19) (5 ml 13 % aq.)

According to Sano et af?’’ the RuOa crosslinks the polymer system and
this has been confirmed by various structural investigation techniques.
The staining with RuOs is sometimes preceded by treatment with
chlorosulphonic acid (CISOsH). According to Bassett™" the sulphur and
the chlorine molecules crosslink the ethylene. The staining effect comes
from the conversion of RuOs to RuO2, which gives colour to the sample.
The sample becomes harder by crosslinking through the formation of
carboxylate linkages. The increased hardness also makes sectioning
easier. The staining effect in PP is much less than in PE due to the limited

amount of carbonyl groups in the fo....2r?"),

Typical results of TEM studies, as shown in Figure 2.7, show a matrix of
semi-crystalline polypropylene containing lamellae, an amorphous | jion
within the rubber particles and inclusions of semi-crystalline
polyethylene®,
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3 nm

Figure 2.7: Typical structure of a polypropylene-ethylene block copolymer, 1 — semi-
crystalline polypropylene matrix, 2 - semi-crystalline ethylene within the
rubber particle, 3 — amorphous rubber phase, [after ref. 201l.

The ethylene-propylene rubber (EPR) compaosition is significantly different
to that of the PP homopolymer and is usually immiscible in the
homopolymer phase even in the melt, thus the final rubber morphology is
strongly affected by the shear and deformation during melt processing

operations™?.

The effect of injection temperature on the copolymer microstructure is
shown in Figure 2.8(a) and Figure 2.8(b). In Figure 2.8(a), the EPR is well
dispersed and of an almost uniform size. Raising the injection temperature
results in the EPR particles coalescing and causing the average particle
diameter to increase, as shown in Figure 2.8(b).
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the rubber phase. Stress whitening is also lowered by crystallisation of

ethylene within the rubber particle'®.

2.2.7 Effect of the Glass Transition Temperature, Tg, on Mechanical
Properties

The glass transition temperature (Tg) is the discontinuity in the rate of
change of volume with respect to temperature in volume vs. temperature
'8l The glass transition temperature can also be defined as the
temperature at which the polymer properties change from a glassy to a

plo

rubbery nature with increasing temperature, as shown in Figure 2.10"'.
At the Tg there is enough volume for the side chains or groups to start
rotating around the backbone carbon chain. The chain rotation at the Tg
and above gives a mechanism for impact energy absorption by the
copolymers. Isotactic polypropylene is brittle at low te...peratures
because its glass transition temperature of about -10 °C is relatively high.

The Dynamic Mechanical Thermal Analyser (DMTA) can be used to
measure the viscoelastic behaviour of polymers, Jj.e. the ability to recover
elastically and to flow when stressed®. The two properties can be
expressed as storage modulus, E’, and loss modulus, E’’. The storage
modulus quantifies the material’s ability to store energy whereas the loss
modulus quantifies the material’s ability to dissipate energy by viscous
flow. E’ is measured by quantifying that part of the material’s resistance
to deformation that is in phase with the applied stress, while E’’ is the
quantification of the part that is out of phase. The ratio of the loss
modulus and the storage modulus is expressed as tan delta, . E"/E’' =
tan 8. The EPR in impact copolymers provides a means by which energy
can be dissipated.
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Figure 2.10: A plot showing the thermal events occurring in a semi-crystalline polymer
as a function of temperature, [after ref. 7].

Bi-phasic copolymers show two glass transition temperatures, one for the
isotactic polypropylene phase and the second one for the EPR phase. The
bigger the difference betw :n the two, the ...ore ... .scible the
componen are. When the dif" ce is smaller, the is a strong
inte ction betw :n the polymer chains of the individual phases and this
results in good cohesion between the two phases and therefore better
impact properties, as shown in Table 2.2,
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CHAPTER 3

MATERIALS AND EXPERIMENTAL
TECHNIQUES

3.1 INtRODUCTION

This chapter gives a detailed description of the copolymers investigated
and the techniques employed to measure the physical, mechanical,
thermal and thermo-mechanical properties and also to elucidate the
microstructural features of the copolymers.

3.71.1 Materials Tested

The polymeric materials investigated in this study were nine grades of bi-
phasic poly-(propylene-ethylene) impact copolymers as classified in Table
3.1. The grades were obtained from the supplier Polifin Ltd. South Africa
and, as indicated in Table 3.1, two of the grades included for a
comparative study, were obtained from Targor in Germany. The
copolymers cover an ethylene content range of between 6 and 23 % and
an MFI range of between 0.8 and 46 g/10 minutes. The MFI is a
measure of the flow rate in g/10 minutes of polymer flowing through a
die at a given temperature and dead weight on a piston. For
polypropylene the test conditions are 230 °C and a load of 2.16 kg (ISO
1133).

The other variables i...ongst the grades are the presence or absence of
nucleating agents, the molecular weight distribution (MWD) and the
additive package. Some of the physical and mechanical properties of
these materials as supplied by the producer appear in Appendix A. The
copolymer grades are differentiated from one another by codes as
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3.1.2 Production of Copolymers

The technology used to make the copolymers is the BASF Gas-Phase
Process™ (see Figure 3.1). The stages of the production process are
ilustrated below:

3.1.2.1 Polymerisation

The copolymers are polymerised in a continuous process in two vertically
stirred reactors in series as shown in Figure 3.1. Liquid propy e is fed
through the bottom of the first reactor. Hydrogen is added to control the
molecular weight of the resulting polymer. The product produced in the
first reactor is the homopolymer polypropylene that forms the matrix of
the copolymer. Polymerisation is done at temperatures of between 50
and 90 °C and the pressure is between 10 and 40 bar. The catalyst
system used is the BASF's PTK 4W, which is capable of producing
polymers with a narrow molecular weight distribution.

Copolymerisation takes place in the second reactor. The feedstock
consists of the powder homopolymer from the first reactor, ethylene and
propylene. The ethylene and the propylene react to form the ethylene-
propylene rubber, which forms the dispersed phase and is incorporated in
the polypropylene homopolymer matrix. Chain-to-chain linkage is
achieved between the dispersed phase and the matrix.

