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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)p crystallographic peak at 28° 

= 16. 1. This peak is due to the presence of the f3 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 (DT A) 

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. 
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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 

engineering and commodity polymers111
• On the one hand, its price makes 

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 

tern pe ratu res. 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 low 

temperatures is its high degree of crystallinity coupled with its glass 

transition temperature (T g) 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 

homopolymer121
• 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 
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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 extruderr31
• 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 of41
: 

• Active sites being able to polymerise both ethylene and propylene; 
• Active sites sufficiently stable along the polymerisation period and a 
• 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 sincer51
: 

• Products are polymerised directly from the monomers, thus the 

reduced variability in raw materials imparts better material 

consistency; 

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

• Elastomers are finely dispersed in the matrix and therefore improved 

physical properties and melt uniformity are achieved and 

• 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 
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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: 

• Fully characterise the copolymer grades; 

• Seek to understand the influence that each of the variables has on the 

mechanical properties of the copolymers; 

• Determine the physical and structural parameters that give the 

optimum stiffness to toughness ratio; 

• Determine the optimum conditions that ensure the production of 

copolymers with such physical and structural parameters and 

• 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. 

• 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; 

• Chapter 3 gives detailed information about the experimental 

techniques used in this study; 

• Chapter 4 is a presentation of the results in the form of tables, graphs, 

SEM and TEM micrographs; 

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

• Chapter 6 summarises the work completed. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 POLYMER STRUCTURE 

2. 1. 1 Molecular Structure 

lsotactic polypropylene is a semicrystalline, linear chain macromolecule 

composed of propylene -(CH (CH3) CH2)- repeat units added in a tail-to

head fashion. Depending on the spatial arrangement of the methyl (-CH3) 

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: 

R 

H 

Stereoisomers of polypropylene (a) isotactic, (bl syndiotactic and (c) 
atactic, R = -CH3 (methyl group), [after ref. 2]. 
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During copolymerisation the propylene molecules combine with ethylene 

monomer molecules. This introduces irregularity to the polymer chain; 

hence the copolymers are less crystalline than the homopolymer. The 

arrangement of the chains can be depicted as shown below[61
: 

• Homopolymer: This phase is highly crystalline and imparts stiffness to the copolymer. 
The polymer chains consist of propylene units only. 

P-P-P-P-P-P------P-P-P-P-P-P-P 

• Random copolymer: This is a tough single-phase polymer with an amorphous 
structure. The polymer chains consist of propylene units and randomly distributed 
comonomer units. 

P-P-P-C-P-P-C-P--------P-P-C-P-P-P 

• Block copolymer: This polymer is bi-phasic and is a composite of the stiff 
homopolymer phase and the tough ethylene-propylene rubber phase. 

P-P-P-P-E-E-P-P-E-P-P-E-E-P-P-P-E-P-P-P 

2. 1. 2 Crystalline Structure 

The building blocks of the polymer structure are the chain 

macromolecules, lamellae and spherulites. Three monomer units combine 

to form one full helix rotation. The helices repeatedly fold in a three 

dimensional fashion to form lamellae, as shown in Figure 2.2m. 

Figure 2.2: 

Lamella folded 
crystallite 

Tie molecules 

Amorphous 
material 

A simplified model of isotactic polypropylene lamella crystallites, [after 
ref . 71. 
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The size of the lamellae ranges from 10 to 50 nm and is a function of the 

crystallisation conditions. The direction of growth of the lamellae is 

perpendicular to the surface of the lamellae crystal. Spherulites are a 

higher order structure composed of these lamellae, trapping amorphous 

material as they radiate and grow from a centre of nucleation. When thin 

films of polypropylene are viewed using polarised optical microscopy, the 

characteristic Maltese cross patterns are observed, as shown in Figure 

2.3181
• The size of the spherulites can range from a few microns up to 

about 100 µm. 

Figure 2.3: The spherulitic structure of isotactic polypropylene, viewed under 
polarised light, [after ref. 8]. 

lsotactic polypropylene (i-PP) is known to exist in at least four different 

crystal structures: the monoclinic (a-) form191
, the hexagonal (~-) form1101

, 

the triclinic (y-) form111 1 and the quenched form191
• The a form is the most 

common crystalline form of polypropylene . These different crystal 

structures arise as a result of the packing geometries of the right handed 

(d) and left handed (I) helices that are made to rotate in specific directions 

by the asymmetry of the substituent groups. The presence of ethylene as 

the co-monomer disturbs the regular order of the chains and hence 

diminishes the a peak intensity in an x-ray diffractogram. 
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Feng et a/1 21 recently studied the effect of ethylene as the co-monomer 

on the characteristics of the crystal structure. It was found that the 

proportion of the y form increased with increasing crystallisation 

temperature. Increasing the comonomer content results in an increase in 

y and a maximum in y content is reached at an ethylene content of about 

15 % . For the copolymers studied, a characteristic polyethylene peak at 

28 = 23.4°, ascribed to the polyethylene (200) crystallographic plane, 

was found at elution temperatures between 65 °C and 110 °C. In this 

elution temperature range, polyethylene chains were long enough to be 

able to diffract the x-rays. 

Conditions that favour the formation of y crystals in copolymers include 

isothermal crystallisation close to the melt temperature (Tm), very slow 

cooling and crystallisation at elevated pressure. Insertion of the ethylene 

units into isotactic polypropylene (i-PP) chains makes the crystallisable 

sequence shorter, resulting in an easy formation of they crystals. 

According to Karger-Kocsis et a/1 31
, in pure i-PP, the P form has a much 

higher toughness than the a form. This is due to a phase transformation 

toughening (PTT) that occurs when the P form is mechanically stressed 

during an impact event. This transformation is from a metastable, less 

dense P form to a more stable and denser crystalline a form. The P form 

can be obtained by the use of special nucleating agents. The relative 

amount of the P form present in the copolymer is usually described in 

terms of the K value, defined as114
•
151

: 

K = H (300)p / [H (300)p + H (110)a + H (040)a + H (130)a (2.1) 

where, 

H ( 11 O)a, H (040)a and H ( 130)a are the heights of three strong a form 

peaks ( 110), (040) and ( 130), and H (300) is the height of the strong 

single P form peak. 
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2.2 MECHANICAL PROPERTIES 

2. 2. 1 Introduction 

The mechanical properties that need to be optimised in copolymers are 

impact strength and stiffness. This task is made challenging by the 

inverse relationship between the two, as shown in Figure 2.4[161
• The two 

properties are always affected in opposite ways by variables such as the 

molecular weight, the morphology, the crystallinity and the glass 

transition temperature. The effect of some of the above factors is 

difficult to realise as some are inter-linked and are more or less dependent 

on the ethylene content. 

1600 300 

200 

200 100 

1000 1------------------------~ 0 

0 

Figure 2 .4: 

0 20 30 40 

Rubber content, wt % 

Relationship between stiffness and impact strength as a function of the 
rubber content, [after ref . 16]. 

When considering the physical or mechanical properties of the 

copolymers, it should be borne in mind that the processing or rheological 

variables also play an interconnected role with these outcomes as shown 

in the schematic below in Figure 2.5[171
• An item such as the 

microstructure in the figure below is controlled through the molecular 

parameters such as molecular weight (or MFI), the molecular weight 
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distribution (MWD), the comonomer distribution (CD), the sequence 

distribution (SD) , the tacticity distribution (TD) and the amount and type 

of branching. The molecular structure, in turn, affects the viscosity or 

melt elasticity, which is also affected by the temperature or flow rate in 

an extruder, for example. Finally, the mechanical properties are affected 

by the crystallisation conditions after processing . 

Flow Property 
(viscosity, melt elasticity) 

l 
Molecular Parameter 
(molecular weight) 

.. 

.. 

Processing Condition 
(temperature, flow rate) 

l 
Mechanical Parameter 

(tensile-, impact strength) 

Figure 2.5: Interrelationship between processing variables, molecular parameters, 
flow and mechanical properties, [after ref. 17]. 

2. 2. 2 Impact Strength 

The lzod impact strength is measured by releasing a pendulum hammer of 

known mass at a given height to strike a notched or unnotched impact 

test specimen clamped at the lowest point in its swing. Some of the 

energy from the pendulum is absorbed by the test specimen and, as a 

result the upward swing of the pendulum, is retarded . The amplitude to 

which the pendulum ultimately rises is recorded and converted to energy 

per unit cross sectional area or per unit thickness of the test piece. 

The impact strength of the polymer at the test temperature employed is 

dependent on its glass transition temperature (T g). Certain parameters 

affect the Tg of a polymer. According to Eisenbergl181 these can be 

grouped into two categories, viz. molecular parameters such as chain 

stiffness and intermolecular forces, and controllable parameters such as 
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glass transition temperature, pressure, plasticizers, molecular weight, 

monomers, cross-linking, crystallinity, tacticity and % elongation. For 

polypropylene copolymers, impact strength enhancement depends on: 

• The amount of EPR; 

• The EPR particle size and distribution; 

• The Tg of the EPR and 

• The adhesion between the EPR and the matrix. 

The effect of the presence of EPR as the dispersed phase is evident when 

the impact strength values of the random and block copolymers are 

compared, as shown in Table 2.1 1191
• The random copolymer has a single

phase structure whereas the block copolymer has the EPR as the 

dispersed phase in a bi-phasic structure . 

;-- "·~ : ' : ' ' ; - ; ,.' : .. ,' ·- . /·· - - ' - - . . .. -
·- -': .. f(!LYMER TYPE .. > }MfACT_ STREN~Tf/ tJcJ/rrrJ ; '. ·" . . .. . . 

lsotactic polypropylene 82 

Table 2.1: 

Random copolymer 190 

Block copolymer 385 

Typical impact strength values of the different polypropylene types, [after 

ref. 19]. 

