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Summary

Synthetic polymers such as isotactic polypropylene (i-PP) substitute metals in an increasing

number of engineering applications. In the automotive sector, for example, polymers are

favoured due to weight saving and hence fuel reduction. Moreover, polymers can be moulded

at high speeds and low costs into complexly shaped parts. However, for many applications,

the polymeric materials have to be reinforced to meet the demands on stiffness and strength.

Often, continuous or short glass fibres are the reinforcing components. Unfortunately, glass

fibres cause environmental problems in both mechanical as well as thermal recycling

(incineration).

In the 1990s, Prof. I.M. Ward et al. (University of Leeds) introduced the concept of self-

reinforced i-PP composites, viz. a polypropylene matrix reinforced by polypropylene fibres or

tapes. In the hot-compaction process, i-PP fibres or tapes are consolidated by selective surface

melting, and ‘All-PP’ composites are obtained possessing a high volume fraction of

reinforcing components. These composites can be re-used via recycling and consequently

environmental issues related to waste disposal are largely avoided.

In this thesis, another route is introduced to produce ‘All-PP’ composites by using co-

extruded PP tapes, consisting of a high-stiffness/high-strength i-PP homopolymer core

covered with two outer layers of a polypropylene copolymer. These co-extruded tapes can be

easily compacted, viz. ‘gluing’ by melting the copolymer surface layers. A large temperature

window of operation is obtained, since the melting temperature of the copolymer is much

lower (about 140ºC) compared with the melting temperature of the homopolymer layer (about

180ºC upon constraining). Moreover, post-shaping in 3-D structures is feasible at low

temperatures, viz. close to the melting temperature of the copolymer.

In order to obtain optimum performance of the ‘All-PP’ composites, the properties of the

reinforcing i-PP homopolymer core have to be maximised. Consequently, in this study effort

has been devoted to produce, also beyond laboratory scale, high-performance i-PP tapes with

excellent mechanical properties.

First, the mechanical properties and morphology of i-PP tapes have been studied as a function

of the ratio, to which the melt-extruded tapes were solid-state post drawn in a single step. In

accordance with literature, it was found that the Young’s modulus and tensile strength of the

post drawn tapes increase with increasing post draw ratio. At a maximum post draw ratio of

10, which was derived from the onset of overdrawing as indicated by an opaque appearance
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of the tapes, a Young’s modulus and tensile strength of respectively 10 GPa and 0.4 GPa were

obtained. Rather surprisingly, the post draw ratio could be further increased to 15 without

frequent tape fracture, i.e. ultra-drawing of tapes is possible in the overdrawing region. Ultra-

drawing in the overdrawing region further enhances the mechanical properties, and tapes with

a maximum Young’s modulus and tensile strength of approximately 14 GPa and 0.55 GPa

can be routinely obtained on a pilot plant and on production scale. Moreover, the average

work-to-break of the tapes increases upon overdrawing. The physical origin of the opaque

appearance of the films was investigated more extensively, and it was found that the change

in optical appearance results from a fibrillation in the tape. Apparently, in contrast with fibres,

sample breakage is largely avoided upon overdrawing if a tape geometry is used, which

dramatically facilitates the production of high modulus and high strength materials.

Next, the mechanical properties and morphology of i-PP tapes have been studied to examine

the influence of the temperature, which was applied in the post drawing stage. As expected, it

was found that the maximum attainable post draw ratio increases with increasing post

drawing temperature. However, it was also found that the properties of the tapes at a fixed

post draw ratio are highly dependent on the temperature applied in the post drawing stage. In

the affine deformation region, the elongation at break of the post drawn tapes decreases and

the yield stress increases with increasing post drawing temperature, and this despite an

identical post draw ratio and Young’s modulus. Based on crystallographic studies, it was

found that the observed phenomena can be correlated to increasing crystal dimensions and

enhanced crystal perfection, which results in a decreasing deformability of the crystal phase.

Consequently, a proper choice of the post drawing temperature can be used to tailor the ratio

stiffness/strength and also the energy absorption before failure. Moreover, in a two-stage post

drawing process, a proper choice of temperature in the first drawing stage facilitates the

drawing in the subsequent drawing stage, resulting in an increase of the maximum attainable

overall draw ratio and, therefore, in enhanced mechanical properties.

The findings of the above-described studies were used to establish a new (commercial) multi-

stage manufacturing route for co-extruded tapes with a tensile modulus of about 16 GPa (viz.

about 18 GPa for the i-PP core material), tensile strength of about 550 MPa, and elongation at

break of about 7%. These tapes were further exploited in ‘All-PP’ composites with excellent

mechanical properties. In specific cases, these composites outperform their glass fibre based

counterpart, which makes these materials, for instance, useful as interior parts in automotive

applications or high-pressure tubes.



Chapter 1

General Introduction

1.1 Polypropylene

In our daily life we are surrounded by more and more articles produced of synthetic polymers

rather than traditional materials such as wood, metals or ceramics. For instance,

approximately 20 years ago, most car bumpers were made of steel, and nowadays, almost

every new car is equipped with plastic bumpers. One of the main drivers contributing to the

popularisation of polymers is their ease of processing into complexly shaped parts at high

speeds and low costs via relatively simple processes, such as extrusion, injection- and

compression moulding. Other advantages of polymers are their low density and large range of

specific properties, from soft rubbers to fibres stronger than steel. Generally, the improvement

of stiffness and impact strength is a main driver in the polymer industry, since enhanced

properties offer more design freedom. Increased material stiffness allows producing thinner

products while maintaining a similar rigidity of the final article, being an important means of

reducing material consumption and hence costs. Moreover, downgauging lowers the impact

of waste management concerns.

In Western Europe, close to 50 million tonnes of synthetic polymers have been produced in

the year 2000. Among these materials, the Standard or Commodity Thermoplastics, viz.

polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS), and

polyethylene terephthalate (PET) constitute the major fraction. In Western Europe, they

account for around 85% of all plastics consumed, followed by the Engineering

Thermoplastics (6%), viz. polyamide (PA), polycarbonate (PC), polymethyl methacrylate

(PMMA), and poly-oxy-methylene (POM) etc. The Thermosets, e.g. polyurethanes (PU),

make up the remaining 9%.1 However, the classical differentiation between Commodity and

Engineering Plastics is blurred to some extend, since nowadays Commodity Thermoplastics

are more and more used also as construction materials for engineering applications

(composites). In total, the different types of polyethylene (LD-PE, LLD-PE and HD-PE)

account for the largest share (39%) among the Commodity Thermoplastics, followed by

isotactic polypropylene (i-PP) (23%), PVC (19%), atactic PS (10%) and PET with 6%.

However, in view of its impressive growth figures over the last decade (more than 8% annual
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growth in Europe) isotactic polypropylene seems to be the major polymeric construction

material in the future.2,3

Polypropylene belongs to the group of vinyl polymers (see Chapter 2). Three stereo-

configurations of polypropylene can be distinguished, namely the isotactic, the syndiotactic

and the atactic form. In isotactic polypropylene (i-PP), each chiral centre has the same

configuration, i.e. all methyl groups are placed on the same side of the chain, while alternate

chiral centres are identical in the syndiotactic (s-PP) form. In atactic polypropylene (a-PP),

the arrangement of the methyl groups is completely randomly. While s-PP and a-PP are of

minor commercial importance, i-PP contributes by far the most to the consumption of

polypropylene.

Because of its excellent cost/performance balance, versatile properties, good processability

and low density (approx. 900 kg/m3), isotactic polypropylene is found in a wide variety of

products. Figure 1.1 shows the i-PP consumption according to its applications.

Figure 1.1: Consumption of isotactic polypropylene according to its applications. 1

With 26% fibres make up the biggest part of i-PP production, whereas 21% of the PP

consumption are taken by rigid packaging. Flexible packaging (films) (17%) as well as

consumer goods (11%) and technical applications in the automotive sector (10%) continues to

show positive growth.

Fibres (26%)

Flex packaging
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Building/Industry (3%)
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1.2 Isotactic Polypropylene Fibres (and Tapes)

Isotactic polypropylene as such is a relatively soft material (isotropic i-PP: E-modulus = 1-2

GPa, strength < 40 MPa) and can not meet the high demands on stiffness and strength for

engineering applications. However, the performance can be improved either by adding

reinforcing elements or by extending the polymer chains and imposing a higher degree of

molecular orientation in the sample. In the latter case, the stiffness and strength is only

improved in the fibre/tape direction.

Standard i-PP fibres are produced by high-speed melt spinning processes extending the fibres

from the melt at drawing speeds of typically a few thousand meters per minute. In such

processes, only low molecular orientation can be imposed in the fibre since drawing from the

melt is directly accompanied with relaxation of the molecules. Nevertheless, standard fibres

offer sufficient properties for many applications, e.g. in the carpet industry.

Fibres with enhanced stiffness and strength require a higher degree of molecular orientation,

which can only be achieved by additional solid-state drawing of the fibre at temperatures

being sufficiently low to prevent relaxation processes.4 The induced polymer orientation and

therefore, the tensile stiffness and strength of the fibre increase with increasing draw ratio.5

However, there is a major contradiction with respect to the maximum attainable draw ratio.

Considering a single polymer chain, the maximum attainable draw ratio increases with

increasing degree of polymerisation, i.e. the attainable draw ratio increases with increasing

weight average molar mass (Mw) of the polymer.6 In contrast, experimentally it was found

that the maximum attainable draw ratio decreases with increasing weight average molar mass

of the polymer. The reason is that a polymer does not consist of a single chain but of a large

number of individual chains forming entanglements. Since these entanglements hinder the

extension of the polymer chains, the maximum attainable draw ratio decreases with the

number of entanglements per chain, which again increases with increasing Mw.7 A lot of

effort was undertaken to go around this contradiction and to achieve the potentially high draw

ratios of high molar mass polymers.