The reaction is exothermic and cooling is achieved by cooling the gas
taken from the space above the polymer powder bed. This cooling is
very critical as temperature affects the MFI of the polymer produced.
The MFI ratio of the polymer powder between the first reactor and the
second reactor has to fall within a specified range in order to produce
grades of a given final MFi and impact strer “h to stiffness ratio.
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3.1.2.2 Polymer-Gas Separation

The polymer mixture of powder and monomers is transferred to discharg
vessels via dip legs such that the polymer powder bed level is maintained
at a constant height. The polymer powder and carrier gas are separated
in the discharge vessels. The polymer powder is then stripped of residual
propylene by flushing it with nitrogen gas in a stirred purge vessel. The
powder then gets sent to the powder silos.

3.1.2.2 Extrusion

The powder from the powder silos is converted into pellets in a twin-
screw extruder where stabilisers and other additives are added through
the throat of the extruder. The vis-breaking process also takes place in
the extruder using peroxides in order to manufacture controlled rheology
grades. Underwater die-face cutters then pelletise the material.

3.1.2.3 Degassing

The pellets are transferred to a degassing unit to remove volatiles and
odours in order to meet the stringent quality demands for the food and
health packaging industries.

3.1.2.4 Blending Silos

The degassed pellets are then conveyed to blending silos that serve both
to ensure homogeneity in the product and as temporary storage before

bagging.
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3.1.3 Sample Preparation

The samples tested were injection-moulded on a 150 ton Engel Injection
Moulder-DTE26 at the Polifin Polypropylene Plant. International
Standards Organisation (ISO) standard tensile and impact specimens were
moulded under standard operating conditions. Specimens were moulded
using an injection speed of 50 mm/s and at an injection pressure of 50
bar. An operating tc...perature of 230 °C was used along the length of
the screw barrel. The mould temperature was kept constant at 30 °C,
while the cooling time was set for 10 seconds. Prior to testing, the
specimens were left for at least 48 hours in the testing room and at least
5 tests were carried out on each batch of polymer.
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3.2 PHYSICAL CHARACTERISATION

3.2.1 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was performed on a Perkin-Eimer
DSC 2 in the analytical laboratory of Polifin PP Division. In order to
determine the percentage crystallinity, an average of the heat of fusion
(AHs) of the copolymers was obtained using the known heat of fusion of a
100 % crystalline isotactic polypropylene (AH: *i-PP) which is assumed to
be 209 J/g®. The percentage crystallinity of the copolymers can be
calculated from the equation:

% crystallinity = AH: copolymer X 100
AHs *i-PP (3.1)

= AHicor~"'mer X 100
209 J/g

3.2.2 X-Ray Diffraction (XRD}

X-ray diffraction (XRD) scans for the injection-moulded copolymer
specimens were acquired on a Bruker XAS machine at the National
Accelerator Centre (NAC) at Faure in Cape Town. The specimens were
mounted on a cold setting polymer resin for easy polishing of the surface,
prior to taking the XRD scans. A blank (resin only) run was made to
determine the contribution of the resin to the peaks. There were no
peaks that could be attributed to the resin only. The software supplied
with the machine then automatically subtracted the amorphous
contribution of the resin from the samples.

The 26 range covered was from 5 to 50° with the sample holder rotating
at 30 rpm. A step size of 0.1° was used and the duration of each step
was 2 seconds. The scans were taken at room temperature. The width,
B, of a rectangle with the same area and height as the peak, was used to
calculate the average crystallite size using the equation from Hay et a/**":
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E = A/(Bcos 0) (3.2)
where,
e E is the average crystallite size;
e L is the wavelength of the incident x-ray beam at 1.54 AngstrOm;
e B is the width of a rectangle with the same area and height as the
peak in radians and
e 0O is half the angle at which the peak maximum is taken (in radians).

The crystallinity, Xc, of the copolymers was determined from the XRD
traces by measuring the area under the crystalline peaks and the

amorphous background, using''%%":

Xc = Ac/ [Ac + Aa] (3.3)

where,
Ac is the area under the crystalline peak and Aa is the area of the
amorphous background.

The relative amount of the hexagonal B form, K, was determined from the
XRD traces in grades in which the (300)s crystallographic plane was
present using!'*'%"

K = H(300) / [H (300) + H(110), + H (040), + H (130). (3.4)

where,

H (110)e, H (040), and H (130). are the heights of three strong o form
peaks (110), (040) and (130), and H (300) is the height of the strong
single B form peak.
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3.3 MECHANICAL CHARACTERISATION

3.3.1 Hardness Testing

The Vickers micro-hardness (HV), of the specimens was measured on a
Matsuzawa MXT-a7 Digital Micro-Hardness Tester using a 25-gf ¢ |
over a loading period of 10 seconds. The Vickers micro-hardness was
calculated from the formula:
HV = load / area (3.5)
= 1.854 W/ d*

where,
W is the load in kgf and d is the diagonal indent in mm.

3.3.2 Impact Testing

lzod impact testing was done at Polifin on a Zwick Materials Testing
Machine. The test specimens were of dimensions 8 mm thick and 4 mm
wide with a notch radius of 0.25 mm.

3.3.3 Flexural-Bend Testing

The flexural-bend tests were carried out under the conditions as set out in
ASTM D 790M - 92° using Test Method 1 - Procedure B. The 3-point
bend tests were performed on a Zwick Universal Tensile T :ir Machine
using an in-house built cage as shown in Figure 3.2. The test parameters
employed on specimens of dimensions of width 10 mm and thickness of
4 mm were; a test speed of 17 mm/min and a support span of 64 mm.
The flexural modulus was determined from the force/deflection curves
obtained from the tests using the equation:
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3.3.4 Tensile Testing

The tensile test specimens were pulled in tension on the Zwick 1484
Universal Tensile Testing Machine. The tests were carried out according
to ASTM D 638M - 91a"*". It was necessary to use a test speed of 50
mm/min because the specimens elongated to more than 200 % of the
original gauge length. The test parameters employed were a test speed
of 50 mm/min, i.e. at a strain rate of 9.8 X 10° s™'. The tensile
specimens had a gauge length of 85 mm, a thickness of 4 mm and a
width of 10 mm. The slope of the initial linear part of the curves was
used to calculate the tensile modulus using the formula:

Ey = (W/Ao) / (AL/Lo) = o/e (3.7)

where,
e Eyis the tensile (Young’'s) modulus in MPa;
e W s the load in N;
e Ao is the initial cross sectional area in mm?;
e AL is the change in gauge length in mm;
e Lois the original gauge length in mm;
e o is the engineering stress in MPa and
e ¢ is the strain.