According to Dwyer et a/51 an optimum toughness in PP/EPR systems is 

achieved at a particle size of about 0.4 µm. The ratio of the ethylene (C2) 

and the propylene (C3) in the EPR is very important. Increasing the 

amount of C2 lowers the Tg. As the % C2 is increased, polyethylene 

crystallinity develops and the impact strength reaches a maximum at a 

certain level of C2. The optimum concentration of ethylene for a 

maximum in impact strength is around 50 to 60 mole percent C2. A much 

higher % C2 lowers the adhesion between the rubber phase and the 

matrix due to a decreased compatibility between these two phases. 

For homopolymer polypropylene, the xylene solubles and R21 ratio are 

used to describe the stereo-regularity of the polymer. The xylene solubles 

test dissolves atactic polypropylene . The R21 ratio represents the 

magnetisation of free induction decay at two different relaxation times. 
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For polypropylene copolymers, the R21 ratio is directly correlated with the 

rubber content and also includes a contribution from the atactic 

polypropylene. The impact strength is also dependent on the length of 

the ethylene sequences in the rubber particle. The relative length of 

ethylene to propylene sequences is defined as the Long/Short (LIS) ratio, 

where typically more than five ethylene monomers would be considered to 

be a long sequence. If the rubber particle is relatively rich in ethylene 

then the L/S ratio is high and the impact strength is low. On the other 

hand, if the US ratio is low, the impact strength will also be negatively 

affected. Ideally, the US ratio should be between 0.4 and 0.7 for impact 

copolymers. 

There is a tendency for impact strength, expressed as energy per unit 

thickness (J/m), to lie in one of two areas. The specimens either fail in a 

high fracture energy area of around 600 J/m exhibiting ductile failure, or 

in a low fracture energy area of around 30 J/m exhibiting brittle failure. 

An intermediate transition region between these two zones shows a high 

scatter in impact energyl161
• In copolymers it is believed that the 

toughening occurs through a number of mechanisms. According to Kim 

et aP01 toughening occurs in three stages: 

• The particles act as stress concentrators; 

• Void formation occurs mainly at the interface of the EPR inclusions 

and 

• Further increases in strain ultimately result in the interaction of the 

voids and shear yielding of the matrix finally occurs. 

According to Del Duca et aP 61 the toughening in impact copolymers is 

mainly due to the generation of many small crazes and the interruption of 

a propagating crack in the matrix. The toughening occurs when rubber 

particles of a proper size (of say 0.4 µm) initiate many subcritical crazes 

that absorb significant energy during the stressing of the polymer and also 

act to interrupt the crazes before they become critical. The above 

mechanism operates above the glass transition temperature of the 

dispersed phase. 
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The toughness of the copolymer is dependent on the particle size (D), the 

interparticle distance, i.e. the centre-to-centre distance between rubber 

particles (CCD) and the ratio of the interparticle distance to particle size 

(CCD/0). The smaller the CCD/D ratio, the tougher the copolymer. The 

interparticle distance CCD, is related to the volume fraction of rubber V,, 

the % C2 and the particle size D, by the formula1211 : 

CCD = D [(1t/6V,) 113 
- 1] (2.2) 

A reduction of CCD can be achieved by either reducing D or by increasing 

V,. Increasing the % C2 is not always beneficial. Although there might be 

an increase in toughness, the stiffness can be drastically reduced. A 

reduction of D can be achieved by manipulating the variables in the 

formula used to determine the Capillary Number (Ca): 

where, 

• Tlm -
• y -
• R -

• a -

Ca = llmYR/cr (2.3) 

is the matrix viscosity; 

is the shear rate applied to the matrix; 

is the radius of the rubber particle (R = 0.5 D) and 

is the interfacial tension between the rubber particles and the 

matrix 

Ca should be kept below a critical minimum, Cacr. Since R = 0.5 D, at a 

constant value of Ca, an increase in llm or i' will decrease D. By making 

the homopolymer chains longer, llm is increased but chain length is a 

variable in grades of different MFl's. Although chain length is a variable, 

there are limitations as a result of the viscosity ratio between the 

dispersed phase and the matrix, as it controls the resultant particle size. 

During extrusion, y can be increased but there is a limit to the shear rate 

of the extruder. Lessening the ethylene content in the rubber phase can 

lower the interfacial tension but this is not a viable solution as there is a 

need to lower the crystallinity in the matrix in order to increase toughness 

and this requires a minimum in the amount of ethylene in the rubber. 

In a study conducted by Marcus et a/221 on the effect of molecular 

parameters on mechanical properties of a 23 and a 25 series 
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copolymers, the following observations from Figure 2.5 can be made 

concerning impact strength: 

• Molecular weight has a greater influence on impact strength than 

ethylene content, at low MFI; 

• For both series, the impact strength decreases exponentially with 

increasing MFI; 

• An increase in ethylene content increases impact strength between 

grades; 

• At very high MFI, the impact strength is independent of ethylene 

content; 

• The nucleated grades show an increased impact strength at low MFI 

but the effect diminishes at high MFI and 

• An increase in modulus is associated with a decrease in impact 

strength. 

It was also noted that there is more scatter in impact strength for low 

MFI grades, hence quoting average values may be unrealistic. The low 

MFI grades are mainly the non-visbroken copolymers (see Section 2.2.4) 

and as such the broad molecular weight distribution might have a 

significant effect on the impact properties. 
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Figure 2.5: Notched lzod impact strength as a function of MFI and 
ethylene content for various copolymer grades, [after ref. 22). 

2. 2. 3 Flexural Modulus 

14 

Modulus or stiffness involves the stretching of covalent atomic bonds and 

the energy barrier associated to rotations about these bonds. Small strain 

properties such as the flexural modulus, are dependent on the % 

crystallinity, hence any factors that will increase the crystallinity of the 

matrix, will also increase the modulus of the composite. Marcus et a/221 

showed that: 

• An increase in average ethylene content (i.e. from one series to the 

other) resulted in a decrease in modulus; 

• The addition of nucleating agents increased the modulus and 

• There was a small negative correlation between modulus and MFI. 
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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. 
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Flexural modulus as a function of MFI 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 averagesl231
• Gel permeation chromatography 

(GPC) can be used to determine the three molecular parametersr241
• In 

these expressions ni is the number of molecules of species i in the sample 

and Mi is the molar mass of the molecular species. i. The number-, mass-
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and z-average molar masses are defined as follows, using a summation 

from i = 1 to n: 

• Mn Lni Mi I Lni; 

• Mw Lni MP / Lni Mi and 

• Mz Lni M/3 / Lni MP . 

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 

for polypropylenel111
• 

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 extruderl24
•
251

• 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 melt flow index (MFI) 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 et a/251 the amount of 

peroxide needed depends on: 

• The MFI of the starting resin; 

• The desired MFI of the final resin and 

• 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 warp age, 

less shrinkage and shorter cycle times. All the above are gained at the 

expense of lowering the stiffness and the melt strengthl261
• 

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 used to study the 

finer details of the structure of the copolymer, especially the rubber phase 

and the interfacial 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 
aP71 and Reimschuessel et aP81

• The use of osmium tetroxide (Os04) 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 

bond127·291. According to Khandpur et a/3°1 staining with ruthenium 

tetroxide (Ru04) seems to be ideal for staining saturated polymer systems 

such as poly-(propylene-ethylene) copolymers. The preparation of the 

Ru04 can be done in two ways, either by the oxidation of hydrated 

ruthenium dioxide using sodium periodate, 

0°c 

2 Nal04 (4g) + Ru02 (0 .6g) ----1•• Ru04 + 2 Nal03 

or by the oxidation of ruthenium trichloride with sodium hypochlorite, 

H20 

2 RuCb.3H20 + 8 NaOCI-+ 2 Ru04 + 8 NaCl + 3 Cl2 + 3 H20 

(0.1g) {5ml13%aq.) 

According to Sano et a/271 the Ru04 crosslinks the polymer system and 

this has been confirmed by various structural investigation techniques. 

The staining with Ru04 is sometimes preceded by treatment with 

chlorosulphonic acid (CIS03H). According to Bassett1311 the sulphur and 

the chlorine molecules crosslink the ethylene. The staining effect comes 

from the conversion of Ru04 to Ru02, 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 former1271. 

Typical results of TEM studies, as shown in Figure 2 . 7, show a matrix of 

semi-crystalline polypropylene containing lamellae, an amorphous region 

within the rubber particles and inclusions of semi-crystalline 

polyethylene1201. 



Figure 2.7: 
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2 

3 

1 

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. 20]. 

The ethylene-propylene rubber (EPR) composition 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 

operationsr321
• 

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). 



Figure 2.8: 
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(a) (b) 
Effect of injection moulding temperature on the copolymer microstructure 
at, (a) 193 °C and (b) 215 °C, [after ref. 32] . 

The viscosity ratio (lldispersed/llmamx) is the ratio in viscosity between the 

dispersed phase and the matrix. Changing the viscosity ratio results in a 

change in morphology as shown in Figure 2.9(a) and Figure 2.9(b) . A low 

viscosity ratio gives rubber particles of even distribution and small size, 

(see Figure 2.9(a)). Increasing the viscosity ratio gives large particles of 

an uneven distribution, (see Figure 2.9(b)). The matrix cannot transfer 

enough shear to the rubber particles to break them up during processing. 

The SEM is mainly used for quantitative analysis and fracture surface 

studies. It is necessary to first cryogenically fracture injection-moulded 

specimens to reveal the rubber particles on the exposed surface. A 

quantitative analysis of the rubber particles in such specimens is made 

difficult by the poor contrast and the incomplete exposure of some of the 

rubber particles. Etching of the polymer samples alleviates this situation. 

A number of etching techniques are in use but the use of n-heptane at 70 

°C for 30 minutes seems to work well for the poly-(propylene-ethylene) 

copolymers[191
• The rubber particle size and spatial distribution can then 

be measured using various image analysis software packages. 