A breakthrough was established in the late 70s, when Smith and Lemstra8-12 developed the so-

called ‘gel-spinning’ process for polyethylene fibres at DSM, The Netherlands. In this

process, the fibre is spun from a solution of ultra-high molecular weight polyethylene

(UHMW-PE). Compared to melt-spun fibres, the number of entanglements per molecule is

essentially reduced. This facilitates the subsequent post drawing resulting in draw ratios a

magnitude higher than attainable in melt-spinning processes.
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Polyethylene fibres obtained via solution (gel-) spinning techniques approximate the

theoretical values of stiffness as calculated directly from the polymer backbone structure of

PE. Their specific properties make them even superior to steel. Nowadays, gel-spun PE-fibres

like ‘Dyneema’ are commercially used e.g. in sports or for applications in which excellent

mechanical properties are literally ‘vital’: bullet-proof vests or helmets for soldiers.

However, for low-cost mass-products, one has to fall back to the melt-spinning process. A lot

of effort was undertaken to optimise this process in order to improve the resulting fibre

properties. Several investigations have shown the influence of various processing parameters,

such as extrusion temperature, take-up velocity or spin-line stress, as well as material

characteristics, mainly the molecular mass and the molecular mass distribution, on fibre

structure development and resulting mechanical properties.4,13-17 The literature on the effect of

additional solid-state drawing and annealing on the tensile properties is sparse, but there are a

number of articles discussing the structure development in these stages of the fibre production

process.4,18-23 In the case of polypropylene, advanced melt-spun i-PP fibres are commercially

available possessing a tensile stiffness of 5-10 GPa and a tensile strength of about 500 MPa.

However, there is still room for further optimisation of the melt-spinning process. Especially

two aspects of the solid-state drawing process attracted insufficient attention in literature: the

phenomena of overdrawing and the influence of drawing temperature on mechanical

properties.

Statements like “Stay away from overdrawing!” are often claimed by the fibre industry. The

reason is that overdrawing of fibres increases the amount of fibre fracture during processing,

which is of course not acceptable in an industrial scale process. Therefore, the draw ratio is

normally limited by the occurrence of overdrawing. In literature, there is less attention

devoted to the phenomena of overdrawing. Abo el Maaty et al.24 studied the morphology of

overdrawn i-PP fibres, however, they did not relate their findings to the mechanical

properties.

In this study the phenomena of overdrawing and its influence on mechanical properties was

investigated on overdrawn i-PP tapes. It will be shown that overdrawing is an appropriate

technique to produce tapes possessing an excellent uniformity with respect to their

mechanical properties. These tapes provide also an enhanced stiffness and an increase of the

average strength at break and work-to-break compared to non-overdrawn tapes. Furthermore,

one can also avoid the problem of sample breakage by simply choosing tape geometry instead

of fibre geometry. By producing tapes on a commercial production line, no significant

increase of the number of breakage could be observed in the overdrawing regime.
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Statements like “The drawing temperature hardly affects the mechanical properties”23,

explicitly made for i-PP samples drawn to identical draw ratio, suggests that the influence of

drawing temperature might be not sufficiently clarified in literature. In our study on i-PP

tapes, a strong influence of the temperature applied in the post drawing stage on the resulting

mechanical properties was found. Moreover, in a two-stage drawing process, a proper choice

of temperature in the first drawing stage facilitates the drawing in the subsequent drawing

stage, resulting in an increase of the maximum attainable overall draw ratio and, therefore, in

enhanced mechanical properties.

1.3 New Engineering Applications for Isotactic Polypropylene

Polypropylene can also be used in engineering applications such as protection shields or

interior parts in the automotive sector. The required mechanical properties can be obtained by

reinforcing polypropylene with glass fibres. Unfortunately, the glass fibres cause

environmental problems, both in mechanical as well as thermal recycling (incineration) of the

glass fibre reinforced PP. The seriousness of the lack of recyclability becomes obvious

considering new legislation’s, e.g. the European End of Life Vehicle (ELV) directive. In

2005, at least 85wt% (2015: 95wt%) of a car has to be recycled. Moreover, from 2007

onwards, the disposal of the car is in the responsibility and on the costs of the car

manufacturer. The sense of the new directive might be questioned with respect to the use of

polymeric materials, since the focus is only concentrated on recycling but not on the entire

life cycle – from production through service to recycling. For by far the highest contribution

to conservation of resources is made during the service life of parts produced from plastic.

With a modern car, for example, end-of-life recycling accounts for only 0.2% of the resources

that it requires during its service life, while operation of the car accounts for almost 90%.

Efforts of resource conservation that are directed towards the operation of the car are

therefore particularly promising. If it is possible, for example, to cut the weight of a medium-

sized car by 100 kg by using polymeric materials, this saves about 1.000 litre of fuel over a

distance of 200.000 km (0.5 l/100 km).1



18                                                                                                                                   Chapter 1

However, the new directives will force recyclability as an important driver for the automotive

industry. Consequently, a new trend arises to develop self-reinforced mono-polymer

composites offering the possibility to overcome the problem of recycling.25,26 The focus of

interest is on self-reinforced polypropylene composites, since PP possesses a higher thermal

stability compared to PE. A composite based on a polypropylene matrix reinforced with high

stiffness/high strength PP-fibres (or tapes, or films) has specific economic and ecological

advantages since, upon recycling, a PP-blend is obtained, which can be re-used for

polypropylene-based applications. The new concept of self-reinforced polypropylene

composites has to be also feasible for industry, i.e. ‘All-PP’ composites have to compete

against conventional glass-fibre reinforced PP. For this, the concept has to fulfil the following

demands:

- The entire life cycle costs have to be comparable or lower than for glass-fibre reinforced

PP

- Processing techniques have to be relatively simple

- The mechanical properties have to be comparable or superior to glass-fibre reinforced PP

Being involved in the PURE-project (PURE: Polymeric construction materials with Ultimate

properties, Recyclability and Environmental safety) aiming at ‘All-PP’-composites, a part of

this research was directed to ensure the last requirement. The PURE-project was initiated at

the Eindhoven University of Technology and is financially supported by the Dutch

government (EET: Economie, Ecologie en Technologie).

While glass fibres display an isotropic mechanical behaviour, polymer fibres are characterised

by anisotropy, i.e. excellent properties in fibre direction are obtained at the expense of poor

properties in transversal direction. However, both glass fibres as well as polymer fibres have

to be randomly distributed in the matrix material if isotropic mechanical properties of the

composite are desired. The reason is that stress transfer from the polymer matrix into the fibre

requires a critical interface-length in stress direction, being far above the diameter of the

fibres. However, in many engineering applications, planar homogeneous mechanical

properties of the composite are sufficient, and fabrics woven from long fibres can be used to

reinforce the polymer matrix. Depending on the amount of glass fibres, the E-modulus and

tensile strength of glass fibre mat reinforced polypropylene (GMT) are about 6-10 GPa and

60-80 MPa, respectively.
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It is no challenge to produce ‘All-PP’ composites with superior tensile strength, but it is a

major problem to obtain composites having comparable stiffness to GMT. Assuming a fibre

volume fraction approximating 100%, the composite modulus amounts only to about 3/8 of

the longitudinal fibre stiffness, if the fibres are in-plane (quasi) isotropic distributed in the

composite. From this it can be concluded that a tensile modulus of about 16 GPa is a

prerequisite to produce competitive ‘All-PP’ composites. This value is far beyond the

stiffness of commercially available i-PP fibres. Therefore, one objective of the study

presented in this thesis is to optimise an industrial scale process for melt-spun i-PP fibres

providing the required tensile modulus.

1.4 Syndiotactic Polypropylene

Syndiotactic polypropylene (s-PP) exhibits polymorphism in the solid state. The crystalline

forms I and II are both characterised by chains in helical (ttgg)n conformation. The crystalline

form III consists of chains in all-trans (tttt)n conformation. The latter form raises the hope to

obtain mechanical properties more like polyethylene than isotactic polypropylene. Indeed, the

tensile modulus, determined by X-ray, of all-trans s-PP crystals (~66 GPa) surpasses that of

helical α-crystals of i-PP (~34 GPa). Therefore, processing-structure-property relations have

also been investigated in melt-spun s-PP fibres. Unfortunately, the pre-commercial s-PP grade

used in this study has a relatively low syndiotacticity, which results in a high number of

tacticity defects along the molecules. These defects, in the all-trans conformation, cause a

change of the spatial direction of the chain and cannot be incorporated in the crystal, which

results in low crystallinity and small crystals. The resulting morphology of the melt-spun s-PP

fibres is comparable with the architecture of thermoplastic elastomers and leads to the

observed rubber-like mechanical behaviour of the s-PP fibres. (See Appendix)
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1.5 Scope of the thesis:

It is the aim of this thesis to understand the processing-structure-property relations in

polypropylene and to apply this knowledge to control the performance of PP fibres/tapes.

Having an industrial scale low-cost production in mind, the influence of various processing

parameters has directly been investigated on a tape production line consisting of a melt-

extrusion unit and two consecutive post drawing stages (multi-stage post drawing), which

approximates the industrial scale production allowing an easy transfer of the results. The

findings of these studies have been used to produce co-extrudate tapes with ultimate

properties, which were further exploited in all-polypropylene-based composites with excellent

mechanical properties.