The tensile strength of the copolymers was determined from the
maximum load reached after the initial elastic portion of the curve. The
tensile yield strength could not be accurately determined as the material
displayed a continuous yielding. The maximum elongation was obtained
from the reading on the machine.
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3.4 MORPHOLOGICAL CHARACTERISATION

3.4.1 Scanning Electron Microscopy (SEM)

A Cambridge Stereo-scan 2000 Scanning Electron Microscope (SEM)
operating at 15 kV, was used to quantify the rubber particle size and
spatial distribution. From the SEM micrographs, the average particle size
and the average interparticle spacing of the rubber particles were
determined. Notched impact test specimens were immersed in liquid
nitrogen for approximately one minute, quickly clamg {1 in a vice and
fractured using a plastic hammer. The fracture surface was then etched
in n-heptane at 70 °C for 30 minutes. After cleaning in methanol for 5
minutes in an ultrasonic bath, the specimens were mounted on aluminium
stubs. They were then sputter-coated at 2 kV and 16 mA for 10 minutes
using a go/d / palladium mixture, to render them electrically conducting.
To minimise charging of the polymer spec... :ns, a conducting path of
silver dab was applied between the specimen and the stub.

The interparticle spacing was determined by measuring the distance from
the centre of one rubber particle to the nearest with a ruler. The particle
size was determined by measuring the perimeter of the rubber particles
using a Joyce Loebl Image Analysis Software Package. The rubber
particles were assumed to be spherical, hence the relation between the
perimeter (circumference) and the diameter was used to convert the
circumference values, C, to diameter, dc, /.e. C = 7 dc.

3.4.2 Tran.....ssion Electron Microscopy (TEM)

The transmission electron microscopy (TEM) was used to study the
microstructure of the rubber phase. For this purpose a JEOL JEM-200CX
Transmission Electron Microscope operating at 200 kV was used. The
polymer specimens were first prepared into blocks that could fit into a
microtome sample holding pin. The blocks were then submerged in
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concentrated chlorosulphonic acid for 4 hours at room temperature and
then rinsed thoroughly in distilled water. The chlorosulphonic acid
hardens the blocks and makes sectioning easier.

The blocks were dried and then submerged in a 0.1% staining solution of
ruthenium tetroxide (RuQOs) for 4 to 8 hours. The staining solution was
buffered at a pH of 7.2 with sodium dimethylarsonate in order to
maximise the diffusion of the stain into the block. The purpose of the
RuOs solution is to give contrast between the polypropylene matrix and
the dispersed ethylene-propylene rubber phase. The stock solution was
prepared by reacting 4 grams of sodium periodate with 0.6 grams of
hydrated ruthenium dioxide in 100 ml of water. The reaction mixture
was left to react at a temperature of O °C in a fume-hood for 3 hours.
The reaction is as follows:

2Nal0a(s) + RuOz(s) > RuOs + 2NalOs

The polymer block was immersed in a 0.1% solution that was prepared
from the stock solution. The blocks were then thoroughly rinsed in
distilled water and left to dry. Thin sections of about 80 nm thick were
microtomed either at room temperature or at -120 °C on a Reichert
Ultracut S microtome. The sections were then put on a copper grid for
viewing in the TEM. Photographs were taken for a more detailed
investigation of the microstructural constituents.



39

3.5 THERMAL CHARACTERISATION

3.5.1 Dynamic Mechanical Thermal Analysis (DMTA)

The dynamic mechanical thermal analysis (DMTA) of the polymer samples
was performed on a Perkin-ElImer DMA 7e Analyser at the Polymer
Institute at the University of Stellenbosch. The tests were conducted at
an operating frequency of 3.6 Hz over a temperature range of -70 to 100
°C, using a heating rate of 5 °C/min. The test specimens were machined
from the injection-moulded tensile test jecimens to fit into tt  sp im
holder of the machine. A parallel plate measuring configuration was
used. A probe measures the material’s response to the applied frequency
over the temperature range. The results were recorded as either loss
modulus, storage modulus or tan §, as a function of temperature but in
this thesis only the loss modulus results are reported as they were the
more meaningful of the three.

3.5.2 Simultaneous Thermal Analysis (STA)

The response to temperature increase of the copolymer material was
investigated by looking at the Differential Thermal Analysis (DTA) and the
Thermogravimetric (TG) curves for the 2349 MC and 2900 H grades.
Specifically, the influence of % C: on transition temperatures and
decomposition behaviour was studied. The tests were run on a Netzsch
Thermal Analysis STA 409 machine shown in Figure 3.3. The machine is
equipped with two Al20s crucibles for the sample and the reference
ma ial. The | ice crucible wi kept empty during testing. The
tests were run from 20 °C to 500 °C at a heating rate of 5 °C. nin a
dynamic atmosphere of argon flowing through the furnace chamber at
100 ml/min. The data is collected and processed via a computer with the
necessary software.
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CHAPTER 4

RESULTS

4.1 IN«nODUCTION

This chapter presents a systematic characterisation and analysis of the
various poly-(propylene-ethylene) copolymers. In the case where more
than one batch per grade was analysed the results are reported with a
standard deviation. For the mechanical tests results at least five
measurements were taken. Various correlations were established and in
cases where there was a common denominator between two different
correlations, care was taken not to repeat a correlation between the two
dependent variables and a reference to this is made accordingly in the
text. The experimental results are presented in the following order:

PHYSICAL CHARACTERISATION,
MECHANICAL CHARACTERISATION,
MORPHOLOGICAL CHARACTERISATION AND
THERMAL CHARACTERISATION.