Figure 2.9: 
(a) (b) 
The effect of the viscosity ratio on the morphology of polypropylene 
copolymers at a, (a) low ratio and (b) high ratio, [after ref . 321. 

2.2.6 Effect of% Crystallinity on Mechanical Properties 
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Crystallinity is a function of the crystallisation temperature. The higher 

the crystallisation temperature (below Tm), the higher the crystallinity. 

The molecular weight (Mw), stereo-regularity of the chain and the size of 

the substituent groups around the chain limit the degree of crystallinity. 

The degree of crystallinity is relatively high for the lower molecular weight 

polymers. An increase in Mw lowers the degree of crystallinity until a 

limiting value of about 25 to 30 % is reached1331
• 

The effect of stereo-regularity can be seen when comparing atactic and 

isotactic polypropylene. Atactic polypropylene is amorphous whereas 

isotactic polypropylene is semi-crystalline1341
• If the substituent groups 

around the chain are big, the chains cannot pack closer and therefore 

crystallinity is reduced. Crystallinity plays an important role in most 

polymer properties, especially those influenced by small strain properties. 

For the copolymers to have high impact strength, the EPR should be 

amorphous and the matrix should be crystalline to give the rigidity 

required. Some crystallinity within the EPR is also required as this helps 

to lower stresses within the matrix and also influences the shrinkage of 
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the rubber phase. Stress whitening is also lowered by crystallisation of 

ethylene within the rubber particlerai. 

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 

plots1181
• The glass transition temperature can also be defined as the 

temperature at which the polymer properties change from a glassy to a 

rubbery nature with increasing temperature, as shown in Figure 2.10[7]. 

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. lsotactic polypropylene is brittle at low temperatures 

because its glass transition temperature of about -10 °C is relatively high. 

The Dynamic Mechanical Thermal Analyser (DMT A) can be used to 

measure the viscoelastic behaviour of polymers, i.e. the ability to recover 

elastically and to flow when stressedr351
• 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, i.e. E" /E' = 
tan o. The EPR in impact copolymers provides a means by which energy 

can be dissipated. 



--- --.; -
\ 
\ 
' \ 
\ 
\ 

Glassy 

\ Leathery 
\ 
I \ ,\ 
I '-
I 
I "', 

--- - --'----"---- - - - - · Rubbery 
I -. ----. -----~-------~~ - - ---
1 ~---.... 

l Rubbery flow ~--.. .. ,. 
- -----+--- ----'\;-- --

' I 
I 

Viscous flow (liquid) 

\ 
------~-_ .......... ____________ .....__ .... 

103 

IO 
0.. 

102 :::;E 

10 

0 -1 

10 - 2 

J0 -3 

10- .1 

II) 
:, 
:, 

"'O 
0 

:::;E 
C 
0 -~ 
IO 
>< 
IO 
Q) 
a: 

60 80 100 120 140 160 180 200 

-1' t· 
Tg 

Temperature, °C 
Tm 

23 

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 between the two, the more immiscible the 

components are. When the difference is smaller, there is a stronger 

interaction between 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 2.21361
• 
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'• .. . 

COP<!Jt YMER J '. · .. ·, .. - . --t01EM .. ' ~- ' ·. , .. '. · ·-COPOLYMER .s ~ '7 ·.: ,· .. •· 

Tg pp {°C) 26 17 

Tg EPR {°C) -46 -33 

Impact Strength {kJ/m 2
) at 25°C 52 116 

Impact Strength {kJ/m 2
) at -20°C 35 52 

Table 2.2: The effect of differences in Tg on impact properties for two copolymers, 
[after ref . 36]. 

Melt crystallised i-PP exhibits three relaxation peaks in the -150 to 150 °C 

temperature range {see Figure 2 .11 {a)). The a peak is due to molecular 

relaxations in the crystalline phase, the 13 peak is due to the transition 

from the glassy to the rubbery state and the y peak is assigned to the 

local mode of relaxation in the amorphous phase. 

Copolymerisation with ethylene makes it possible for relaxations to occur 

below the Tg. Dynamic Mechanical Thermal Analysis {DMTA) was used 

by Feng et a/1 91 on polypropylene copolymers to study their relaxation 

behaviour as a function of temperature. In Figure 2. 11 {b), the 13 peak 

splits into a doublet designated as l31 and 132, with 132 occurring at a lower 

temperature of about -50 °C, which is attributed to molecular relaxations 

within the rubber phase {EPR) . These relaxations in the EPR phase give 

high impact strength at low temperatures in the block copolymers. 
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Figure 2. 11: DMT A curves for (a) the PP homopolymer and (b) the PP block 
copolymer, [after ref. 19] . 

25 



CHAPTER 3 

MATERIALS AND EXPERIMENTAL 
TECHNIQUES 

3.1 INTRODUCTION 
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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. 1. 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 amongst 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 



27 

explained in Table 3.2. As an example, the grade 2340 PC is a controlled 

rheology, medium impact copolymer containing a nucleating agent . 

<;rade · . Ethylepe ~ontef!( (wt %) 11/Jelt Flow Index (g/_10.IJ1in) 

·. Code . . .... .. 

2340 PC 6 .17 15.67 
2349 MC 7.71 8.33 
2448 TC 9.53 46.11 
2540 H 11 .75 1.67 

2600 PC * 11.76 17.2 
2602 E 12.7 0 .85 

2648 PC 11.76 15.57 
2648 RC 11.65 22 .67 
2900 H* 22.35 1.84 

Table 3 .1: Experimental matrix showing the range of copolymers used. * The 2600 
PC and 2900 H material were suppl ied by Targor in Germany . 

.' 

Code Digit or:Letter . . . · Explanation . . . 
,. 

.' 

First Digit An indication of the type of polymer 
1 Homopolymer 
2 Block copolymer 
3 Random copolymer 

' . 

Second Digit An indication of the ethylene content or impact strength 
Third Digit An indication of the additive package 

0 General additive package 
4 Nucleating agent addit ive package 

Fourth Digit Interdepartmental code and additives 
First Letter Target Melt Flow Index, (MFI) 

H 1.8 
M 8 .0 

P/PC 15 
R/RC 22 
TC 45 

Second Letter, C Cont rolled rheology grade or narrow MWD 

Table 3.2: Explanation of the terminology and codes used to identify the 
copolymers. 
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3. 1. 2 Production of Copolymers 

The technology used to make the copolymers is the BASF Gas-Phase 

Process1371 {see Figure 3.1). The stages of the production process are 

illustrated 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 propylene 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 strength to stiffness ratio. 
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3.1.2.2 Polymer-Gas Separation 

The polymer mixture of powder and monomers is transferred to discharge 

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 1 50 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 temperature 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-Elmer 

DSC 2 in the analytical laboratory of Polifin PP Division. In order to 

determine the percentage crystallinity, an average of the heat of fusion 

(AH1) of the copolymers was obtained using the known heat of fusion of a 

100 % crystalline isotactic polypropylene (AH1 *i-PP) which is assumed to 

be 209 Jlg38
• The percentage crystallinity of the copolymers can be 

calculated from the equation: 

% crystallinity 

3.2.2 X-Ray Diffraction (XRD) 

= AH1 copolymer X 100 
AH1 *i-PP 

= AH1 copolymer X 100 
209 J/g 

(3.1) 

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 29 range covered was from 5 to 50° with the sample holder rotating 

at 30 rpm. A step size of O. 1 ° was used and the duration of each step 

was 2 seconds. The scans were taken at room temperature. The width, 

13, 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/391
: 
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E = 1../(Bcos 8) (3.2) 

where, 

• E is the average crystallite size; 

• A is the wavelength of the incident x-ray beam at 1.54 Angstrom; 

• B is the width of a rectangle with the same area and height as the 

peak in radians and 

• 8 is half the angle at which the peak maximum is taken (in radians). 

The crystallinity, Xe, of the copolymers was determined from the XRD 

traces by measuring the area under the crystalline peaks and the 

amorphous background, using[12
•
391

: 

Xe = 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 13 form, K, was determined from the 

XRD traces in grades in which the (300) 13 crystallographic plane was 

present using[14
•
151

: 

K = H (300)p / [H (300)p + H ( 11 O)a + H (040)a + H ( 130)a (3.4) 

where, 

H ( 11 O)a, H (040)a and H ( 130)a are the heights of three strong a form 

peaks ( 110), (040) and ( 130), and H (300) is the height of the strong 

single J3 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 load 

over a loading period of 10 seconds. The Vickers micro-hardness was 

calculated from the formula: 

HV = load / area (3 .5) 

= 1.854 W/ d2 

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 - 921401 using Test Method 1 - Procedure 8. The 3-point 

bend tests were performed on a Zwick Universal Tensile Testing 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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Et = (0.17L 3m)/(bt3) (3.6) 

where, 

• Et is the flexural modulus of elasticity in MPa; 

• L is the support span in mm; 

• b is the width of the specimen in mm; 

• t is the thickness of the specimen in mm and 

• m is the slope of the load/deflection curve in N/mm. 

The flexural strengths were not determined, as the specimens were not 

strained to failure . 

Figure 3 .2: The 3-point bending cage for flexural-bend tests, 1 - polymer specimen 
under load, 2 - central loading roller and 3 - support rollers. 
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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 - 91ar411
• 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 10-3 s-1
• 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: 

Ev = (W/Ao) / (AL/Lo) = a/E (3.7) 

where, 

• Ev is the tensile (Young's) modulus in MPa; 

• W is the load in N; 

• Ao is the initial cross sectional area in mm2
; 

• AL is the change in gauge length in mm; 

• Lo is the original gauge length in mm; 

• a 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 clamped 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 gold I palladium mixture, to render them electrically conducting. 