In Chapter 2, a brief introduction of the three polymorphs of i-PP is given followed by a more

detailed description of the so-called ‘mesomorphic’ phase and its formation mechanism. The

focus is on the mesomorphic phase, because this phase can be created in deformation

processes under certain processing conditions, and it has a distinct influence on the resulting

mechanical properties, as it will be shown in Chapter 5.

In Chapter 3, the solid-state drawing process is discussed in various aspects. First, the

influence of solid-state drawing on mechanical properties, namely the Young’s modulus, is

described. This requires a mathematical scheme to evaluate the average orientation of

statistical chain segments as a function of the applied draw ratio. Afterwards, some

restrictions and requirements of the solid-state drawing process are considered. It is shown

that a maximum obtainable draw ratio exists and the critical role of the αc-relaxation is

pointed out.

Chapter 2 and Chapter 3 create the theoretical background necessary for interpretation of the

results shown the following chapters.

In Chapter 4, the mechanical properties and morphology of i-PP tapes have been studied as a

function of the ratio, to which the melt-extruded tapes were solid-state post drawn in a single

step. Special attention focuses on a phenomenon, which is commonly designated as

‘overdrawing’. It is an objective of Chapter 4 to bridge the gap between morphology and

mechanical properties of overdrawn i-PP tapes, and to explore the benefits and/or

disadvantages of overdrawing with respect to the mechanical properties.
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In Chapter 5, the mechanical properties of i-PP tapes have been studied as a function of the

oven temperature, at which the melt-extruded tapes were post drawn in a single step. The

observed influence of the post drawing temperature on mechanical properties is correlated to

changes in the structure and morphology of the post drawn tapes.

In Chapter 6, a new concept for so-called ‘ALL-PP’-composites will be introduced as a new

application for high-performance isotactic polypropylenes.

In the Appendix, processing-structure-property relations are described for the syndiotactic

stereo-configuration of polypropylene (s-PP). A model is derived, which correlates the

observed rubber-elastic behaviour of melt-spun s-PP fibres to the structure development in the

spinning process.
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Chapter 2

Polymorphism and Mesomorphic Phase of i-PP

2.1 Introduction

Polypropylene belongs to the group of olefinic polymers, which can generally be described by

the chemical structure

R symbolises the alkyl-group and n reflects the degree of polymerisation. In polypropylene, R

represents the methyl-group (–CH3). Three stereo-configurations of polypropylene can be

distinguished, namely the isotactic-, the syndiotactic and the atactic form. In Figure 2.1, the

stereoregular arrangements of isotactic- and syndiotactic polypropylene are represented as

idealised extended chains.

Figure 2.1: a) isotactic polypropylene                             b) syndiotactic polypropylene

In isotactic polypropylene (i-PP), each chiral centre has the same configuration, i.e. all methyl

groups are placed on the same side of the chain, while alternate chiral centres are identical in

the syndiotactic (s-PP) form. In atactic polypropylene (a-PP), the arrangement of the methyl

groups is completely randomly. Due to the absence of any structural order, the degree of

crystallisation of a-PP is very low. It is a wax-like material with relative low commercial

significance. Syndiotactic polypropylene will be described more detailed in the Appendix of

this thesis.

In the present chapter, the focus is on the isotactic form of polypropylene being the most

important polymeric construction material.1 Of course, this is one of the driving forces for the

extensive studies on its solid-state organisation since late 1950s, summarised e.g. by Brückner

et al. in the year 1991.2
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However, i-PP presents some features stimulating more fundamental studies. It is the simplest

among the non-trivial stereoregular polymers, making i-PP the predestined system to

investigate the influence of constitutional and conformational defects on solid state properties

of synthetic macromolecules. Another reason for the scientific interest in i-PP is based on

some peculiarities, which make i-PP distinct from other vinyl polymers. A unique feature of i-

PP is that it can form three different crystalline polymorphs, namely α-monoclinic, β-

(pseudo) hexagonal and γ-(pseudo) orthorhombic, and the so-called ‘mesomorphic’ phase,

which all are characterised by the same three-fold helical conformation with a 6.5 Å repeat

distance.2-12

Furthermore, isotactic polypropylene displays a highly unusual capability for homoepitaxial

crystallization. The homoepitaxy can result in the development of secondary lamellae

radiating with a precisely defined geometrical relationship from the original parent lamella.

This phenomenon is a unique morphological feature of i-PP.2

In the following paragraphs, a brief introduction of the three i-PP polymorphs is given

followed by a more detailed description of the so-called ‘mesomorphic’ phase and its

formation mechanism. The focus is on the mesomorphic phase, because this phase can be

created in deformation processes under certain processing conditions, and it has a distinct

influence on the resulting mechanical properties, as it will be shown in Chapter 5.
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2.2 The Polymorphism of i-PP

As already mentioned, i-PP always adopts a 31-helical conformation in its crystalline forms.

Depending on the crystallization conditions the helical chains are packed in different cell

structures with specific arrangement of four types of helical hands (left- and right-handed

helices as well as ‘up’ and ‘down’ positions for the CH3-group) giving rise to the different

polymorphs of i-PP. The α-crystal phase is generally obtained from melt-crystallization

procedures and in drawn fibres. Natta and Corradini first described its structure in the years

1955-60.3 From an X-ray diffraction pattern of an oriented i-PP fibre, they inferred a

monoclinic unit cell with constants a = 6.65 Å, b = 20.96 Å, c = 6.5 Å and β = 99.3º, which

contains four three-fold helical chains. In 1964 Turner-Jones et al.4 gave a new accurate set of

unit cell constants (a = 6.66 Å, b = 20.78 Å, c = 6.5 Å, β = 99.6º), which differs from the

previous set mainly by a slightly lower value of b. No significant differences were reported in

subsequent work. The regular packing mode of right- (R) and left- (L) handed 31-helices

(schematised as triangles) viewed along the c axis in the α-form of i-PP is displayed in Figure

2.2.

Figure 2.2: Mode of packing of right- (R) and left-handed (L) helices of αααα-crystalline i-PP viewed along the

c-axis. The methyl groups project roughly at the vertices of the triangles.
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Depending on the thermal and mechanical history of the sample, the α-crystalline structure

may show various degrees of disorder in the ‘up’ and ‘down’ positions (concerning the CH3-

group) of the chains. According to the nomenclature proposed by Hikosaka and Seto6, the

limit-disordered and the limit-ordered structures are named α1 and α2, respectively. However,

the unit cell dimensions and the ordered arrangement of three-fold left- and right-handed

helices within the cell remain substantially unchanged.

The β-crystal phase, also referred to as “hexagonal i-PP”, was first identified by Keith et al.13

in the year 1959. It requires certain crystallization conditions to create β-crystals. Padden and

Keith14 could sporadically obtain β-phase spherulites by crystallising i-PP in the temperature

range from 128 to 132ºC. The spherulites were identified to be different from α-spherulites,

because they displayed a strong negative birefringence. Alternative routes to create crystals of

the hexagonal form, e.g. by nucleation agents, were reported by others.4,15 In the past, there

were different suggestions of possible packing modes for β-crystallized i-PP. A summary can

be found e.g. in the work of Brückner.2 A recent interpretation of the β-phase in terms of a

frustrated crystal structure is given by Lotz et al.16-18 At temperatures above 130ºC the

crystals of the β-phase melt and recrystallise into the α-form implying the metastable nature

of the β-polymorph.

The γ-crystal phase is described by an orthorhombic unit-cell (a = 8.5 Å, b = 9.9 Å, c = 42.4 Å)

with a non-parallel chain-alignment. This structure was first reported by Brückner and Meille8

in 1989 and independently proven by Lotz19 in 1991. There are several routes that allow to

obtain the γ-polymorph of i-PP. Depending on the crystallization conditions, metastable (slow

cooling) or stable forms (isothermal crystallization) can be obtained under high pressure

crystallization (ca. 5000 atm).20,21  The γ-polymorph can be also induced by crystallization of

low molecular weight fractions of i-PP. However, in this process, different proportions of the

α-form are always co-crystallized.22,23 The γ-form can also appear in i-PP copolymers, for

example in i-PP co-polymerized with small amounts (4-10%) of ethylene.24
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2.3 The ‘Mesomorphic’ Form of i-PP

2.3.1 The Structure of the ‘Mesomorphic’ Form

In 1959, Natta et al. 25 recorded an X-ray spectrum of a thin i-PP film obtained by quench-

cooling from the melt into ice water. The spectrum displayed two broad maxima at about

14.8º and 21.2º (2θ, Cu-Kα). On the basis of this pattern, Natta et al. pointed out the existence

of a partially ordered form of i-PP possessing a degree of order, which is intermediate

between the amorphous phase and the crystalline phase. Based on additional infra-red (IR)

spectra they recognised that, in the new phase, individual chains possess, for a large fraction

of their length, the same three-fold helical conformation as in crystalline i-PP. They

concluded that the intermediate phase contains bundles of parallel stretches of right- and left-

handed three-fold helical chains with a 6.5 Å repeat distance. Indicating the higher degree of

order than in a nematic liquid crystalline phase, in which only uniaxial order is present, they

named the intermediate phase ‘smectic’. Nowadays, the partially disordered phase is

commonly described as ‘mesomorphic phase’ or ‘mesophase’. Therefore, these terms will be

used hereafter.

Natta et al. outlined also the main characteristics of the mesomorphic phase. They found the

phase to be metastable. At annealing temperatures higher than 70ºC, the mesomorphic phase

can be transformed into the stable α-crystal form. The density of the mesophase was

determined to be 880 kg/m3, which is in between the density of the monoclinic α-crystal

phase (938 kg/m3) and the density of the isotropic amorphous phase (854 kg/m3).