N =
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4.2.2 X-Ray Diffraction Studies

Wide-angle x-ray diffraction (WAXD) studies were carried out in order to
obtain information on the crystal level of the copolymers. Selected
diffractograms are shown in Figures 4.3 (a) to (d). These traces all show
a broad amorphous background superimposed on diffraction peaks
ascribed to the crystaliographic planes (110)q, (040),, (130)q, (111)g,
(131)a, (041), and in some grades (300)g. Sometimes the P peak,
occurring at 26 = 16.1°, aiso appeared in traces within some of the
batches in grades where they were generally not present. From this it
can tentatively be concluded that the proportion of the B hexagonal form
and the a monoclinic form depends on the ethylene content, tt pr¢ 1ce
of a nucleating agent, the plant processing- and / the moulding
conditions.
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Figure 4.3: Selected XRD traces for the copolymers showing (a) two different
batches of grade 2349 MC, one with the (300); peak present; (b} grade 2540 H with all
the peaks present and a clear split in the peaks for (111), and (131),; (c) two batches
of grade 2602 E with one batch showing an absence of peaks at 26° = 9.5 and 28.6
and (d) Targor grades 2600 PC and 2900 H with the (300)g peak absent in both grades;
the 2900 H grade also shows an absence of the peaks at 20° = 9.5 and 28.6.

Figure 4.3 (a) shows two different batches (Bx's 2722 and 3364) of
grade 2349 MC, with batch 3364 showing the (300)g peak. The peaks
for the trace with no (300)p peak (Bx 2722) also show a shift to slightly
higher diffraction angles. For both batches a shoulder can be attributed
to the (111), plane at 20° = 21.2. Figure 4.3 (b) shows a trace of grade
2540 H with all the peaks present and a clear split between the (111),
and (131). peaks is now evident. Figure 4.3 (c) shows two different
batches (Bx's 2699 and 3399) of grade 2602 E with batch 2699
showing an absence of peaks at 20° = 9.5 and 28.6. Furthermore, the
percentage crystallinities calculated from the XRD traces are 54.8 for
batch 2699 and 62.4 for batch 3399. Figure 4.3 (d) shows the two
Targor grades 2600 PC and 2900 H with the (300)p peak absent in both
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Figure 4.5: A comparison of the % Xc determined from XRD and DSC data.
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hardness and crystallinity of the copolymers as shown in Figure D.1 in
Appendix D. This trend is normal as hardness is crystallinity ¢ jendent
and as such factors that affect crystallinity similarly affect hardness.
Because of this correlation, plots of properties such as impact strength
against hardness would follow the same trend as it would against %
crystallinity.

Hardness {HV-25gf)

S 7 9 1 13 15 17 19 21 23 25

Ethylene Content (%)

340 PC 349 MC 448 TC
540 H A 2600 PC 602 E
648 PC 648 RC 900 H

Figure 4.6: The effect of ethylene content on hardness for the various copolymers.
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Figure 4.7: The effect of % C2 on impact strength of the various copolymers.

Figure 4.8 shows a plot of the impact strength against the melt flow
index. There is an exponential decrease in impact strength with
increasing melt flow index. The MFI is sensitive to the admixture of high
molecular weight material i.e. to Mw, and as such a small decrease in MFI
(at low MFI's) is due to relatively large increases in molecular weight.
One would thus expect a rapid increase in impact strength as the MFI is
lowered, as confirmed in Figure 4.8. From Figures 4.7 and 4.8 it is clear
that both ethylene content and MFI affect the impact strength. The high
ethylene content and high molecular weight grades show high impact
strength because of mainly two reasons:

1) The high ethylene content lowers the glass transition temperature
through lowering the degree of crystallinity and

2) The high molecular weight offers an additional path for fracture energy
absorption through changes occurring in chain conformation as well as
through the additional tie molecule density.
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Since the degree of crystallinity shows an inverse relation to ethylene
content, it should be expected that impact strength would also be
inversely related to crystallinity as shown in Figure D.2 in Appendix D.
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Figure 4.8: The effect of the MFI on impact strength for the various copolymers.
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4.3.3 Flexural Tests Results

The load / deflection behaviour of selected copolymer grades during
three-point bend tests is shown in Figure 4.9. The grades shown are
2349 MC, 2648 PC and 2900 H. The flexural modulus is determined
from the slope of the initial linear part of the load / deflection curves, and
as such the magnitude of the slope is directly proportional to the flexural
modulus (egn. 3.6). The slope of a tangent to the curve of the Z__. 19 MC
grade is the steepest followed by the 2648 PC and the 2900 H grade.
Grade 2349 MC shows the least deflection at a given load because it has
a higher degree of crystallinity than the other two grades.
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Figure 4.9: Effect of ethylene content on the flexural behaviour of selected copolymers.

The results for the flexural tests are summarised in Table 4.6. There is a
general decrease in the flexural modulus as the ethylene content
increases as shown in Figure 4.10. This decrease in flexural modulus can
be attributed to the moduius being a small strain property dependent on
the degree of crystallinity. Some scatter is observed at an ethylene
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4.3.4 Tensile Tests Results

4.3.4.1 Tensile Behaviour

The tensile behaviour as a function of ethylene content of selected
copolymer grades during tensile tests is shown in Figures 4.12(a) and (b).
The curves shown are for grades 2349 MC, 2648 PC and 2900 H.
Figure 4.12 (a) shows the overall tensile behaviour of the copolymers and
Figure 4.12 (b) shows the tensile behaviour after 100 % elongation. In
Figure 4.12 (a) grade 2349 MC shows the highest ultimate tensi
strength and the lowest elongation whilst grade 2900 H shows the
lowest ultimate tensile strength and the highest percentage elongation.
The test had to be terminated for grade 2900 H as the material continued
to strain harden. Grade 2648 PC had tensile properties intermediate
between those of the other two grades. The trend observed is that the
tensile strength decreases and the elongation increases with increasing
ethylene content. This behaviour can be attributed to a decrease in the
degree of crystallinity with an increase in ethylene content making chain
movement easier. The degree of strain hardening seems to be a function
of the ethylene content.