To minimise charging of the polymer specimens, 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, de, i.e. C = 1t de. 

3. 4. 2 Transmission 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 {Ru04) 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 

Ru04 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: 

2Nal04 (s) + Ru02 (s) ~ Ru04 + 2Nal03 

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. 
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3.5 THERMAL CHARACTERISATION 

3. 5. 1 Dynamic Mechanical Thermal Analysis (DMTA) 

The dynamic mechanical thermal analysis (DMT A) of the polymer samples 

was performed on a Perkin-Elmer OMA 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 specimens to fit into the specimen 

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 (DT A) and the 

Thermogravimetric (TG) curves for the 2349 MC and 2900 H grades. 

Specifically, the influence of % C2 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 Al203 crucibles for the sample and the reference 

material. The reference crucible was kept empty during testing. The 

tests were run from 20 °C to 500 °C at a heating rate of 5 °C/min in 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. 



Figure 3.3: 
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The Netzsch Thermal Analysis ST A 409 machine used to obtain the data 
for DTA and TG analysis, 1 - specimen chamber, 2 - weighing balance 
system, 3 - pressure gauge, 4 - vacuum pump and 5 - argon gas 
cylinder. 
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CHAPTER 4 

RESULTS 

4. 1 INTRODUCTION 

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: 

1. PHYSICAL CHARACTERISATION, 

2. MECHANICAL CHARACTERISATION, 

3. MORPHOLOGICAL CHARACTERISATION AND 

4. THERMAL CHARACTERISATION. 
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4.2 PHYSICAL CHARACTERISATION 

4. 2. 1 Effect of Ethylene Content (% C2) on the Crystalline Structure 

The melt flow index (MFI), the R21 and the degree of crystallinity as 

determined by DSC are presented in Table 4.1 as a function of ethylene 

content. The R21 value is a Polifin internal standard that is directly 

related to the rubber content and also includes a contribution from the 

atactic polypropylene. Figure 4.1 shows that the R21 is directly 

proportional and increases with an increase in ethylene content. The 

ethylene content is an indication of the amount of rubber contained in the 

copolymer. Since R21 is directly proportional to the ethylene content, it 

should be expected that plots of physical and mechanical properties 

against R21 would show trends similar to those against ethylene content, 

hence such plots are not shown. Figure 4. 2 shows a decrease in the 

degree of crystallinity as the ethylene content increases. It should be 

noted that the nucleated grades generally have a slightly higher 

percentage crystallinity at comparable ethylene contents . 

.. 

, ·Grad.e .. ,R21 
. ,. •." .· . 

,MF/ .' 
. . ·-·: .· .. :. . ·.:.•. . . 

, -·o~gree of · Min: . :' M~x. i 
: '.;'.'. 

. . 

:·. Ethrlene 
./: :- . ':' . 

-:-_.' ·-
·..: -':;~ - .. ~ . : . , . .'Xe .f%l .. , fl:illl!f!. .. Va/IN!. : C()flt~nt (%/. :'' .l!if.1·Q min) _, .. 

2340 PC 6.2 15.7 15.1 31.7±2.9 29.2 34.8 
2349 MC 7.7 8.3 16.2 31.0±3.3 27.2 33.3 
2448 TC 9.5 46.1 19.7 29.8±4.3 23.5 32.8 
2540 H 11.8 1.7 24.5 27.4 

2600 PC 11.8 17.2 24.7 28.7 
2602 E 12.7 0.9 26.3 24.4±3.2 24.1 24.8 

2648 PC 11.8 15.6 25.4 28.9±1.5 27.4 31.5 
2648 RC 11.7 22.7 23.7 29.3±4.1 24.8 32.9 
2900 H 22.4 1.8 39.5 20.3 

Table 4.1: Data for the copolymer properties: % C2, MFI, R21 and % crystallinity. 
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Figure 4.1: The R21 is linearly correlated with the ethylene content, % C2. 
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Figure 4.2: The % Xe, determined from DSC data, decreases with increasing %C2. 
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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 crystallographic planes ( 11 O)a, (040)a, ( 130)a, ( 111 )a, 

( 131 )a, (041 la and in some grades (300)13. Sometimes the f3 peak, 

occurring at 28 = 16. 1 °, also 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 f3 hexagonal form 

and the a. monoclinic form depends on the ethylene content, the presence 

of a nucleating agent, the plant processing- and / the moulding 

conditions. 
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absent 

Rgure 4.3: Selected XRD traces for the copolymers showing (a) two different 
batches of grade 2349 MC, one with the (300) 13 peak present; (b) grade 2540 H with all 
the peaks present and a clear split in the peaks for ( 111 )a. and ( 1 31 la.: (c) two batches 
of grade 2602 E with one batch showing an absence of peaks at 28° = 9.5 and 28.6 
and (d) Targor grades 2600 PC and 2900 H with the (300) 11 peak absent in both grades; 
the 2900 H grade also shows an absence of the peaks at 28° = 9.5 and 28.6. 

Figure 4 .3 (al shows two different batches (Bx's 2722 and 3364l of 

grade 2349 MC, with batch 3364 showing the (300lp peak. The peaks 

for the trace with no (300lp peak (Bx 2722l also show a shift to slightly 

higher diffraction angles. For both batches a shoulder can be attributed 

to the (111 la plane at 28° = 21.2. Figure 4.3 (bl shows a trace of grade 

2540 H with all the pea ks present and a clear spl it between the ( 111 la 

and ( 131 la peaks is now evident. Figure 4.3 (cl shows two different 

batches (Bx's 2699 and 3399l of grade 2602 E with batch 2699 

showing an absence of peaks at 28° = 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 (dl shows the two 

Targor grades 2600 PC and 2900 H with the (300lp peak absent in both 

3J 
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grades whilst the 2900 H grade also shows an absence of the peaks at 

28° = 9.5 and 28.6. 

Table 4.2 summarises an analysis of the data obtained from the x-ray 

diffraction traces for the various copolymers. The average values of the 

peak position, peak width and apparent crystallite size obtained from the 

(040)a crystallographic plane are reported here. There appears to be a 

slight shift to a higher diffraction angle and also a peak broadening with 

an increase in ethylene content. 

>-' Gt~fl- ~th.yiene'~ · · , Peak Positioh- · · :Peak :Width; _: Crvsta/lfte-sizf]. (_ 
-': .. . . < Content' f%f · · -f20l /J~grees . -120roii,rees · · ·,;.f: . . 

2340 PC 6.2 16.82±0.05 0.41±0.04 216.4±19.2 

2349 MC 7.7 16.88±0.16 0.43±0.03 204.4±14.6 

2448 TC 9.5 16.85±0.07 0.45±0.03 199.2±14.7 

2540 H 11 .8 16.98 0.42 210.2 

2600 PC 11.8 16.96 0.46 191.9 

2602 E 12.7 16.86±0.11 0.43±0.01 205.4±6.7 

2648 PC 11.8 16.84±0.04 0.44±0.02 199.7±9.9 

2648 RC 11. 7 16.85±0.18 0.43±0.03 204.2±11.7 

2900 H 22.4 17.03 0.62 142.4 

Table 4.2: X-ray diffraction data as a function of % C2 in polypropylene copolymers. 

Figure 4.4 shows a decrease in average crystallite size as the ethylene 

content increases. The decrease in crystallite size can be attributed to an 

increase in the amorphous content within the copolymers with increasing 

ethylene content. Molecular weight does not seem to have a significant 

effect on crystallite size. 
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Figure 4.4: Apparent crystallite size showing a general decrease as % C2 increases. 

The relative amount of the 13 form is described in terms of the K value, 

which gives the relative content of the 13 hexagonal form in terms of the 

diffracting crystallographic planes[14
•
151

: 

K = H (300)p/ [H (300)p + H (110)a + H (040)a + H (130)a1 (4.1) 

where, 

H ( 11 O)a, H (040)a, and H ( 130)a are the heights of the a form peak and 

H (300) p is the height of the 13 form peak. 

The diffractograms were also used to determine the % crystallinity (Xe) 

of the copolymers112
'
391

: 

Xe = Ac/[Ac + Aa] (4.2) 

where, 

Ac and Aa are the areas under the crystalline and amorphous peaks, 

respectively. 

25 
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The K and Xe values determined by DSC and XRD are shown in Table 

4.3. The degree of crystallinity determined from XRD studies also shows 

a general decrease with increasing ethylene content as was determined 

from DSC data. Figure 4.5 shows that a linear relationship exists 

between crystallinity determined by XRD and that by DSC. It is surmised 

that the presence of the (300)~ peak is a contributing factor to the higher 

crystallinity obtained for the two grades 2540 H and 2602 E. Where the 

J3 hexagonal form is present, the (040)a peak is broader thus further 

contributing to the observed higher degree of crystallinity in these grades. 

The degree of crystallinity, % Xe, from XRD is almost twice as much as 

that obtained from DSC. For the high MFI grades, only batch 3388 of 

grade 2648 RC showed the J3 peak . 

.. 
-Grjde · 

. "° ._ .. 
·'· ·- ,,, - . _,-.. ,, - ... ,.. --

Ethylene _ Xc .f%Jlroni , 
-

' ·'· 

2340 PC 

2349 MC 

2448 TC 

2540 H 

2600 PC 

2602 E 

2648 PC 

2648 RC 

2900 H 

Table 4.3: 

.... - Xe{%) from .. . · J3 C011ter,t K 
; 

,-

/Con.tf!/1.t~ (%1 
.. ' : 

XRD 
' . ' 

.: (%} -: .. _., _ Qsc_,. c· 

. . -- . . - . - . .. 