Since the first mention by Natta, many comprehensive studies on the nature of the

mesomorphic phase have been carried out, resulting in different descriptions and

interpretations of this form of i-PP.26-39

To sum up these comprehensive studies on the partially ordered form of i-PP, it can be said

that there are still some controversies in relation to the structure and morphology of the

mesomorphic phase. Nevertheless, some characteristics of the mesomorphic phase seem to be

generally accepted. The mesophase consists of bundles or clusters of parallel aligned 31-

helices with a 6.5 Å repeat distance. The correlation between adjacent helices results in an

ordered lateral arrangement of left- and right-handed helices at a short range of about 30-40

Å. This means that at distances above 40 Å any correlation between chains is lost.
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Consequently, the arrangement of left- and right-handed helices becomes disordered. The

helices are less dense packed in the mesomorphic phase compared to the monoclinic α-form,

which results in a lower density. At annealing temperatures higher than 70ºC the metastable

mesophase is able to transform into the stable α-crystal. Furthermore, it is a feature of the

mesomorphic phase to create two broad, diffuse peaks in the wide-angle X-ray diffraction

(WAXD) pattern.

Recently, Wang et al.40 investigated the transformation from the mesomorphic phase into the

α-crystal phase upon heating of quenched-cooled i-PP samples. The DSC-trace of the heating

run of the quenched i-PP sample displays three dominant transition peaks. The first transition

is an endothermic event, which occurs in the interval between 40ºC and 80ºC with a peak

maximum at 58ºC. The second event is exothermic and it is located between 80ºC and 127ºC

with a centre position at 96ºC. The last event is again endothermic and occurs between 127ºC

and 172ºC with a peak maximum at 164ºC. Very similar DSC-traces were reported by

others.38,41

Wang et al. suggested a reasonable interpretation of the DSC-trace. The crystal structure of

the α-monoclinic phase requires a specific arrangement of left- and right- handed helices. In

the mesomorphic phase, some assemblies of helices are present, which possess the required

helical hand arrangement to form the α-phase. Nevertheless, a significant fraction of the

helices cannot be converted into the α-form without first correcting their helical hands. Such a

change of the helical structure from one hand to the other requires substantial reconfiguration

of the chain, which is essentially a melting process. This process is reflected by the first

endothermic event in the DSC-trace. The already existing assemblies of ‘correct’ helical

chains serve as nuclei in the subsequent crystal growth, reflected by the exothermic peak. The

continuous growth of the α-monoclinic form eventually destroys the clusters, resulting in a

more uniform lamellar structure. The third peak reflects the melting of the α-monoclinic

crystals. It is worth to mention that in the DSC-run, thermodynamic and kinetic effects are

blurred, i.e. the thermogram depends on the heating rate. Based on SAXS and WAXD data,

Wang et al. found the phase transformation to occur over the temperature range of 75ºC to

82ºC, which covers the end of the first endothermic event and the onset of the exothermic

event in the DSC-thermogram.
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2.3.2 The Formation of the ‘Mesomorphic’ Form

As already mentioned above, there are two different routes to induce the mesomorphic phase.

First, the mesophase can be obtained by quench-cooling an i-PP sample from the melt into

ice-water.25,34,42,43 In the quench-cooling process, the sample passes the crystallization

temperature, i.e. the chains in the sample tend to organise in an ordered crystal structure.

However, the fast cooling process prevents the adoption of a perfectly ordered crystal

structure. Therefore, zones of the mesomorphic phase possessing an order intermediate

between the amorphous and the crystalline state can be obtained.

The second formation mechanism is based on a solid-state deformation at proper processing

conditions. The validity of this route was mentioned first by Wycoff32, who recorded an X-ray

diffraction pattern from a post drawn i-PP fibre, which was identical to the pattern of a

quench-cooled sample as reported by Natta in 1959.

Recently, Ran et al.44 investigated the structure and morphology of post drawn i-PP fibres by

synchrotron small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS)

techniques. From the WAXS patterns, they determined the mass fractions of crystal,

mesomorphic and amorphous phases in the post drawn fibre. The background and air-

scattering corrected 2D WAXD pattern of the drawn fibre was divided into an isotropic part

(including the scattering from the amorphous phase and the Compton scattering from the

chemical structure, which is small and could be ignored) and an anisotropic part. For this, a

series of azimuthal scans was processed. The minimum intensity of each azimuthal scan was

assumed to represent the isotropic contribution at the corresponding scattering vector length.

The anisotropic fraction was obtained by subtracting the isotropic envelope from the total

scattering. Assuming that all reflections and scattering peaks from the crystal phase and the

mesomorphic phase can be described by a series of 2D functions, a 2D peak fit method was

used for a further separation of the anisotropic fraction into a mesomorphic and a crystal part.

As explained in their study, the accuracy of the calculated mass fractions might not be

precise, however the changes display a trend.

For drawing at room temperature, the origin for the formation of the mesomorphic phase

depends on the applied draw ratio. At low draw ratios (λ<1.5), the slight increase of the

mesomorphic phase results from a conversion of the amorphous phase. The crystal fraction

remains almost constant. At higher draw ratios, the fraction of the mesomorphic phase

increases significantly. The corresponding crystal fraction and the amorphous phase all

decrease, but with a steeper decline of the crystal phase. Ran et al. concluded that the energy

provided by drawing to higher ratios becomes sufficient to pull the helical chains out of the
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crystal and thus to destroy them. At draw ratios above 2.5, no remaining lamellar structures

could be detected by SAXS.

A completely different situation results from post drawing at elevated temperatures (80-

120ºC). At these temperatures, the thermally activated chain mobility facilitates the

reorganisation of the chains to form correct helical hands in the packing for the crystallization

of the monoclinic α-form. Therefore, large amounts of the mesomorphic phase and

amorphous phase can be transformed into the crystalline α-phase, resulting in a significantly

higher crystallinity compared to the situation in fibres deformed at room temperature.

Correspondingly, the fraction of the mesophase is significantly lower than at room

temperature and decreases further with increasing drawing temperature. However, it was also

shown that parts of the amorphous phase still transform into the mesomorphic phase. The

amount of this conversion increases with increasing draw ratio, because the restriction on the

stretched chains becomes greater. Therefore, it is more difficult for the chains to reconfigure

into the correct helical hand arrangement that is necessary for crystallization. It can be

concluded that deformation can induce the mesophase at temperatures above the transition

temperature (mesophase → α-form, 70-80ºC) reported for quench cooled samples.

Saraf and Porter45 confirmed this by studying the formation of the mesomorphic phase in

uniaxial compressed i-PP samples. In the non-deformed sample, the lamellar crystals are

randomly oriented with respect to the compression direction. The compression force F acting

on a lamella resolves into two components: a normal force ( θσ cosFN = ) and a shear force

( θσ sinFS = ) along the chain direction, θ is the angle of the chain direction in the lamella

with respect to the compression direction. As a result of the shear component, lamellar

fragments can slip at the shear planes of the lamella. During the shearing process, fragments

tilt to lower θ’s to reduce the shear stress, i.e. the lamella fragments tend to orient

perpendicular to the compression direction. At this stage, two different mechanisms may

induce the mesomorphic phase:

1. “Melting” of the lamella fragments due to the (normal) surface forces at low deformation

ratio. This mechanism can be associated with the so-called sub-melting transition, as

suggested by Aharoni.46

2. Recrystallisation of chains pulled out of the lamella fragments by tie molecules at higher

deformation ratios. This concept resembles Flory’s concept of quasi-melting and

recrystallization.47
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However, the deformation temperature must be below a critical temperature Tc, which

depends on the deformation rate and the applied hydrostatic pressure. In their studies, Saraf

and Porter found Tc to be about 120ºC for the maximum attainable compression speed, which

is again well above the reported transition temperature in quench-cooled samples.

Furthermore, they reported that the mesomorphic phase facilitates a further post deformation

of the i-PP sample. Upon stretching of a semicrystalline polymer, the strain is more localised

in the amorphous phase, since it is more disordered and hence softer than the crystalline

phase. The maximum draw ratio for the amorphous phase, disregarding the effect of chain

slippage or chain scission, is theoretically given by: d/lemax =λ , where le is the chain contour

length between entanglements and d is the root-mean-square end-to-end distance of the non-

deformed entanglement molecular mass. Further drawing requires the deformation of the

crystals, likely by shear. The primary slip direction is usually the strongest-bonded direction.

Since the covalent bonding is stronger than the van der Waals interaction between the chains,

the primary slip direction in i-PP is along the chain axis. This is also referred to as the c-slip

mechanism. As mentioned above, the mesomorphic form of i-PP has an ordered chain

conformation, but a disordered lateral chain packing which is less dense than the monoclinic

α-form resulting in lower inter-chain interactions in the mesomorphic phase compared to the

α-form. Therefore, a c-slip in the mesomorphic phase requires a smaller shear stress than in

the α-phase.
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Chapter 3

Various Aspects of the Solid-State Drawing Process

3.1 Introduction

It is a characteristic of synthetic polymers that the chemical bonding is strong along the

polymer backbone, whereas usually relatively weak interactions (van der Waals bonds,

hydrogen bonds) exist between the chains.1 Consequently, an assembly of polymer chains

possesses maximum stiffness if all the chains are extended and aligned parallel to the

direction of the force acting on the assembly. In contrast, a deformation of this assembly

perpendicular to the chain direction is easy, because the chains cohere only by weak inter-

chain interactions. Therefore, the stiffness of this system depends on the applied deformation

direction. Such behaviour is called ‘anisotropic’. In contrast, an ‘isotropic’ system has the

same properties in all directions. Of course, such a differentiation holds only on a

macroscopic scale of scrutiny. For example, a non-deformed semicrystalline polymer, in

which the polymer chain segments are randomly oriented, displays macroscopically isotropic

mechanical behaviour. However, the system is anisotropic on microscopic scale, because the

properties differ in the amorphous and crystalline regions. Moreover, the crystals themselves

possess anisotropic properties.