Figure 4.12 (b) shows the tensile behaviour of the copolymers after 100
% elongation. The tensile modulus is determined from the slope of the
stress / strain curves (see eqn. 3.7). Grade 2349 MC had the highest
tensile modulus followed by 2648 PC and 2900 H. This trend can also
be attributed to a decrease in crystallinity with increasing ethylene
content. The 2900 H grade has the lowest yield point and seems to neck
with more ease than the other two grades.
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Figure 4.12: Plots of (a) the overall tensile behaviour and (b) the tensile behaviour at
100 % elongation for selected copolymers.
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Figure 4.13: Effect of % C2 on the tensile modulus of the various copolymers.

The tensile strength also decreases with increasing ethylene content as
shown in Figure 4.14. The general trend can be attributed to a decrease
in the degree of crystallinity with increasing ethylene content. Tensile
strength is also a small strain property and therefore depends on the
degree of crystallinity. Figure D.5 in Appendix D again confirms that the
tensile strength increases with an increase in the degree of crystallinity.
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Figure 4.14:  Effect of ethylene content on tensile strength of the various copolymers.
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4.4 MORPHOLOGICAL CHARACTERISATION

4.4.1 Scanning Electron Microscopy

Micrographs obtained from the scanning electron microscope (SEM) are
shown in Figures 4.15 (a) to (j) for the copolymer series. Figures 4.15 (a)
to (d) show the microstructure of grades 2349 MC, 2448 TC, 2648 RC
and 2900 H at approximately the same magnification. There is a general
increase in the density of the ethylene-propylene rubber particles as the
ethylene content increases. This can be attributed to an increase in the
rubber content with increasing ethylene content. Although the ethylene
content for grade 2448 TC is about 3 % higher than that for grade 2349
MC, Figu 5 4.15 (a) and (b}, show that there is no noticeable difference
in their respective microstructures. Figures 4.15 (c) and (d) are the
microstructures of the 2648 RC and 2900 H grades, respectively. The
2648 RC grade shows a microstructure of small rubber particles with a
narrow size distribution and an even spatial distribution.

The 2900 H grade shows a wide range of particle sizes with slightly
lower average inter-particle spacing compared to the 2648 RC grade
(Table 4.8). The scatter in rubber particle size in grade 2900 H can also
be attributed to the aggiomeration of smaller rubber particles to form the
large particles. This agglomeration is possible because of the higher
viscosity ratio between the dispersed phase and the matrix and also due
to the fact that at higher C:> content the rubber phase appears as a
separate peak in a DSC scan (see Figures 4.22 (a) and 4.22 (b)).

Figures 4.15 (e) to (h) show the microstructures of the 2340 PC, 2540
H, 2602 E and 2900 H grades at approximately the same but higher
magnification. Similar trends to those observed in Figures 4.15 (a) to (d)
are observed within these grades. The 2540 H grade has a higher
particle density than the 2340 PC grade. The average rubber particle size
of the 2602 E grade is slightly smaller than that for the 2900 H grade.
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molecular weight distribution show a very sharp increase in the ratio

between the inter-particle spacing and size with increasing MFI.
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The effect of the MFI on the microstructure of the various copolymers.
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4.5 THERMAL CHARACTERISATION

4.5.1 Dynamic Mechanical Thermal Analysis (DMTA)

The glass transition temperature of the copolymers was determined from
DMTA traces. The limitation of the tests was that the lowest attainable
temperature was -65 °C and as such any thermal events occurring below
that temperature could not be observed. Figures 4.19 (a) to (c) show the
loss modulus (E’’) plotted against the temperature scan for three grades of
polymers in order of increasing ethylene content.

For grade 2340 PC in Figure 4.19 (a) the B1 peak for the Tg of the
homopolymer matrix is well defined but the (B2) peak due to molecular
relaxations within the rubber phase is less defined. For grade 2648 PC in
Figure 4.19 (b) there is a clear separation of the two B peaks. The f2 peak
has been shifted to much lower temperatures by the increase in ethylene
content. In addition, for grade 2900 H in Figure 4.19 (c), the B peaks are
well resolved. The B2 peak appears at a slightly lower temperature than
for grade 2648 PC.

In low temperature applications the molecular relaxations within the EPR
(B2 peak) are the most important for high impact strength. The B2 peak
appears to increase in intensity whilst the B1 peak decreases in intensity
with increasing ethylene content. This difference in peak height is in
agreement with the observed impact strength of the grades tabulated in
Table 4.9. The a peak can be ascribed to the molecular transitions within
the crystalline regions of the isotactic polypropylene matrix.
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4.5.2 Differential Thermal Analysis (DTA)

The curves in Figure 4.20 show the thermal events occurring in the
materials as the temperature increases. The DTA curves show the
thermal transitions as the copolymers are heated from room temperature
to 500 °C. There is more energy absorbed by the 2349 MC grade during
the melting process as shown by the sharper and bigger area under the
peak at 165 °C.

20 E———

| 2349 MC
18

16

14

12

10

DTA (uv)

17 67 11/ 16/ At o/ 3114
Temperature (°C)

Figure 4.20: Effect of % C2 on the thermal behaviour of selected copolymers.

4.5.3 Thermogravimetry (TG)

Figure 4.21 shows the thermogravimetric analysis curves for the 2349
MC and 2900 H grades. The copolymer grades investigated show similar
degrac ion behaviour despite the composition dif ences.
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Figure 4.21: The mass loss with temperature for grades 2349 MC and 2900 H.