6.2 31.7±2.9 66.73±0.98 --

7.7 31.0±3.3 61.38±4.33 16.9 

9.5 29.8±4.3 57.38±2.73 --

11.8 27.4 58.28 16.9 

11.8 28.7 52.67 --

12.7 24.4±3.2 58.59±5.41 16.7 

11.8 28.9±1.5 51.17±2.72 --

11.7 29.3±4.1 54.84±3.45 12.9 

22.4 20.3 37.07 --

Comparison of the crystallinity measurement results from DSC and XRD 
and results for the P content determination. 

I 
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4.3 MECHANICAL CHARACTERISATION 

4.3.1 Hardness Test Results 

Table 4.4 shows the average, minimum and maximum values with the 

standard deviation of the average for the micro-hardness test results. 

The results show a general decrease in hardness with increasing ethylene 

content. The size and distribution of the rubber particles would not affect 

the hardness value, as the size of the indent made is of several orders 

bigger than any specific rubber particle. It would also appear from the 

data that the ethylene content overrides any increase in hardness that 

might be attributed to the addition of a nucleating agent. 

-Grade --- - _- ,-Eihyiene ' MFitgi10 -- -Hardness· - .. Min>·"-·- ·_.- Max, --·:. 
' ' ' : ;: "n:,lni . . Conter,_t: f%l .. : / (HV:.25gfl 0 Valu~ : , . -vatµe:2 · ·- -·- ,. 

2340 PC 6.2 15.7 7.4±0.6 6.7 7.9 

2349 MC 7.7 8.3 6.3±1.5 5.4 7.9 

2448 TC 9.5 46.1 6.5±0.7 5.8 7.3 

2540 H 11.8 1.7 5.0 -- --

2600 PC 11.8 17.2 5.2 -- --

2602 E 12.7 0.9 3.8±1.1 3.1 4.6 

2648 PC 11.8 15.6 4.8±0.4 4.1 5.5 

2648 RC 11.7 22.7 4.6±0.6 3.9 5.0 

2900 H 22.4 1.8 2.4 -- --

Table 4.4: Data for the results of the hardness tests for the various copolymers. 

Figure 4.6 plots the general decrease in hardness with increasing ethylene 

content. The decrease in hardness with ethylene content can be 

attributed to the increase in the amount of the soft rubber phase with 

increasing ethylene content. There is some scatter in the hardness 

results of the grades with an ethylene content of about 12 %. Figure 4.2 

showed that an inverse correlation exists between ethylene content and 

% crystallinity, thus there is a linear and positive correlation between 
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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 dependent 

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. 
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Figure 4.6: The effect of ethylene content on hardness for the various copolymers. 
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4.3.2 Impact Tests Results 

Table 4.5 contains results of the impact tests conducted on notched 

specimens. In general there is an increase in impact strength with 

increasing ethylene content and molecular weight (decreasing MFI). The 

impact strength values show an exponential decrease from high to low 

toughness with increasing MFI. 

,-

- -GriHJe ., : < :, Eth~lepe,_ 

.Content i%J. 

2340 PC 6.2 

2349 MC 7.7 

2448 TC 9.5 

2540 H 11.8 

2600 PC 11.8 

2602 E 12.7 

2648 PC 11.8 

2648 RC 11.7 

2900 H 22.4 

.MF{(g/1 <Ji .}~pact $treJ1gffi 
._ .. ,,- .. 

,j,inJ .. ·.. fkJt,n2f 

15.7 8.2±0.7 

8.3 9.3±2.6 

46.1 6.1 ±2.1 

1.7 56.2 

17.2 12.9 

0.9 54.3±14.7 

15.6 21 ±14.5 

22.7 15.7±12.7 

1.8 54.2 

'. '. 

Val11e 

7.4 

7.5 

4.8 

43.9 

9.7 

7.6 

- .. • -· .. 

., Value .. 

8.7 

12.3 

9.3 

64.7 

42.2 

30.3 

Table 4.5 : Data for the results of the impact tests for the various copolymers. 

Figure 4. 7 shows two toughness regions separated by a transition at an 

ethylene content of about 12 %, viz. , a low toughness region dominated 

by low ethylene content (and relatively high MFI) and a high toughness 

region consisting of low MFI and high ethylene content grades. 



54 

e A 
N'~ e 
~ 
- 40 
~ 
C, 

! 3J 

1 20 
10 • • • 
0 

5 7 9 11 13 15 17 19 21 23 25 

Ethylene Content(%) 

+ 2340PC + 2349MC a 2448TC 

• 2540 H & 2600 PC & 2602 E 

& 2648 PC & 2648 RC X 2900 H 

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 MFl'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 0.2 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 (eqn. 3.6). The slope of a tangent to the curve of the 2349 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. 

00 

2349 MC 
70 

2648 PC 

2900 H 

f£l 

~ 40 
"C 
Cl 
0 
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Deflection (mm) 

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 modulus being a small strain property dependent on 

the degree of crystallinity. Some scatter is observed at an ethylene 
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content of about 12 % with the 2540 H grade showing a significantly 

high flexural modulus compared to the other grades. The relationship 

between flexural modulus and crystallinity is shown in Figure D.3 in 

Appendix D. 

.' 

Ethylen,e:, Mi=i ru1lo .. 
.' .' 

·: ,Max;/·. · - .Grade· Flexural - Min.· ,, .. .· . 

' .. l';oriteilt ··r%r . . -_· ·:m111f ·.: Mcidiili.Js lMPai. ·.Value . _,, 

Va/tie, ·:, 

2340 PC 6.2 15.7 1326±261 1088 1605 

2349 MC 7.7 8.3 1137±133 986 1237 

2448 TC 9 .5 46.1 1083±146 942 1280 

2540 H 11.8 1.7 1267 -- --

2600 PC 11.8 17.2 908 -- --

2602 E 12.7 0.9 791 ±150 685 897 

2648 PC 11.8 15.6 811 ±89 686 904 

2648 RC 11.7 22.7 984±187 851 1197 

2900 H 22.4 1.8 553 -- --

Table 4 .6: Data for results of the flexure-bend tests for the various copolymers. 

4.3.3.1 Effect of the Inter-Particle Spacing on Flexural Modulus 

Figure 4. 11 shows a general increase in flexural modulus with the 

increase in the ratio between the inter-particle spacing and size of the 

rubber particles. The data suggests that the grades fall in a broad 

envelope where a high flexural modulus, at a particular ethylene content, 

can be obtained by either increasing the inter-particle spacing or by 

having small rubber particles. In copolymers the stiffness is obtained 

from the crystallinity of the matrix. 
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Figure 4.10: The effect of % C2 on the flexural modulus of the various copolymers . 
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Figure 4.11: A plot of flexural modulus against the particle spacing to size ratio. 
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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. 1 2 (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 tensile 

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 I 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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The tensile test results are summarised in Tables 4. 7 below. Both the 

tensile modulus and tensile strength decrease with increasing ethylene 

content. This is due to a decrease in the degree of crystallinity as the 

ethylene content increases, since these tensile properties are small strain 

properties dependent primarily on crystallinity. 

.. -.Giiidi( 
.. 

•., 

2340 PC 

2349 MC 

2448 TC 

2540 H 

2600 PC 

2602 E 

2648 PC 

2648 RC 

2900 H 

Table 4.7: 

4.3.4.2 

':,:;: Eth~!en!· . /. ·. MFf. igh.q . Tensile· Modulus 
' . . . . .. ,' 

. ·.rensiie 's(rerigth. ·. 
. .1 . ,' . ••· . .. -

~ Content t%J · :,hlin)' ·1MPal ' · fMl'aJ ·· 
.. 

... , . 

6.17 15.7 515±52 28.0±1.0 

7.71 8.3 493±76 27.0±3.0 

9.53 46.1 454±20 23.2±0.7 

11.75 1.7 436 24 

11.76 17.2 504 22.1 

12.7 0.85 394±15 21±0.2 

11.76 15.6 401±32 21.1±1.3 

11.65 22.7 391±32 20.5±0.8 

22.35 1.84 358 17.3 

Data for the tensile modulus and tensile strength determination results of 
the various grades. 

Effect of Ethylene Content on Tensile Properties 

Figure 4. 13 shows that the tensile modulus decreases with increasing 

ethylene content. At 12 % C2 there is some scatter in modulus with the 

Targor grade, 2600 PC, displaying a much higher modulus than the other 

grades. The decrease in tensile modulus with increasing ethylene content 

can be attributed to a decrease in the degree of crystallinity with 

increasing ethylene content, since tensile modulus is a small strain 

property. Figure D.4 in the Appendix D confirms that tensile modulus 

does increase with an increase in the degree of crystallinity. 
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Figure 4. 13: Effect of % C 2 on the tensile modulus of the various copolymers . 
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25 

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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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, Figures 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 agglomeration 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 C2 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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Figures 4. 15 (i) and (j) are the microstructures of two different batches of 

the 2648 PC grade. Figure 4. 15 (i) is the microstructure of the batch 

that showed a very high impact strength, whilst Figure 4. 15 (j) shows the 

microstructure of the batch that showed a much lower impact strength. 

A visual inspection of the microstructure suggests that the particle size is 

more uniform for the higher impact. However, there are other factors 

other than the microstructure that need to be considered for high impact 

strength. 

(a) (b) 

(c) (d) 
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(e) (f) 

(g) (h) 

( i) (j) 
Figure 4. 15 SEM micrographs showing the microstructure of the copolymer grades, 
viz.: (a) 2349 MC, (bl 2448 TC, (cl 2648 RC, (d) 2900 H, (e) 2340 PC, (f) 2540 H, (g) 
2602 E, (h) 2900 H, (i) 2648 PC-2337 and (j) 2648 PC-2656. 
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Scanning electron microscopy results are summarised in Table 4.8 as the 

average values of the cross-sectional diameter, the inter-particle spacing 

and the ratio between inter-particle spacing and particle size of the 

ethylene-propylene rubber particles. The data for particle size in Table 

4.8 does not show any conclusive trends with respect to ethylene 

content. This can be attributed to the fact that particle size is also a 

function of the extrusion and injection moulding processing conditions. 