The main idea of fibre spinning is to produce samples with enhanced mechanical properties,

namely stiffness and strength, in the fibre direction. This requires orientation of the molecules

along the fibre direction. To impart molecular orientation, the time for molecular relaxation

must be long compared to the time available during filament extension, i.e. the Deborah

number (De) must be high. Since the relaxation times decrease with increasing drawing

temperature, a melt spinning process itself is not suitable to generate highly oriented fibres. At

low spinning speeds, little or no orientation is induced and a sequential solid-state post

drawing process is required to provide adequate alignment of the molecules. A high-speed

melt spinning process, typically a few thousand meters per minute, can produce sufficient

tensile stresses in the rapidly cooling polymer to induce molecular orientation and the

formation of oriented crystallites. However, the molecular orientation in the amorphous

regions is usually low compared with that attainable by post drawing the filament after

spinning in additional solid-state drawing, and significant crystal chain folding is present.2
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The problem of the less oriented amorphous phase becomes obvious considering that applied

stress must be transferred from the stiff crystalline regions through the softer amorphous

regions. Consequently, the fibre properties will be dominated by the low stiffness

characteristics of the amorphous zones, despite having a high degree of orientation of the

crystals. A significant crystal chain folding has also a negative effect on the mechanical

properties, because, apart from molecular orientation, a high degree of chain extension is a

prerequisite to approach the theoretical mechanical potential of polymers. A perfectly packed

stack of regularly folded single crystals, which exhibit a near perfect orientation of the

macromolecules, would have virtually zero strength along the chain axis.

Therefore, high-performance fibres require highly oriented and extended chains in both, the

crystalline and the amorphous phase. This can be achieved by drawing the fibre, as obtained

from a low speed melt spinning process, in an additional solid-state post drawing step. The

applied post drawing temperature has to be sufficiently low to prevent relaxation processes in

the amorphous phase.

In the following, the influence of solid-state drawing on mechanical properties, namely the

Young’s modulus, is described. This requires a mathematical scheme to evaluate the average

orientation of statistical chain segments as a function of the applied draw ratio. Afterwards,

some restrictions and requirements of the solid-state drawing process are considered. It is

shown that a maximum obtainable draw ratio exists and the critical role of the αc-relaxation is

pointed out.
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3.2 The AFFINE and PSEUDO-AFFINE Deformation Scheme

In the year 1942, Kuhn and Grün3 introduced the AFFINE deformation scheme for rubbers.

They consider the rubber as a network of flexible chains, which deforms in such a way that

lines joining the network junction points rotate and translate exactly as lines joining

corresponding points marked on the bulk material, viz. an affine deformation. Moreover, in

their model, they replace each real chain by an equivalent chain consisting of freely jointed

segments, where N’ is the number of chain segments in between network junction points.

Upon deformation, the orientation of the segments develops much less than the orientation of

the lines joining the network junction points, because of many configurational possibilities for

the chains between the network junction points. However, following Kuhn and Grün3, and the

later work by Treloar4 and Roe and Krigbaum5, the segmental orientation can be calculated as

explicit function of N’ and the draw ratio λ:6
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<P2(cosθ)> is the average of the second Legendre polynomial. As it can be seen from Figure

3.1, <P2(cosθ)> remains rather low even at higher draw ratio, which indicates that the

statistical segments cannot really be given a high degree of orientation by stretching.5

A solid-state deformation of semicrystalline polymers is different from the deformation of a

rubber, since the deformation of a semicrystalline polymer is not homogeneous. There are

elements of the structure, such as crystallites, which partly retain their identity during the

deformation. Therefore, the AFFINE deformation scheme cannot be used for semicrystalline

polymers. However, a rather simple deformation scheme called PSEUDO-AFFINE6 holds to

a first approximation for the deformation of semicrystalline polymers. In the PSEUDO-

AFFINE deformation scheme, it is assumed that the polymer consists of transversely isotropic

units, whose symmetry axes rotate on stretching in the same manner as lines joining pairs of

points in the bulk material, which again deforms at constant volume. Hence, the PSEUDO-

AFFINE deformation contains only the rotational part of the deformation, but it ignores any

changes in length of the lines joining pairs of points in the bulk material. It is worth to

mention that the PSEUDO-AFFINE deformation scheme is a geometrical continuum

approach, which is independent of the underlying morphology of the sample, i.e. the polymer

units can be related neither to crystalline nor to amorphous structures. Equations derived from

the PSEUDO-AFFINE scheme describe always an average property of both the crystalline
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and the amorphous regions. It follows for the average orientation of the transversally isotropic

units:
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The birefringence is directly proportional to <P2(cos θ)>:

( )θcosPnn max 2∆=∆                       (3.3)

∆nmax is the maximum birefringence for the perfectly aligned polymer.

Figure 3.1 shows the very striking contrast between the predictions of the orientation

development in a rubber and in a semicrystalline material as a function of the draw ratio. For

the segments in a rubber, <P2(cosθ)> rise at an increasing rate with increasing deformation.

For the transversally isotropic units in a semi-crystalline material, <P2(cosθ)> rises steeply at

first but shows a very gradual approach to full alignment.

Figure 3.1: The development of <P2(cosθθθθ)> as a function of draw ratio for chain segments of a rubber (N’

was set equal to 50), and for the PSEUDO-AFFINE deformation of semi-crystalline materials.
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3.3 The Relation between Young’s Modulus and Draw Ratio

In this section, the focus is on the model of Irvine and Smith7, which correlates the axial

Young’s modulus of a semi-crystalline material to the draw ratio, to which the sample was

extended in an affine deformation process. In their model, they assume that the chain

orientation in a partially oriented sample can be reflected by a composition of two types of

elastic elements. These elastic elements cannot be equated with real components of the

existing morphology, such as crystallites or amorphous regions. However, they are introduced

to reduce the number of elastic constants required for computation of the modulus. The so-

called ‘helix’ elements are perfectly oriented with respect to the drawing direction, while the

so-called ‘coil’ elements are completely non-oriented.

Before drawing, the polymer chains are completely non-oriented. Therefore, the initial

isotropic state corresponds to a fraction of coil elements equal to 1 and a fraction of helix

element fh equal to 0. While drawing, the average chain orientation with respect to the

drawing direction increases. This corresponds to an increase of the fraction of helix element fh

at the expense of the coil elements (1-fh).

The orientation distribution function of the helix-coil composition can then be written as:

( ) ( ) ( ) πδ 41 /f'f',g hh −+−= nnnn (3.4)

n is the unit vector along the draw axis and n’ is the unit vector that specifies orientation of an

element. The delta function δ(n-n’) on the right hand side of the equation ensures that the

helix elements are perfectly parallel aligned with respect to the drawing direction.

It follows:

( )hf'd)',(g)'(cos 21
3

122 +=⋅= ∫ nnnnnθ (3.5)

and for the fraction of helix elements:

( )θθ cosPcosfh 2
2

2

1

2

3 =−= (3.6)

fh is the Hermans-Stein-Wilchinsky orientation factor.8-10

Assuming that orientation distribution function of the helix-coil assembly is identical to the

orientation distribution function derived in the PSEUDO-AFFINE deformation scheme,

taking into account the definition of <P2(cosθ)> in equation 3.2 and neglecting higher order

orientation functions, it follows:
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Note fh → 1 as λ → ∞

Accordingly to Ward et al.11, it can be assumed that the stress is uniformly distributed in the

helix and coil elements (series model). The axial Young’s modulus is then given by the

expression:

[ ] 111 1
−−− −+= chhh E)f(EfE (3.8)

Eh and Ec are the tensile moduli of the perfectly oriented helix element and the non-oriented

coil element, respectively. Substituting the expression for fh yields:
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for the dependence of E on the draw ratio λ in an affine deformation process.

From equation 3.9, it follows that the dependence of modulus on draw ratio is dominated

mainly by the coil modulus Ec in the range of practically relevant draw ratios.

Irvine and Smith suggested the following approach to determine the parameters Eh and Ec.

For λ≥5, equation 3.9 reduces to first approximation to:
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A plot of E-1 versus λ-3/2 is predicted to yield a straight line (y = ax + b) with slope:

( )
4

311 π−− −= hc EEa (3.11)

and intercept: 
1−= hEb    at λ→∞. (3.12)
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3.3.1 Intermezzo: The Validity of the Irvine-Smith Model and an

Alternative Approach for the Estimation of Eh and Ec

The validity of the model of Irvine and Smith was proven on a set of fibres and tapes prepared

in an affine deformation process. The values of Eh and Ec were estimated from both the

approach suggested by Irvine and Smith and an alternative approach allowing the inclusion of

samples with low draw ratios.

3.3.1.1 Sample Preparation and Characterisation

Fibres have been produced from two different isotactic polypropylene materials, kindly

supplied by DSM (X-7284) and Montell (KF-6190H). The X-7284 grade has a weight

average molar mass of Mw=280 kg/mol and a polydispersity of Mw/Mn=5.8. The KF-6190H

material has a weight average molar mass of Mw=350 kg/mol and a polydispersity of

Mw/Mn=4.6. The fibres were produced using a custom-made lab-scale melt-spinning device

(Figure 3.2a).