4.5.4 Differential Scanning Calorimetry (DSC)

DSC scans were used in section 4.2.1 to determine the degree of
crystallinity, but from the scans also the melting temperatures as the
peak maximum, can be obtained. All the scans showed one endothermic
peak at about 165 °C that is attributed to the melting peak of the
crystalline polypropylene matrix. Grade 2900 H showed two endothermic
peaks, with the extra peak occurring at about 120 °C and is attributed to
the melting peak of polyethylene within the copolymer. This
phenomenon suggests that the polyethylene is present in the copolymer
in such a high percentage that it is able to crystallise on its own. Figure
4.22 (a) shows a DSC scan for grade 2648 RC which is typical of DSC
scans of all the other grades, the exception being grade 2900 H which is
shown in Figure 4.22 (b).
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CHAPTER 5

DISCUSSION

5.1 INTRODUCTION

It is well known that many molecular pari. . 2ters of ate simultaneously
and affect the mechanical and physical properties in complex and often
unexpected ways. In addition, small differences in the processing
parameters introduce more variability into the product. Hence, any new
information of how these parameters govern the properties can lead to
valuable contributions to our overall understanding of copolymers. The
following discussion describes systematically how parameters and factors
such as crystallinity, crystal structure, molecular weight, rubber (or
ethylene) content, size and uniformity of the rubber phase and phase
morphology can influence the properties. It was deemed necessary to
repeat certain concepts in the various sections because of the interplay
between the factors governing the properties.

5.2 1rE EFFECT OF ETHYLENE CONich: ON THE
MICROSTRUCTURE

5.2.1 XRD and DSC Analysis

Several researchers 192030424381 haye studied the effect of ethylene and
other co-monomers on the microstructure of block copolymers. The
methods used to improve the low temperature toughness is either
blendina or copolvmerizina polvpropvlene with the copolvmer or
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comonomer, respectively. Polyethylene and polypropylene are physically
not compatible; hence the microstructure is that of two immiscible
blends. The addition of a suitable compatibilizer such as
ethylene/propylene/diene copolymer (EPDM) or ethylene vinyl acetate
copolymer (EVA) can overcome the incompatibility of polyethylene and
polypropylene. The microstructures of copolymers have also been

studied with comonomers such as ethylene, butene and hexene*®.

The ‘R21’' value was used to determine the ethylene content and it was
found that a linear relationship exists between these two parameters.
The effect of increasing the % ethylene on the crystallinity of the
copolymers was determined by both DSC and XRD. The XRD traces
were useful in that information on the crystal structure could be obtained
in addition to the percentage crystallinity. Although the two techniques
gave disparate values of crystallinity, there was nevertheless a positive
and linear correlation between the two techniques of crystallinity. As the
ethylene content is increased, the amount of rubber (EPR) increases
proportionately. An introduction of ethylene into the backbone increases
the amount of irregularity and hence decreases the amount of
crystallisable material.

The DSC scans showed smaller and less defined melting peaks for
polypropylene at approximately 165 °C, with increasing ethylene. This
can be attributed to the increased amount of EPR in the copolymers.
However, when the ethylene content was relatively high (at ~20 % in
2900 H) separate endothermic peaks at 120 °C and 167 °C were
observed. This peak at 120 °C is attributed to crystallisable ethylene
sequences in 2900 H. Generally the amount of crystallisable (or
crystalline) polyethylene is low and can be determined using techniques
such as nuclear magnetic resonance (NMR)''?. Using the heat of fusion
of 100 % crystalline polyethylene (293 J/g®?) it is estimated that grade
2900 H (see Figure 4.22) contains about 0.5 % crystallisable ethylene
segments. The XRD scans, however, did not show the presence of an
ethylene peak normally found at 20 = 23.4° due to the (200)
crystallographic plane"?.
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The presence of crystallisable ethylene sequences in EPDM was

461 ysing a dynamic mechanical technique and

confirmed by Karger-Kocsis
in PP copolymers by Chundury et a/**' using DSC. It is thought that the
broadening endothermic peaks are due to randomized ethylene and

propylene units in the EPR“®.

XRD data showed that the apparent crystal size (E) of isotactic
polypropylene in the presence of EPR decreased with increasing ethylene
content. These crystals which are of the order of 20 nm are of similar
size to those obtained by D’Orazio et af®". These differences are due to
variations in the crystallisation temperatures as well as the moulding
conditions. Higher crystallisation and mould - nperatures favour thicker
crystallite or lamellae sizes. In melt crystallised polypropylene the
predominant crystal structure is the o monoclinic form and occasionally
the B hexagonal form is observed. The B form was predc....nantly
observed in several of the nucleated batches. For these batches the
relative contribution of the B was determined mathematically and was
found to be about 17 %. Some researchers have found that the impact
resistance of isotactic polypropylene improved when a B-nucleating agent
was added "%,

In this study, it cannot conclusively be determined if the batches with the
B peak had higher impact strength due to variations in ethylene con 1,
although all the batches with the B peaks had good impact strengths.
The high ethylene content grades (2900 H and 2600 PC) were non-
nucleated grades and did not have the B peak. The XRD traces showed
that grade 2349 MC in Figure 4.3 (a) batch 2722 did not have a (300)s
peak whereas in batch 3364 it was present. It was aiso noted that all
the latter batches of 2349 MC had the B peak present. If the grade is
produced under the same standard conditions, no significant differences
betw :n the batches are to be expected. Since differences are observed,
the processing conditions at the plant and during injection moulding come
under the spotlight. The differences can be attributed to fluctuations in
the plant processing variables such as the MFI, reactor temperature, % C:2
and also the formulation and activity of the catalyst system used. In
general, the addition of a nucleating agent increases the degree of
crystallinity.
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5.2.2 SEM and TEM Analysis

In order to understand the relationship between microstructure and
mechanical properties, a detailed study was conducted on the effect of
EPR particle size, distribution and particle morphology. Heptane was
used to etch the copolymers by dissolving the rubber phase and hence it
is possible to get an indication of their average size and distribution
within the polypropylene matrix. The SEM micrographs were used for
this analysis and at least 100 particles are considered for each batch.
The rubber particle density increases with increasing ethylene content
because the ethylene is used in the formation of the ethylene-propylene
rubber (EPR) phase. Particle size varied between 0.8 ym and 1.5 pm. At
very h’ 1 ethylene content the viscosity of the rubber phase becomes
significant so that the viscosity ratio becomes very high and the particles

coalesce to form large rubber particies™?.