The broad molecular weight distribution grades generally show a smaller 

particle size except for grade 2900 H that shows a slightly higher particle 

size. 

The data in Table 4.8 also shows that there is a general trend of large 

inter-particle spacing at low ethylene content and a small inter-particle 

spacing at high ethylene content. Grade 2600 PC shows a high inter

particle spacing when compared to grades of similar ethylene content. 

The data in Table 4.8 show a relatively higher inter-particle spacing to 

size ratio is obtained for the low ethylene content grades. This trend can 

be attributed to the large inter-particle spacing generally displayed by the 

low ethylene content grades. 

- .. - . 
1, 

·Grade . / 
: 

. -
•0-• 

.. - . 
. ' 
2340 PC 

2349 MC 

2448 TC 

2540 H 

2600 PC 

2602 E 

2648 PC 

2648 RC 

2900 H 

Table 4.8: 

:. . - . - . - . 

.,· .. , .. 
~thy/en~ ,. 1.' Particle . ln(e_r.:parJi_cle ·- lnter,;,partfcle ' : ' ,;;. ;'. ' : . .-:· ·. : 

·contentf'J6J .,; Sl~e-fµmJ. ·spacmg-(fU11} • · Sp.acin(JI.Siie 

6.2 0.98±0.3 7.13±3.5 7.05±1.4 

7.7 1.81 ±1.4 9.06±3.9 5.87±2.0 

9.5 0.98±0.4 8.81±4.0 8.92±1.2 

11.8 0.84 5.28 6.29 

11.8 1.70 9.65 5.68 

12.7 0.96±0.3 4.68±0.4 5.04±1.1 

11.8 1.22±0.3 6.50±1.5 5.42±0.8 

11. 7 0.80±0.1 5.49±2.5 6.86±2.8 

22.4 1.36 6.05 4.45 

Data obtained from the measurements made on the SEM micrographs for 
the various copolymers. 
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4.4.1.1 Effect of Ethylene Content on Microstructure 

The data for the ratio between inter-particle spacing and particle size is 

plotted in Figure 4. 16 and shows an exponential decrease with increasing 

ethylene content. The grades in the 23 _ _ series do not seem to follow 

the general trend. The exponential decrease can be understood by 

considering that increasing the ethylene content ends up balancing the 

ratio through either increasing the particle size or decreasing the inter

particle spacing. 
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Figure 4. 16: The effect of % C2 on the microstructure of the various copolymers. 

4.4. 1 . 2 Effect of the Melt Flow Index on the Microstructure 

Figure 4. 17 shows a general increase in the ratio between the rubber 

inter-particle spacing and size as the melt flow index increases . The 

controlled rheology grades seem to have their own trend, which is more 

or less a linear increase with increasing MFI. The grades with a broad 

25 
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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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Figure 4.17: The effect of the MFI on the microstructure of the various copolymers. 
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4.4.2 Transmission Electron Microscopy 

Typical micrographs obtained from the transmission electron microscope 
(TEM) are shown in Figures 4. 18 (a) and (b). The pictures show the 
microstructure of the rubber particles, which was not possible to see with 
the SEM. Rubber particles were found as single entities although most of 
the particles were agglomerated as shown in Figure 4. 18 (a). This 
micrograph shows a rubber particle composed of light crystalline regions 
and dark amorphous regions. In Figure 4. 18 (b) thin lamellae (arrowed) of 
approximately 15 to 20 nm thick are discernible. 

(a) 

(b) 
Figure 4.18: TEM micrographs of grade 2600 PC showing (a) the rubber particle 

microstructure and (b) the lamellae (arrowed) that can be observed 
within the EPR. 
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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 B2 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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grades . 

2340 PC 

2648 PC 

2900 H 

Table 4 .9 : 

. , · . £thy/en'! · . }n.,pict $_t,i~r,gt!7 · 
· · Cpntent f%J . . ·F. : fkJJm2/ · 

7 .08 8.72 

11 .36 9 .72 

22.35 54.22 

~~Peak ' : f.k~ Peak_ . 131 ~ }>e~k: 
re, · · ·rcr ,_ re,< 

64.3 1.5 -40 

64.6 9.8 -48. 7 

63.3 8 -52 

The temperatures at which molecular transitions occur as peaks for 
selected copolymer grades. 
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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. 
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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 

degradation behaviour despite the composition differences. 
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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) 

75 

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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Figure 4.22 (b): A DSC scan of grade 2900 H showing two melting peaks for polyethylene 
( 120 °C) and polypropylene ( 1 65 °C). 

" " 



78 

The results obtained from the DSC scans are presented in Table 4.10 as 

the average melting temperatures. The effect of ethylene content and 

molecular weight on the average melting temperature is not apparent 

from these results since the melting point for all the grades at about 165 

~C is due to the polypropylene only. 

. . 

Grade. . Ethylene ,. _·. · ; MFl.fg/10 inin.J Melting Temperature . 
- - . - . - - - -

., 
-. ··- : Content J%J , ._. :(''CJ 

·' - . - . .• . . 

2340 PC 6.2 15.7 166.4±0.2 

2349 MC 7.7 8.3 166.5±2.1 

2448 TC 9.5 46.1 165.1 ±0.8 

2540 H 11.8 1.7 166.4 

2600 PC 11.8 17.2 165.8 

2602 E 12.7 0.9 165.5±0.8 

2648 PC 11.8 15.6 165.2±0.8 

2648 RC 11.7 22.7 164.1 ±2.1 

2900 H 22.4 1.8 165.8 

Table 4.10: The average melting temperatures of the various copolymer samples. 
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CHAPTER 5 

DISCUSSION 

5. 1 INTRODUCTION 

It is well known that many molecular parameters operate 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 THE EFFECT OF ETHYLENE CONTENT ON THE 
MICROSTRUCTURE 

5. 2. 1 XRD and DSC Analysis 

Several researchers 119
•
20

•
30

.4
2

•
43

-
51 1 have 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 cooolvmerizina oolvoroovlene with the cooolvmer or 



80 

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 (EV A) can overcome the incompatibility of polyethylene and 

polypropylene. The microstructures of copolymers have also been 

studied with comonomers such as ethylene, butene and hexene1481
• 

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) 1121
• Using the heat of fusion 

of 100 % crystalline polyethylene (293 J/g1521
) 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 28 = 23.4° due to the (200) 

crystallographic plane1121
• 
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The presence of crystallisable ethylene sequences in EPDM was 

confirmed by Karger-Kocsisr461 using a dynamic mechanical technique and 

in PP copolymers by Chundury et a/491 using DSC. It is thought that the 

broadening endothermic peaks are due to randomized ethylene and 

propylene units in the EPRr491
• 

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 a/5 11
• These differences are due to 

variations in the crystallisation temperatures as well as the moulding 

conditions . Higher crystallisation and mould temperatures favour thicker 

crystallite or lamellae sizes. In melt crystallised polypropylene the 

predominant crystal structure is the a monoclinic form and occasionally 

the 13 hexagonal form is observed. The 13 form was predominantly 

observed in several of the nucleated batches. For these batches the 

relative contribution of the 13 was determined mathematically and was 

found to be about 17 % . Some researchers have found that the impact 

resistance of isotactic polypropylene improved when a 13-nucleating agent 

was added r45
'
531

• 

In this study, it cannot conclusively be determined if the batches with the 

13 peak had higher impact strength due to variations in ethylene content, 

although all the batches with the 13 peaks had good impact strengths. 

The high ethylene content grades (2900 H and 2600 PC) were non

nucleated grades and did not have the 13 peak. The XRD traces showed 

that grade 2349 MC in Figure 4.3 (a) batch 2722 did not have a (300)p 

peak whereas in batch 3364 it was present. It was also noted that all 

the latter batches of 2349 MC had the 13 peak present. If the grade is 

produced under the same standard conditions, no significant differences 

between 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, % C2 

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 µm and 1.5 µm. At 

very high 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 particles1321
• 

The results indicated no definite relation between either particle size or 

inter-particle spacing with ethylene content. However, when the ratio 

between the inter-particle spacing and the particle size was plotted, 

trends against % C2 and MFI were observed (Figures 4. 16 and 4. 17). 

The decrease in the ratio with increasing % C2 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 moulding 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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attributed to the further shearing processes, during vis-breaking, which 

can either break up agglomerated particles, thus resulting in a smaller 

particle size, or bring together smaller particles to form bigger ones and 

thus increase inter-particle spacing. A recent study conducted by Kim et 

al showed that the ratio of centre-to-centre-distance to particle diameter 

(CCD/D) plays an important role in the toughening and micro-mechanical 

deformation process[201
• In their investigations the copolymers that had 

several inclusions within the rubber particles had higher toughness values 

and failed by crazing. These copolymers had a relatively small CCD/D 

ratio. In this study, the grades with high ethylene content had smaller 

CCD/D ratios and these copolymers had the higher impact strengths. The 

limited data that we had suggested that this ratio is important in 

determining impact strength as inferred from Figure 5.1 below. In order 

to improve the toughness, the internal phase morphology of the rubber 

should be considered together with the CCD/D ratio . 

• 
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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 specimens 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 conglomerates of smaller ones. This was confirmed 

in studies by Kim et a/2°1 and ROmpler et a/541
• 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 inclusions dissipate more 

impact energy through multiple cavitation and crazing processes than 

single inclusions does through shear yielding1201
• From Figure 4. 18, one 

can see that the rubber particle consists of several 'crystalline' micro

domains. The matrix consists of fine randomly 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 content1421
• 

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 affects 

variables such as crystallinity. It 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 temperatures 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 J32 transition 

occurs as the ethylene content increases. The intensity of the J32 peak 

increases whilst the intensity of the J3, peak decreases. The J32 peak is 

thP. Ta of thP. EPR whilst thP. 81 is thP. Ta of thP. nolvnronvlP.nP.. ThP. 
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impact strength increases with increase in the intensity of the ~2 peak. 