Figure 3.2: a) custom made lab-scale melt-spinning device; b) custom made post drawing unit

It consists of a double walled storage cylinder combined with a capillary of 1.3 mm diameter

and a length of 8 mm. The capacity of the storage cylinder is approximately 10 cm3. The

material is pressed through the capillary by a piston, driven by a hydraulic unit. The

temperatures of the storage cylinder and of the capillary are computer controlled. At a

a) b)



42                                                                                                                                   Chapter 3

processing temperature of 200ºC the as obtained filament was winded on a drum at a rate of

10 m/min. The next step in the fibre preparation was the post drawing of the filament in the

solid state using a custom built drawing unit (Figure 3.2b). The unit consists of two small

drums of 48.5 mm diameter separated by a 600 mm long ceramic oven. Absolute speeds,

velocity ratio of the two drums and temperature are computer controlled. The fibres were post

drawn at 100ºC to various draw ratio defined by the velocity ratio of the two drums of the

drawing unit. In Chapter 5 it is shown that the post drawing temperature ensures an affine

deformation of the sample, i.e. no molecular relaxation occurs.

The mechanical properties of the fibres were measured by using a Zwick 1435 tensile tester

equipped with a load-cell of 5 N and pneumatic fibre clamps. The tensile tests were carried

out with fibres of initial gauge length of 100 mm and at a cross-head speed of 50 mm/min. A

set of 10 tensile tests was performed on each fibre. In order to relate the measured tensile

force to the cross-section of the fibre, the fibre diameter was measured with a light-

microscope equipped with a scale-bar. The cross-section area of the fibre was calculated using

the average value of 20 independent diameter measurements. For each set of fibres, the

average Young’s modulus was graphically defined by determining the trend-line, which best

fits all individual stress-strain curves in the interval from 0.2% to 1% strain.

The tapes were prepared and characterised as described in Chapter 4 and 5, respectively. The

post draw ratio was fixed to 5 and the drawing temperature was varied from 60ºC to 120ºC in

steps of 20ºC.

The absolute draw ratios of both the fibres as well as the tapes are unknown, since the

samples possess already a pre-orientation before they are subsequently post drawn. The pre-

orientation results from the extrusion process and the consecutive drawing of the extrudate by

the drum/godet. Consequently, the total draw ratio is composed accordingly to:

PDRPRE λλλ = (3.13)

λPRE reflects the degree of pre-orientation and λPDR is the applied post draw ratio. In order to

determine the total draw ratio (λ), the <P2(cosθ)>-values of samples were determined from

birefringence measurements. The retardation of the fibres/tapes was measured using a light-

microscope equipped with a tilt-compensator. For the tapes, <P2(cosθ)> was additionally

determined from Raman investigations. The theoretical background of this method will be

described in Chapter 5. From <P2(cosθ)> the total draw ratio (λ) was calculated using

equation (3.2).
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3.3.1.2 Results and Discussion

First, the values of the helix modulus (Eh) and the coil modulus (Ec), respectively, were

determined using the approach suggested by Irvine and Smith (equations 3.10-3.12). Figure

3.3 shows the reciprocal of the Young’s modulus of the fibres/tapes as a function of λ-3/2.

Figure 3.3: The reciprocal of the tensile modulus of the prepared fibre/tapes versus λλλλ-3/2.

The trendline (y= ax + b) has a slope a=3.6309 and an intercept b=0.0232 resulting in Ec=0.64

GPa and Eh=43 GPa. The value of Eh falls in the range of the reported maximum stiffness of

isotactic polypropylene being equal to the crystal modulus in c-direction. At this moment, the

lower limit of reported values is 34 GPa, experimentally determined from the change in d-

spacing, as followed by in-situ WAXD measurements, during a tensile test, assuming a

homogeneous stress distribution in the sample. This value was found independently by

Ward12 and Nishino.13 In contrast, the reported upper limit is 80 GPa, theoretically calculated

from Raman longitudinal acoustic modes (LAM) for polypropylene.14 The determined coil

modulus (Ec=0.64 GPa) provides a good agreement with 0.6 GPa suggested by Smith.15
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However, since the approximation (3.34) is limited to λ>5, the suggested approach can not

take into consideration samples with lower draw ratios. Furthermore, the accuracy of the

approximation (3.34) increases with increasing draw ratio of the sample. Therefore, an

alternative method was derived from equation 3.9 for the determination of Eh and Ec.

Equation 3.9 is equivalent to:
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Consequently, a plot of E-1 versus <P2(cosθ)> is predicted to yield a straight line with slope:

( )11 −− −= ch EEa        (3.15)

and intercept:

   1−= cEb    at λ=1. (3.16)

This approach allows also the inclusion of samples with a draw ratio λ<5. Figure 3.4 shows

the reciprocal of the Young’s modulus of the fibres/tapes as a function of <P2(cosθ)>.

Figure 3.4: The reciprocal of the tensile modulus of the prepared fibre/tapes versus <P2(cosθθθθ)>.
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The trendline (y = ax + b) has a slope a=-1.6174 and an intercept b=1.6426 resulting in

Ec=0.61 GPa and Eh=39.7 GPa. Using these values of Ec and Eh, respectively, the tensile

modulus was calculated as a function (equation 3.9) of λ. Figure 3.5 shows the outstanding

agreement of the measured moduli with theoretical predictions.

Figure 3.5: Tensile modulus plotted as function of network draw ratio. Comparison of measured moduli

and theoretical predictions following the Irvine-Smith model.

However, comparing Figure 3.3 and 3.4, one can see that data points are homogeneously

distributed along the x-axis in Figure 3.3, while they are concentrated in the range of high

values for <P2(cosθ)> in Figure 3.4. Mathematically, the later situation might favour errors in

slope and intercept. The accuracy of both approaches for the determination of Ec and Eh was

estimated. Using equation (3.9), accurate data of tensile modulus were calculated for a set of

draw ratios increasing with step-width of 0.2 from λ=7 to λ=20. For this, the coil-modulus

and the helix-modulus were set to Ec=0.6 GPa and Eh=40 GPa. Afterwards, it was assumed

that either absolute errors of 0.5 GPa or relative errors of 10% are imposed on the calculated

moduli. Using analytical methods, the coil- and the helix modulus as well as their absolute

errors were calculated for both approaches. The results are shown in Table 3.1
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Table 3.1: Coil-modulus and helix modulus and their absolute errors calculated from E-1 versus λλλλ-3/2 (old

approach) and from E-1 versus <P2(cosθθθθ)> (new approach) assuming either an absolute error 0.5 GPa or a

relative error of 10% of the moduli.

It can be seen, that the approach based on the dependence of tensile modulus on <P2(cosθ)>

provides a superior accuracy over the method based on the approximation (equation 3.10).

Moreover, the new approach is more suitable because samples with low draw ratios can be

taken into account.

In conclusion, the model of Irvine and Smith impresses by its simplicity and its excellent

agreement with measurements. The required parameters Ec and Eh can be easily derived from

plotting the tensile modulus versus <P2(cosθ)>, which again is a simple function of λ. The

modulus-draw ratio dependence is dominated mainly by the coil modulus Ec in the range of

practically relevant draw ratios. The tensile modulus is a unique function of the draw ratio and

reaches its ultimate value Eh only as the draw ratio approaches infinity.

However, in the following section it will be shown that the maximum attainable draw ratio

λmax depends on the degree of polymerisation, i.e. there is an upper limit to the attainable

draw ratio for a given molar mass. This implies that the highest achievable modulus is

ultimately dictated by the molecular mass of the polymer used.

       Ec [GPa]     Eh [GPa]
Old approach 

- absolute (0.5 GPa):           0.6345 ± 1.13x10-3 37.08 ± 0.14

- relative (10%): 0.6496 ± 1.26x10-3 36.32 ± 0.17

New approach

- absolute (0.5 GPa): 0.6 ± 2.2x10-9 40 ± 2.0x10-5

- relative (10%): 0.6 ± 1.4x10-9 40 ± 1.1x10-5
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3.4 The Maximum Draw Ratio λλλλmax

In this paragraph, it is shown that a drawing process is limited by a maximum attainable draw

ratio λmax. As mentioned above, stiffness and strength of polymeric materials depend not only

on the length of the macromolecules or their orientation, but also on a high degree of chain

extension. A hypothetical chain, which consists of n bonds of the length l that are freely

linked to one another, i.e. without any correlation between successive bonds, has a fully

extended length rmax equal to:

nlrmax = (3.17)

In the unperturbed state (denoted by the subscript ‘0’), the end-to-end distance averaged over

all conformations, r0, is given by:

( ) 21221
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//
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From this, the average maximum draw ratio of the freely jointed chain is equal to:

n
r

r ==
0

max
maxλ (3.19)

which increases with the square root of the degree of polymerisation.

However, in real polymer chains, the bonds are not freely jointed. There are restrictions

imposed on valence and torsion angles. The bond valence angles are confined to narrow

ranges, the average fluctuations about equilibrium positions at ordinary temperatures typically

being less than ±10º. The torsion angles about valence bonds are also restricted, in this

instance usually to a set of discrete angles. Intrinsic bond rotation barriers and the

interactions, both steric and polar, between non-bonded-atoms dictate relative probabilities of

occupation in these different rotational isomeric states. Therefore, the extended chain length

of real polymer chains can no longer be identified with the product of n and l.