The results indicated no definite relation between either particle size or
inter-particle spacing with ethylene content. Howev , when tt ratio
between the inter-particle spacing and the particle size was plotted,
trends against % C: and MFI were observed (Figures 4.16 and 4.17).
The decrease in the ratio with increasing % C: can be attributed to the
decrease in inter-particle spacing and at the same time an increase in
particle size as the percentage ethylene increases. When considering the
rubber morphology factors such as the shear rate in the extruder and
injection mouiding conditions need to be considered. This can be
achieved by increasing the shear rate in the extruder, whilst noting that
the viscosity of the matrix and rubber is shear rate dependent. A small
and narrow particle size distribution can also be achieved by decreasing
the surface tension between the two phases. The better compatibility
between the two phases translates into better impact properties. The
barrel temperatures should be as low as possible during injection
moulding.

A general increase in the ratio between the rubber inter-particle spacing
and the particle size as the melt flow index increases is observed (Figure
4.17). The high MFI grades seem to follow a linear trend with increase in
inter-particle spacing to size ratio with increasing MFI. This can be
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TEM makes it possible to study the individual phases of the copolymer in
much more detail. This compensates for the detail lost during the etching
process in preparing specim s for the SEM. For a complete structural
elucidation, the two techniques should be used to complement each
other. TEM studies (Figure 4.18) showed that several of the larger
rubber particles are conglc rates of smaller ones. This was confirm |
in studies by Kim et a/*® and Rompler et af**. These studies showed that
in block copolymer systems with a high ethylene content, the EPR
particles with several inclusions are more effective for toughening
polypropylene. Systems modified with several inclt ons dissipate more
impact energy through muitiple cavitation and crazing processes than
201 From Figure 4.18, one
can see that the rubber particle consists of several ‘crystalline’ micro-

single inclusions does through shear yielding

domains. The matrix consists of fine 1domly arranged polypropylene
lamellae that are distinguished from the coarser lamellae within the rubber
phase. The coarser lamellae are believed to be crystallisable PExP
sequences with a high C2 content"*?.,

5.2.3 DMTA and DTA Analysis

Ethylene content seems to be the most important property determining
molecular variable in poly—(propylene-ethylene) copolymers as it f :ts
variables such as crystallinity. [t occurs in the copolymer as part of the
dispersed ethylene-propylene rubber phase. Through factors such as its
amount, size, distribution, crystallinity, insertion sequence and adhesion,
all the copolymer properties are affected. Multiple transitions by DMA
confirm that the phases present in poly—(propylene-ethylene) copolymers
are immiscible. It should be noted that the actual values of Tg and other
relaxation * nperatures of the copolymer are a function of the frequency
and type of thermal analyser used.

The peaks in Figures 4.19 (a) to (c}) are summarised in Table 4.8. The
grades show a decrease in the temperature at which the B: transition
occurs as the ethylene content increases. The intensity of the B2 peak
increases whilst the intensity of the Br peak decreases. The Bz peak is
the Ta of the EPR whilst the B: is the Ta of the nolvoronviene. The
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impact strength increases with increase in the intensity of the B2 peak.
The pa-transition temperature shifts to lower temperatures as the
comonomer content increases from grade to grade. The higher intensity
indicates an increased capacity of the polymer to absorb mechanical
energy through dissipation by rearrangements of chain segments in the
amorphous EPR. The a-transition at about 64 °C is displayed by all the
copolymer grades and is due to the transitions in the crystalline  jions of
the copolymer. Techniques such as DMTA is a valuable tool for
understanding the impact behaviour of copolymers and should preferably
be used in conjunction with other techniques, such as electron
microscopy, temperature risitr  elution fractionation (TREF) and nuclear
magnetic resonance (NMR).

The similarity in the degradation behaviour of the copolymers is due to
the fact that the copolymers are mainly composed of carbon and
hydrogen, the only difference being the respective concentrations of
ethylene and propylene in the backbone. It is possible that copoly...2rs
with large %’s of ethylene concentrations would give different
decomposition behaviour than copolymers with relatively small
concentrations. DSC thermograms showed that it was possible to obtain
the endotherms due to ethylene in those copolymer grades containing a
high % ethylene. In addition, the % crystallinity is useful to correlate
with mechanical properties that mainly depend on an ordered crystal
structure. An increase in ethylene content produced a concomi 1t
decrease in the % crystallinity of the copolymers.

5.3 THE EFFECT OF ETHYLENE CON.:c2N: ON THE
MECHANICAL PROPERTIES

5.3.1 Properties that Depend on Crystallinity

The mechanical characterisation of the copolymers shows a clear
dependence of the microstructure and composition on various mechanical
properties. Small strain properties (elastic properties) such as hardness,
tensile yield strength and modulus (or stiffness) depends on the degree of
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crystallinity and to a smaller extent on the molecular weight. The micro-
hardness was found to decrease with increasing ethylene content. The
trend shown (Figure 4.6) is similar to that displayed by crystallinity when
plotted against the ethylene content. This is because hardness is a small
strain property and therefore depends mainly on the degree of
crystallinity. The Vickers micro-hardness test is a simple test that yields
information about the microstructure and mecl 1ical behaviour of
materials. For polymeric materials, a monotonic increase in hardness with
increasing crystallinity can also be related to yield stress and elastic

modulus®®.