The ~2-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 regions 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 rising 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 copolymers 

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 concomitant 

decrease in the % crystallinity of the copolymers. 

5.3 THE EFFECT OF ETHYLENE CONTENT 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 mechanical behaviour of 

materials. For polymeric materials, a monotonic increase in hardness with 

increasing crystallinity can also be related to yield stress and elastic 

modulusl551
• 

The tensile properties such as yield strength and elastic modulus also 

decrease with increasing ethylene content since they are also small strain 

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 Williamsl561
• 

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 

small strain propertyl161
• The addition of a nucleating agent or fillers such 

as carbon black or talc have a stiffening and strengthening effect on the 

copolymersl57
•
581

• 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 2.4r161
• 
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Figure 5.2 : Effect of ethylene content on the flexura l 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 

a/241
, 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 small changes in crystallinity in the 

homopolymers. The tie molecules connect ing 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 changes of conformation and through the 

increased tie molecule density. This renders the high molecular weight 

copolymers tougher during an impact eventl221
• The percentage elongation 

increases with increasing ethylene content and this can be attributed to 

the lowered degree of crystallinity . The impact strength also increases 

with increasing ethylene content alonel161 so that these two molecular 

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 crystallinityl 181
• It should 

be borne in mind that although the ethylene content and molecular weight 

influence impact strength, modification of the crystal structure through 

nucleation also contributes to improved overall properties. 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. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

6.1 SUMMARY 

The overall effect of some of the molecular variables studied is 
summarised in Table 6.1 below. These parameters are by no means 
exhaustive, whilst it should be borne in mind that if these individual 
parameters operate together they influence each other in complex and 
elaborate ways. 

.• Properly . ,' 
i _Ethylene C"c)ntent .. . i MF/ (g/10 . + Nucleation 

.. 

' . '···-. (%). min) .. 
. •. . . . . . . . . . . 

Impact Strength i -.L- i 

Flexural Modulus -i, 0 i 

Tensile Modulus -1- 0 i 

Tensile Strength -1- -1- i 

% Elongation i 0 0 

Melting Point 0 0 'i 

Tg (EPR) -1- 0 0 

Table 6.1: Effect of the ethylene content, the melt flow index (MFI) and presence of 
a nucleating agent on the properties of t he copolymers . 
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6.2 CONCLUSIONS 

The work carried out during the course of this thesis has contributed to 

our understanding of the factors governing the properties of poly

(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 controlled 

manipulation of the EPR microstructure. The inter-particle spacing of 

the EPR to size ratio (CCD/D) should be as small as possible, 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 f3 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 MFI. Ideally, impact tests should be 

carried out at sub-zero temperatures. The Department of Materials 

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 J3 phase and the influence of the J3 phase 

on the spherulitic structure. Some studies have shown that high 

levels of the J3 form lead to lower yield stresses and higher % 

elongations. The drop weight tester could be utilised to study the 

impact toughness of copolymers enhanced by the addition of say a J3-
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 test, for example lzod test 

values do not necessarily correlate with drop weight test results. The 

fracture toughness (Kie) and the fracture energy (Ge) can be found 

using techniques described in linear elastic fracture mechanics (LEFM). 
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APPENDIX 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 

lzod notched impact strength @ 23 °C: Greater than 5, Target 7 kJ/m2 

Modulus: Greater than 1100, Target 1400 MPa 

Grade 2448 TC 

MFI: Range 40 - 55, Target 45 

% C2: Range 8 - 11, Target 9.5 

lzod notched impact strength @ 23 °C: Greater than 5, Target 7 kJ/m2 

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 

lzod notched impact strength @ 23 °C: Greater than 35, Target 40 kJ/m2 

Modulus: Greater than 1000, Target 1100 MPa 

Grade 2648 PC 

MFI: Range 13 - 18, Target 15 

% C2: Range 10.5 - 13.5, Target 12 

lzod notched impact strength @ 23 °C: Greater than 10, Target 12 kJ/m2 

Modulus: Greater than 900, Target 1000 MPa 
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APPENDIX B 
XRD SCANS FOR THE VARIOUS COPOLYMER GRADES. 
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APPENDIX C 
RAW DATA OBTAINED FROM THE CHARACTERISATION OF THE 

COPOLYMERS. 

0 

This section contains the raw data of the results obtained from the 
characterisation of the copolymer material as a function of ethylene 
content and melt flow index. 

- · ,- .. 

Gtade Code , 
-.;,:, · :Ethyklne ' ,G/VIFJ fg/10mini : A veiage Jinpact _ ·-
" 1.'< . . ·• .- ~ . '. ._. ' ·. . .. '. _.-' - ..;': ·"' ,.-:··. ;,'. ·. _. ~ ,.-, •. C ', • • ,• ' • '._ '_ • ,· .• '_ 

St~e~~thikJ/rrlJi · ' c,,intenf f%J ' ,' ,' .,,_ : . . 
,' 

., .. .. _; 

2340 PC-1843 7.1 14 8.7 

2340 PC-3420 6 .7 16 7.4 

2340 PC-3431 4.7 17 8 .3 

2349 MC-2722 7.6 8 8.1 

2349 MC-3364 9 .2 8 12.3 

2349 MC-3369 6 .4 9 7 .5 

2448 TC-2008 10.2 44.4 9 .3 

2448 TC-2715 10.0 43 5 .2 

2448 TC-3407 8 .7 48 4 .8 

2448 TC-3413 9 .2 49 5.3 

2540 H-2177 11 .8 1.7 56.2 

2600 PC-3901 7 4 11 .8 17.2 12.9 

2602 E-2699 13.3 0.9 64.7 

2602 E-3399 12.1 0 .8 43 .9 

2648 PC-1872 13.1 15 41.3 

2648 PC-2337 12 14 42.2 

2648 PC-2351 10.9 14 18 

2648 PC-2656 11 .4 15 9 .7 

2648 PC-2798 11.5 17 11.4 

2648 PC-3401 11 .2 17 9 .7 

2648 PC-3403 12.4 17 15.3 

2648 RC-1726 11 .4 25 30.3 

2648 RC-3388 11 .7 20 9 .1 

2648 RC-3405 11 . 8 23 7.6 

2900 H-0708 22.4 1.8 54.2 

Table C.1: Average batch results for the determination of the impact propert ies 
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" ' ' Grade .Code . -· , Ethyiene -,'-· MFi (g/10minJ Aver11ge Flexural. ' 
-· --= 

•'· '. , -· content' f%J. ' . ·. Modult!$·' /MPaJ ·-·" · ' a , 

2340 PC-1843 7.1 14 1605 

2340 PC-3420 6.7 16 1088 

2340 PC-3431 4.7 17 1286 

2349 MC-2722 7 .6 8 1187 

2349 MC-3364 9.2 8 986 

2349 MC-3369 6.4 9 1237 

2448 TC-2008 10.2 44.4 1280 

2448 TC-2715 10.0 43 1097 

2448 TC-3407 8.7 48 1013 

2448 TC-34 13 9.2 49 942 

2540 H-2177 11.8 1.7 1267 

2600 PC-390174 11.8 17.2 908 

2602 E-2699 13.3 0 .9 685 

2602 E-3399 12.1 0.8 897 

2648 PC-1872 13.1 15 708 

2648 PC-2337 12 14 686 

2648 PC-2351 10.9 14 768 

2648 PC-2656 11.4 15 867 

2648 PC-2798 11.5 17 886 

2648 PC-3401 11.2 17 856 

2648 PC-3403 12.4 17 904 

2648 RC-1 726 11.4 25 1197 

2648 RC-3388 11.7 20 851 

2648 RC-3405 11. 8 23 903 

2900 H-0708 22.4 1.8 553 

Table C.2: Average batch results for the determination of the flexure properties. 
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'" ' 

Griide:Ci,de . .f%l C2:. ··. MFJ. \ ·.· .. Tensile ". · : Tensile·;' .. · .. . /%} 
.. 

'' : ,, . (g/10minl. · Modula$ (MP.a) . · St.rerigt/1 (MP.a).. Elong~ 

2340 PC-1 843 7.1 14 570 27.7 87 

2340 PC-3420 6.7 16 468 27.3 183 

2340 PC-3431 4.7 17 505 29.1 131 

2349 MC-2722 7.6 8 577 29.6 139 

2349 MC-3364 9.2 8 427 23.7 604 

2349 MC-3369 6.4 9 476 27.8 114 

2448 TC-2008 10.2 44.4 462 23.0 72 

2448 TC-2715 10.0 43 479 23.7 65 

2448 TC-3407 8.7 48 436 22.3 52 

2448 TC-341 3 9.2 49 440 23.7 47 

2540 H-2177 11 .8 1.7 436 24.0 256 

2600 PC-390174 11 .8 17.2 504 22.1 323 

2602 E-2699 13.3 0.9 383 21.1 519 

2602 E-3399 12.1 0 .8 404 20.8 340 

2648 PC-1872 13.1 15 393 20.0 490 

2648 PC-2337 12 14 363 20.6 524 

2648 PC-2351 10.9 14 380 21.2 603 

2648 PC-2656 11.4 15 457 22.8 546 

2648 PC-2798 11.5 17 391 22.9 497 

2648 PC-3401 11.2 17 407 20.3 407 

2648 PC-3403 12.4 17 405 19.6 188 

2648 RC-1 726 11.4 25 357 21 .1 147 

2648 RC-3388 11 .74 20 397 19.6 94 

2648 RC-3405 11.8 23 419 20.9 76 

2900 H-0708 22.4 1.8 358 17.3 685 

Table C.3 : Average batch results for the determination of the tensile properties . 
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. ,, 
.'Gra_de_ CClde . ( · . E(hylene .· · 

; 
,,· 'Mf.l . 'Hardne$$ , . . Deg~ee ·o( / .. · 

· : . Cont,,nt (%/ . ·f g/ 1 OminJ, · (HV-25gfJ Crysta/Diiizy (%) 
,. 