Instead, the extended chain length is given by:

 pmax nlr = (3.20)

lp is defined as the projected bond length in the direction of the extended chain axis. The mean

square end-to-end distance for real polymer chains exceeds that of their freely jointed

analogues:

nCnlr 2

0

2 = (3.21)
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Cn is the so-called characteristic ratio.16,17 This yields to the simple expression for the

maximum extension rate of a real chain:

l
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r p

n

max
max ==

0

λ (3.22)

For vinyl polymers the quantity of n is identified as the number of carbon atoms in the main

chain and l is the C-C bond length. The value for the projected length lp can be calculated

from the crystallographic fibre repeat distance as obtained by wide-angle X-ray scattering.18

The characteristic ratio Cn equals unity for the freely jointed chain for all values of n. By

contrast, Cn increases linearly with n for perfectly stiff rod-like molecules. For any other (real)

chain, typified by hindered bond rotations, various bond angles and length, the dependence of

the characteristic ratio Cn on n is more complicated and cannot be formulated a priori.

However, Cn is asymptotic with n for any chain except for the freely jointed chain and the

perfectly stiff molecules. The limiting value C∞ for most real chains is approached within 5%

at 100<n<200, i.e., for polymer molecules with large n, λmax can be given to a first

approximation by:

l

l

C

n p

max
∞

=λ (3.23)

Kinsinger and Hughes19 have reported values of C∞ for a wide variety of polymer species. For

isotactic polypropylene, Smith et al.16 reported a maximum draw ratio of λmax = 9 to 21

calculated for a number average molar mass of Mn = 20.000 to 100.000, respectively. It is

important to note that when an assembly of macromolecules having a broad molar mass

distribution is affinely drawn to the value of λmax, calculated on the basis of Mn, obviously

only the fraction of the molecules with M ≤ Mn is completely extended.

However, the considerations above are based on a single polymer chain model. They

completely neglect the influence of entanglements on drawability, which is of great

importance for a real polymer system. The prediction, that the maximum attainable draw λmax

ratio is proportional to the square root of the molar mass ( Wmax Mn ∝∝λ , equation 3.23),

is in strong contrast to experimental observations. Figure 3.6 shows the maximum attainable

draw ratio as a function of the drawing temperature for two different i-PP grades with a

weight average molar mass of 280 kg/mol and 500 kg/mol represented by open circles and

open triangles, respectively.

For this, melt-crystallized i-PP films were prepared by compression moulding of pellets at

200ºC for 10 minutes and subsequently quenching to room temperature. Tapes were cut from

the melt-crystallized films. The drawing of these tapes was performed on a thermostatically
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controlled hot-shoe. The tapes were kept constrained throughout the entire drawing process,

thereby avoiding melting of the tapes even above the melting temperature of the virgin

material. The draw ratio was determined by measuring the displacement of ink-marks.

Figure 3.6: Maximum attainable draw ratio as a function of the drawing temperature; the samples with

Mw=280 kg/mol and Mw=500 kg/mol are represented by open circles and open triangles, respectively.

From Figure 3.6, one can clearly see that the maximum attainable draw ratio at a certain

drawing temperature decreases with increasing molar mass. This behaviour confirms the

importance of the influence of entanglements on the drawability. Bastiaansen20 reported that

the maximum attainable draw ratio is inversely proportional to the number of entanglements

per molecule, which increases in melt-crystallized polymers with the square root of the molar

mass. Accordingly, the maximum attainable draw ratio decreases with increasing molar mass:

W
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M

1∝λ (3.24)
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3.5 The Critical Role of the ααααc-Relaxation

Taking into consideration the aspects of drawing described up to now, it is reasonable to

assume that different polymers, which consist of similar molecular chains, posses a

comparable drawing behaviour. However, this is in contrast to observations on the drawability

of e.g. isotactic polypropylene (i-PP) and syndiotactic polypropylene (s-PP). Although both

polymers posses identical chemical structures, i-PP can be drawn to high ratios, whereas s-PP

shows low drawability. Discussing the drawability in terms of level of entanglements20,21,

intermolecular forces22, or crystal slip23 cannot explain the difference between these

structurally similar polymers with weak inter-chain interactions.

In the classical deformation scheme for solid semicrystalline materials, as proposed by

Peterlin24, three stages of tensile drawing can often be distinguished. The first stage (i) is

related to the elastic and plastic deformations of the spherulites at small draw ratios. In the

second stage (ii), the spherulitic morphology transforms discontinuously into a fibrillar

morphology where the chains in the crystalline regions are oriented parallel to the drawing

direction. This process is often accompanied by neck formation in the sample at draw ratios

between λ=1.1-2 and λ=4-5 depending on the onset of strain hardening. There is strong

evidence from SAXS, electron microscopy, and neutron scattering that, in the second stage,

the existing lamellar crystals are more or less destroyed by shear forces and then re-formed

with a different thickness (depending on the drawing temperature), decreased lateral

dimensions and reduced perfection. To which extend this decrystallisation and the subsequent

formation of aligned crystal blocks constitutes melting and recrystallisation remains a matter

of debate.24-30

Peterlin24 describes the transformation by lamellae tilting and crystal shearing along the chain

axes, followed by the oriented rearrangement of these crystalline fragments. From

transmission electron microscopic results (TEM, dark field mode), Peterlin has demonstrated,

that the single fibrils show a fragment-like, interrupted crystalline morphology. Also, the

calculation of the shear forces along the chain axes during plastic deformation has indicated

that shear deformation is more likely to occur than fracture of the lamellae. On this basis,

Peterlin’s model is a possible explanation of the lamellar to fibrillar transformation by

necking. However, in many subsequent investigations it is demonstrated that the fragment

thickness does not necessarily coincide with the original lamellar thickness.

Furthermore, Fujiwara et al.28,29 have demonstrated that isotactic polypropylene (i-PP), which

is crystallized in its hexagonal β-modification, transforms into the monoclinic α-modification

after ‘neck’ deformation. Peterlin’s model is invalid to interpret these experimental results,
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since they require a complete destruction of the crystalline structure followed by fibrillar

recrystallisation, as suggested e.g. by Petermann.26,27

In the third stage (iii), the sample is further extended to high draw ratios by the plastic

deformation of the existing fibrillar structures, resulting in very long needle crystals. The

boundaries between stage (i) and (ii) and between (ii) and (iii) are sometimes diffuse, but

there is always a clear difference between stage (i) and stage (iii). Furthermore, the first stage

is not a requisite for the following stages, since a fibrillar structure can result from other

initial states, such as solution-crystallized lamellae, polymer gel or amorphous fibres.

Following the classical deformation scheme, the presence or absence of the third stage yields

a high or low draw ratio, respectively. It is generally accepted, that plastic deformation of the

fibrillar structures requires chain motions through the crystals.24-26,31,32

Hu and Schmidt-Rohr33 associated the required chain mobility with the crystalline αc-

relaxation. Consequently, they classified the semicrystalline polymers into two classes. The

‘αc-mobile’ polymers, which are highly drawable, posses the crystalline αc-relaxation that

provides the chain mobility, whereas poorly drawable polymers, called ‘crystal-fixed’, lack

this relaxation. For crystal-fixed polymers, only a limited amount of drawing can be achieved

without chain pullout, by extending the amorphous phase after fragmentation of the lamellar

crystals. Following this classification, i-PP belongs to the class of ‘αc-mobile’ polymers,

while s-PP is ‘crystal-fixed’.

Based on nuclear magnetic resonance (NMR) measurements, it was found that the chain

translation in the i-PP crystallites occurs stepwise in terms of helical jumps. The helical

polymer chain is rotated and translated in such a way that the chain before and after the jump

is in equivalent, crystallographic allowed orientations and positions. For a Nm helix, where N

monomer units on m turns form one repeat unit of the helix, a rotation by 360ºm/N together

with a translation by one repeating unit fulfils this requirement. Consequently, a jump for the

31-helical chain of i-PP is composed of a rotation of 120º and a translation of 2.16 Å along the

chain contour. In syndiotactic polypropylene, the repeating unit is twice as long as for

isotactic polypropylene. Therefore, the displacement of the chain by one unit becomes

correspondingly more difficult. Hu and Schmidt-Rohr found that the chain mobility within the

crystals could not be activated in s-PP below the melting temperature, which is equivalent to

the absence of a αc-relaxation.

While the crystalline section of the polymer chain before and after a helical jump seems

unchanged, the chain length in the amorphous regions has been decreased by one repeat unit

on one side of the crystallite and increased by the same length on the other. Therefore, it is a

prerequisite for the occurrence of helical jumps that the amorphous regions are mobile.
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Consequently, at a drawing temperature below the glass transition temperature Tg, all

polymers are ‘crystal-fixed’. However, Hu and Schmidt-Rohr only used this term to denote

polymers that are crystal-fixed at all temperatures below the melting temperature. In these

polymers, the motion can not be activated below the melting temperature.

Above Tg, the rate of helical jumps increases with increasing drawing temperature. At low

drawing temperatures, equivalent to a low rate of helical jumps, the structure of the sample

remains nearly crystal-fixed. Therefore, the crystals act as permanent crosslinks hindering the

extension, i.e. the maximum draw ratio is limited by the low αc-mobility. At elevated drawing

temperatures, the structure becomes αc-mobile with a high jump rate. In this situation, the

entanglement density is the parameter limiting the maximum draw ratio. Consequently,

drawing to very high draw ratios is only possible for polymers with a αc-mobile property and

a sufficient low level of entanglements. Finally, it should be noted that the activation energy

for a helical jump increases with the number of segments in a given crystalline stem.