The tensile properties such as yield strength and elastic modulus also
decrease with increasing ethylene content since they are also small n
properties and therefore dependent on the degree of crystallinity. Similar
trends of decreasing yield strength and modulus with increasing ethylene
content during tensile tests, was observed by Fernando and Williams™®.
Similarly, the three point bending flexural modulus was also found to
decrease with increasing ethylene content. This trend is also due to a
decrease in the degree of crystallinity since flexural modulus is also a

[16]

small strain property The addition of a nucleating agent or fillers such

as carbon black or talc have a stif 1ing and strengthening effect on the

copolymers's’-%#,

Figure 5.2 shows that the flexural modulus is inversely
proportional to ethylene content whilst the impact strength increases with
increasing ethylene content. These trends are similar to those shown in

Figure 2.4,
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Figure 5.2: Effect of ethylene content on the flexural modulus and impact strength.

5.3.2 Properties that Depend on Molecular Weight and Molecular Weight
Distribution

In studies conducted with polypropylene homopolymers by Marcus et
al*", larger flexural moduli were obtained with broader molecular weight
distribution polypropylenes at similar molecular weight and %
crystallinities.  The authors inferred that the larger flexural moduli
obtained for the broad MWD reactor grades is more dependent on the
presence of tie molecules rather than smali changes in crystallinity in the
homopolymers. The tie molecules connecting lamellae are believed to act
as a stiffening agent in high molecular weight and broad MWD materials.
The flexural moduli decreased substantially on vis-breaking due to the
relative absence of long chain tie molecules. It is believed that the vis-
breaking process for the copolymers have a similar effect on stiffness but
is outweighed by the increase in crystallinity due to the presence of a
nucleating agent.

The impact strength is dependent on large strain properties such as %
elongation. The long chains in high molecular weight grades are able to
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absorb more energy through chan¢ ; of conformation and through the
increased tie molecule density. This renders the high molecular weight
copolymers tougher during an impact event'??. The percentage elongation
increases with increasing ethylene content and this can be attributed to
the lowered degree of crystallinity. The impact strength also increases

18 5o that these two molecular

with increasing ethylene content alor
parameters together result in a substantial increase in impact strength.
Figure 4.7 shows two distinct regions of toughness separated by a
transition region at an ethylene content of about 12 %. The high
toughness is due to a high ethylene content that reduces the glass
transition temperature by reducing the degree of crystallinity!”™. It should
be borne in mind that although the ethylene content and molecular weight
influence impact strength, modification of the crystal structure through
nucle ion a > contributes to improved overall prof ‘ties. This can be
seen by considering that grade 2540 H has a slightly higher impact
strength and much higher stiffness than grade 2900 H, see Tables 4.5

and 4.6.






6.2 CONCLUSIONS

The work carried out during the course of this thesis has contributed to
our understanding of the factors governing the progr ‘ties of poly-
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(propylene-ethylene) copolymers. In particular the following conclusions

are noteworthy:

1. High ethylene content, high molecular weight and nucleated grades

with a narrow molecular weight distribution show the best balance

between the impact strength and stiffness.

2. An increase in ethylene content leads to a significant increase

in

impact strength but has detrimental effects on small strain elastic

properties such as flexural- and tensile modulus as well as hardness.

3. The impact toughness can further be improved through controlied

manipulation of the EPR microstructure. The inter-particle spacing
the EPR to size ratio (CCD/D) should be as small as possible,

of
at

specific ethylene contents. In addition, the inter-particle spacing

should be such that their stress fields overlap.

4. Large EPR particles tend to give high impact strength, whilst small

particles lead to higher stiffness. A balance of uniformly distributed

particle size should be sought for good mechanical properties.

5. The results tentatively show that the formation of the B hexagonal

form is advantageous for impact properties.
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FUTURE WORK

The TEM studies should be continued looking specifically on the
rubber morphology of grades whose batches display significant
differences in properties. The investigator should spend some time on
the plant during production of the copolymers to be investigated and
gather information such as the fluctuations in process variables. The
extrusion process should be optimised with more emphasis on the
morphology rather than the final MFIl. Ideally, impact tests should be
carried out at sub-zero temperatures. The Department of Materiais
Engineering has an instrumented drop weight impact tester that can
be modified to test polymer plates at sub-zero temperatures.

A more detailed study of the B phase and the influence of the B phase
on the spherulitic structure. Some studies have shown that high
levels of the f form lead to lower yield st ises and higher %
elongations. The drop weight tester could be utilised to study the
impact toughness of copolymers enhanced by the addition of say a (-
nucleating agent. One could also use of techniques other than SEM
and TEM to study the rubber phase. This could be based on
interference polarized microscopy such as phase contrast microscopy.

The impact strengths vary from test to t¢ , for example lzod test
values do not necessarily correlate with drop weight test results. The
fracture toughness (Kic) and the fracture energy (Gc) can be found
using techniques described in lir ir elastic fracture mechanics (LEFM).
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ArrcNulX A

PLANT SPECIFICATIONS FOR SOME OF THE GRADES

This section contains the production specifications of some of the
copolymer grades investigated.

Grade 2340 PC

MFI: Range 13 - 18, Target 15

% C2: Range 5 — 8, Target 6.5

Izod notched impact strength @ 23 °C: Greater than 5, Target 7 kJ/m?
Modulus: Greater than 1100, Target 1400 MPa

Grade 2448 TC

MFI: Range 40 - 55, Target 45

% C2: Range 8 — 11, Target 9.5

Izod notched impact strength @ 23 °C: Greater than 5, Target 7 kJ/m?
Modulus: Greater than 1000, Target 1200 MPa

Grade 2540 H

MFI: Range 1.5 - 2.5, Target 1.8

% C2: Range 9 — 13, Target 11

Izod notched impact strength @ 23 °C: Greater than 35, Target 40 kJ/m?
Modulus: Greater than 1000, Target 1100 MPa

Grade 2648 PC

MFI: Range 13 — 18, Target 15

% C2: Range 10.5 - 13.5, Target 12

fzod notched impact strength @ 23 °C: Greater than 10, Target 12 kJ/m?
Modulus: Greater than 900, Target 1000 MPa
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APPENDIX D

RELATION BETWEEN THE DEGREE OF CRYSTALLINITY AND OTHER
MECHANICAL PROPERTIES
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Figure D.1: A plot of the correlation between hardness and the degree of crystallinity.