,. . . . • •c-

2340 PC-1 843 7.1 14 7.9 34.8 

2340 PC-3420 6.7 16 6.68 29.2 

2340 PC-3431 4 .7 17 7.64 30.9 

2349 MC-2722 7.6 8 7 .94 33 .3 

2349 MC-3364 9 .2 8 5.48 27.2 

2349 MC-3369 6.4 9 5.36 32 .5 

2448 TC-2008 10.2 44.4 5.98 32.2 

2448 TC-2715 10.0 43 6.9 32 .8 

2448 TC-3407 8 .7 48 7.34 30.6 

2448 TC-341 3 9.2 49 5.8 23 .5 

2540 H-2177 11 .8 1.7 4.97 27 .4 

2600 PC-390174 11.8 17.2 5.2 28.6 

2602 E-2699 13.3 0 .9 3.06 24.1 

2602 E-3399 12.1 0.8 4 .56 24.8 

2648 PC-1872 13.1 15 5.06 28 .8 

2648 PC-2337 12 14 4.88 27.9 

2648 PC-2351 10.9 14 4 .82 27.7 

2648 PC-2656 11 .4 15 5.54 29.9 

2648 PC-2798 11.5 17 4.84 29.3 

2648 PC-3401 11 .2 17 4 .1 27.4 

2648 PC-3403 12.4 17 4.66 31.5 

2648 RC-1726 11 .4 25 5.03 30 .2 

2648 RC-3388 11 .7 20 3 .9 24.8 

2648 RC-3405 11.8 23 4.82 32.9 

2900 H-0708 22.4 1.8 2.36 20.3 

Table C.4 : Average batch results for hardness and crystall init y determination. 
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·'' ' ,' . 

Grade ·Code· f%J C2 -... . MFI / .. Cross Sectional .. -lnter~Partide : , :· Spacing to ( 
.. ' : 1911 ominJ . Diameter fµ;nJ · Spacing fµmJ · Diameter: Ratio -

' 
. . .. / : 

2340 PC-1843 7.1 14 0.84 5.98 7.12 

2340 PC-3420 6.7 16 0.78 4.4 5.64 

2340 PC-3431 4.7 17 1.31 11 8.4 

2349 MC-2722 7.6 8 3.35 12.43 3.71 

2349 MC-3364 9.2 8 0.76 4.8 6.32 

2349 MC-3369 6.4 9 1.31 9.94 7.59 

2448 TC-2008 10.2 44.4 1.02 8.99 8.81 

2448 TC-2715 10.0 43 1.47 14.44 9.82 

2448 TC-3407 8 .7 48 0.57 5.6 9.82 

2448 TC-341 3 9.2 49 0.86 6.2 7 .21 

2540 H-2177 11.8 1.7 0.84 5.28 6.29 

2600 PC-390174 11.8 17.2 1.7 9.65 5.68 

2602 E-2699 13.3 0.9 1.16 4.96 4.28 

2602 E-3399 12.1 0.8 0.76 4.4 5.79 

2648 PC-1872 13.1 15 1.32 6.93 5 .25 

2648 PC-2337 12 14 1.3 7 .18 5 .52 

2648 PC-2351 10.9 14 1.57 9.17 5.84 

2648 PC-2656 11.4 15 1.29 6.08 4.71 

2648 PC-2798 11.5 17 1.52 6.36 4.18 

2648 PC-3401 11.2 17 0.83 5.4 6.51 

2648 PC-3403 12.4 17 0.74 4.4 5.95 

2648 RC-1726 11.4 25 0.84 8.31 9.89 

2648 RC-3388 11. 7 20 0.88 3.96 4.5 

2648 RC-3405 11.8 23 0.68 4.2 6.18 

2900 H-0708 22.4 1.8 1.36 6.05 4.45 

Table C.5: Average batch results for the microscopy measurements 
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· 'Gtilde.~ Catie_ , ':Et11y/11ne ,. . MF/ . · Average_ Enthalpy· A _verage. 'f,llelti,rlg · r., . , : • 
' ' 

,•:: -· ·': '. ~onten, l%J, : .(g/1Qmin) .: ~f:Fusi()il: (J!gl · TetTJpera(ure f'i{;l :...--.,_:~-::-· -_., -~ ",~ ' . . . . 

2340 PC-1 843 7.1 14 72.76 166.25 

2340 PC-3420 6.7 16 61.08 166.65 

2340 PC-3431 4.7 17 64.66 166.28 

2349 MC-2722 7.6 8 69.57 168.66 

2349 MC-3364 9.2 8 56 .84 166.29 

2349 MC-3369 6.4 9 68.02 164.54 

2448 TC-2008 10.2 44.4 67.37 165.58 

2448 TC-2715 10.0 43 68.44 165.81 

2448 TC-3407 8.7 48 63.86 164.90 

2448 TC-3413 9.2 49 49.1 164.13 

2540 H-2177 11.8 1.7 57.30 166.38 

2600 PC-390174 11 .8 17.2 59.77 165.77 

2602 E-2699 13.3 0.9 50.36 164.90 

2602 E-3399 12.1 0.8 51.80 166.00 

2648 PC-1872 13.1 15 60.26 166.30 

2648 PC-2337 12 14 58.33 165.15 

2648 PC-2351 10.9 14 57.93 164.73 

2648 PC-2656 11.4 15 62.48 165.40 

2648 PC-2798 11.5 17 61.16 166.18 

2648 PC-3401 11.2 17 57.26 164.54 

2648 PC-3403 12.4 17 65.90 164.09 

2648 RC-1 726 11 .4 25 63.01 165.59 

2648 RC-3388 11.7 20 51.80 161.73 

2648 RC-3405 11.8 23 68 .75 165.02 

2900 H-0708 22.4 1.8 42.40 165.83 

Table C.6: DSC data for the determination of the % Xe and Tm. 



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. 
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Figure D.2: Effect of the degree of crystallinity on impact strength. 

1400 

1300 • • 
1200 

• 1100 • 
1000 

900 

800 

700 

600 

~ 
500 

211 22 24 26 28 30 32 

Crystallinity (%) 

• 2340 PC • 2349 MC • 2448 TC 

• 2540 H J. 2600 PC "- 2602 E 

.A. 2648 PC "' 2648 RC X 2900 H 

Figure D.3: Effect of the degree of crystallinity on the.flexural modulus. 
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Figure 0.4: Effect of the degree of crystallinity on tensile modulus. 
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Figure 0.5: Effect of the degree of crystallinity on tensile strength. 
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Polypropylene has a very good stiffness to cost ratio but 
suffers from poor toughness at low temperatures. Poly
(propylene-ethylene) impact copolymers were deve"ioped 
to overcome this problem (1). These copolymers can be 
regarded as a composite consisting of two phases and as 
such their properties depend on the microstructure of the 
individual phases. The balance between stiffness and 
toughness is achieved by controlling the size and the 
dispersion of the rubber phase within the glas.sy 
polypropylene matrix. 

The structure of a copolymer with an ethylene content 
of 13 % was investigated using a Cambridge S200 SEM 
operating at 15 kV. Notched impact test specimens 
were immersed in liquid nitrogen and fractured with a 
plastic hammer to expose the rubber particles. The 
fracture surfaces were collected and then etched in n

heptane at 70 °C for 30 minutes (2). The fracture 
surfaces were then cleaned in methanol in an ultrasonic 
bath, fixed on aluminium stubs with a conductive 
carbide cement and sputter coated with Au/Pd for 10 
minutes at 2 kV and 16 mA, to render them electrically 
conducting. 

The quantification of the rubber particle size and 
distribution was done from SEM photos such as those 
shown in Fig. 1. The particle size measurement was 
done using the Joyce Loebl Image Analysis Package. 
The particle distribution measurement was made by 
measuring the centre to centre distances of the particles 
with a ruler. Distribution curves can then be plotted to 
show the effect that particle size and spatial distribution 
has on the mechanical properties of the copolymer. 

TEM was used to study the microstructure of the rubber 
phase. A polymer block was machined to fit in an 
aluminium hollow pin and the combination was then 
submerged in concentrated chlorosulphonic acid for 4 
hours at room temperature. The block was washed in 
distilled water and then submerged in 0.1 % solution of 
Ru04 for 2 hours at room temperature. This solution 
was buffered at a pH of 7 .2 with sodium 
dimethylarsonate in order to maximise diffusion of the 
stain through the block. The block was washed again 
and then sectioned at room temperature or at - 120 °C 
before viewing in a JEOL JEM-200CX TEM operating 
at200kV. 

The rubber particles were found mostly as agglomerates 
as shown in Fig. 2, although some single particles 
occurred. This micrograph shows a rubber particle 
composed of amorphous regions ( dark) and crystalline 
regions (light) . Some authors contend that the optimum 
particle size for a good stiffness to toughness ratio is 
around 0.4 µm (3). 

SEM in conjunction with TEM gives us a good 
understanding of the copolymer microstructure. The 
SEM micrographs show the spatial and the size 
distribution of the rubber particles as seen from the 
holes left behind through etching. The microstructure 
of the rubber particles and the matrix is obtained from 
TEM. The thickness of the interface between the matrix 
and the particle can also be determined. From such a 
structural analysis it is possible to understand the 
differences in mechanical properties between different 
batches of the same grade. It is also possible to 
determine the processing conditions that will give 
copolymers with optimum mechanical properties. 
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Fig. 1: SEM micrograph showing rubber particle size 
and spatial distribution 

Fig. 2: TEM micrograph showing the microstructure of 
a rubber particle. 
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