However, it is reported that crystal defects, such as dislocations or travelling defects with a

twist and a translational mismatch localised within about two dozen backbone atoms, can

decrease the required activation energy.34,35 Furthermore, from the chain-diffusion standpoint,

it is clear that side branched polymers inhibit the long-range displacements through the

crystallites that are required for the ultra-drawing process. For example, side branched

polyethylene with more than 2.8 mol% C6H13-branches have been shown to exhibit poor

drawability, even though a mechanical αc-relaxation is observed.36

Thus, the effects of side branches and chain entanglements underline that the presence of an

αc-relaxation is not a sufficient condition for ultra-drawability; however, it is a necessary

condition.
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Chapter 4

The Influence of Draw Ratio on Mechanical Properties and

‘Overdrawing’

4.1 Introduction

Fundamental studies on the melt spinning of isotactic polypropylene date back to the 1960s,

immediately following the emergence of the commercial significance of the polymer.1-3

The influence of spinning conditions, such as extrusion temperature, take-up velocity or spin-

line stress, as well as material characteristics, mainly the molecular mass and the molecular

mass distribution, has been reported extensively in literature.4-9

Fibres produced by high-speed melt spinning offer mechanical properties, which are adequate

for a number of textile applications, e.g. carpets. However, fibres (or tapes) with mechanical

properties suitable for advanced engineering applications can only be obtained by extending

and orienting the molecules in an additional solid-state post drawing operation.9- 15

In many publications, the dependence of mechanical properties on the applied draw ratio is

described for solid-state drawn fibrous structures, such as fibres, tapes and films. It is

commonly concluded, that Young’s modulus and strength increase with increasing draw ratio,

while elongation at break decreases.14-16

Beyond this, the influence of draw ratio on other properties, such as energy absorption,

abrasion resistance and shrinkage behaviour will be analysed in the present chapter.

Special attention is directed to a phenomenon called ‘overdrawing’. At a certain draw ratio, a

change of the tape optical appearance can be observed. An opaque layer starts to develop in

the centre of the formerly transparent tape. This layer widens over the complete tape width

with further increasing draw ratio.

The structure and morphology of overdrawn polypropylene fibres was studied by Abo El

Maaty et al.17 They attribute the development of opaqueness in overdrawn fibres to the

appearance of density fluctuations within the sample. However, they have not reported the

influence of this morphology on mechanical properties. Consequently, it is an objective of

this chapter to bridge the gap between the morphology and the mechanical properties of

overdrawn i-PP tapes, and to explore the benefits and/or disadvantages of overdrawing with

respect to mechanical properties.
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The structure and morphology of the tapes, which were post drawn to ratios varying from

λPDR=2 to λPDR=15, were investigated by density, ESEM (Environmental Scanning Electron

Microscope), CLSM (Confocal Laser Scanning Microscope), (wide angle) X-ray and Raman

experiments. The corresponding mechanical properties were measured at room temperature

using a tensile tester.

4.2 Experimental

The tapes were produced from an isotactic polypropylene homopolymer, X-7284, kindly

supplied by DSM, The Netherlands. The material possesses a weight average molar mass of

Mw=280 kg/mol, a polydispersity of Mw/Mn=5.8, and a melt flow index (MFI) of 13.

At Lankhorst/Indutech, The Netherlands, the tapes were manufactured on an R&D line

consisting of extruder, nozzle, water bath (18ºC), godet, oven and winder. The line

approximates an industrial scale production, allowing the transfer of data between the R&D

line and a commercial production line. A schematic drawing of the R&D line is shown in

Figure 4.1.

Figure 4.1: Schematic drawing of the R&D line.

godet winder

oven (145ºC)

barrier single-
screw extruder

+ nozzle

water bath (18ºC)
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The extruder is a special barrier single-screw extruder with a screw diameter of 30 mm. The

output of the extruder is controlled by the screw rotation frequency and was kept constant.

The post draw ratio (λPDR) within the oven is determined by the ratio of the winder speed to

the godet speed. For the studied samples, the godet speed was kept constant at 8 m/min.

Different post draw ratios were obtained by adjusting the velocity of the winder

correspondingly. All other processing parameters were kept constant. In the (hot air) oven

with a length of approx. 3 m, the tape was post drawn at a post drawing temperature of 145ºC.

It has to be underlined that the post drawing temperature is not the temperature of the tape but

the temperature of the oven. Unfortunately, both the thermal conditions inside the oven (e.g.

velocity of the hot air) as well as the strain rate of the tape as a function of the position in the

oven are unknown. Therefore, it is not possible to calculate the tape temperature. However, a

first order approximation based on heat convection shows that the temperature approaches the

oven temperature with increasing residence time in the oven.

The mechanical properties of the tapes were measured at room temperature with a tensile

tester equipped with an extensometer, force reducing clamps and a load-cell of 500 N. The

tensile tests were carried out with tapes of initial gauge length of 150 mm and at a cross-head

speed of 150 mm/min. Force-elongation curves were recorded on a central section of the tapes

with a length of 50 mm, as shown in Figure 4.2. A pre-load of about 0.5 N was applied on the

samples. A set of 10 tensile tests was performed on each tape.

Figure 4.2: Schematic drawing of the tensile test device.
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In order to relate the tensile force to the cross-section area, the thickness and the width of the

tapes were measured. The thickness was determined with a TWIN-CHECK layer thickness

instrument using a magnetic-inductive method. The instrument has a relative accuracy of 1%.

The width was measured with a magnifying glass equipped with a scale-bar. For both

dimensions, the average of 20 independent measurements, spread over a tape length of 20 m,

was taken as the representative value. The obtained average values were also compared with

the corresponding theoretical values calculated for an uni-axial deformation under the

following assumptions:

i) Constant volume: 1=wtl λλλ

l, t and w represent length, thickness and width of the tape, respectively

ii) Isotropic drawing behaviour in the lateral dimensions: wt λλ =

The theoretical thickness (t) for a certain draw ratio λ results from:

λ
0tt = (4.1)

t0 represents the initial thickness of the tape before drawing.

The same equation can be used to calculate the theoretical width (w) by replacing t and t0 by

w and w0, respectively. In order to generate theoretical curves, which are independent of the

dimensions of the as-extruded precursor-tape, the values for t and w were normalised by

dividing by t0 and w0, respectively.

The author is aware of the slight inaccuracy in the theoretical thickness/width obtained by the

assumption of constant volume. It is more precise to assume conservation of mass, which

takes into account changes in density while post drawing. For constant mass, equation 4.1

changes to:

0

0

ρ
ρλ

t
t = (4.2)

ρ and ρ0  are the densities of the drawn tape and the as extruded tape, respectively.

However, density measurements on the series of post drawn tapes with λPDR=2 to λPDR=15

have shown a variation in density smaller than 2% compared to the density of the as-extruded

tape. Therefore, corrections for the theoretical thickness obtained by the assumption of

constant mass are very small and have been neglected.
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The density of the tapes was measured using a density gradient column at room temperature.

The column had a density gradient from 880 kg/m3 to 930 kg/m3 and was prepared using

distilled water and isopropyl alcohol according to the method described by Tung and Taylor.18

The samples were allowed to seek their equilibrium position in the column for approximately

6 hours.

The shrinkage behaviour of the tapes was investigated by dipping them in a warmed oil-bath

for 120 sec. The temperature of the oil-bath was set to 100ºC. Subsequently the shrinkage was

determined as a percentage of the original sample length of 300 mm.

The abrasion resistance of the tapes with λPDR=7 to λPDR=15 was measured by using a

custom-made laboratory scale abrasion tester. A schematic drawing of this instrument is

shown in Figure 4.3.

Figure 4.3: Schematic drawing of the abrasion tester.

One end of the tape is fixed on a rotating disk, while the other end is connected to a load.

Additional wheelers direct the tape in such a way, that the disk rotation causes a striking

surface at the tape. In order to ensure constant tension, the load is adjusted correspondingly to

the cross-section area of the tape. A counter records the number of disk rotations until the

failure of the tape.

Electron microscopy examinations were performed on the tapes by using a Philips XL-30

ESEM-FEG Environmental Scanning Electron Microscope. Investigations were carried out in

high vacuum (HV) mode using an acceleration voltage of 1 kV in order to prevent charging

0 1 2 3
m
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and the SE-detector (secondary electron). In this mode, no additional treatment (coating) of

the sample is required.

Additional ESEM investigations were performed on the tape with λPDR=15, which was etched

with a permanganic reagent (0.7% KMnO4 in 10:4:1 H2SO4:H3PO4:H2O) for 2 hours at room

temperature and then washed according to standard procedures.19

The structure of the surface and the bulk of the tape with λPDR=15 was also investigated with

a confocal laser scanning microscope (Zeiss LSM 510) in reflection mode. This technique

allows an ‘optical slicing’ of the sample by focussing the laser at different depths in the

sample. Afterwards, a software program can convert the recorded images into an image of the

cross-section of the sample.

Wide-angle X-ray diffraction (WAXD) patterns were recorded on a transmission pinhole

camera with an exposure time of 3 hours. The X-rays were produced by a Philips PW-1120

X-ray generator working at 40 kV and 30 mA. The Cu-Kα radiation had an average

wavelength of 1.542 Å, while the Cu-Kβ radiation was eliminated by a Ni-filter. The 2D X-

ray patterns were transformed into one-dimensional patterns by performing integration along

the azimuthal angle. Afterwards, the integrated pattern was used to determine the position of

the peak maximum of each reflection. At this particular angle, the azimuthal intensity

distribution was measured in the 2D pattern. The full-width-half-maximum (FWHM) of the

obtained intensity distribution pattern was calculated as a normalised measure for the arc-

length of the reflection.
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4.3 Results

4.3.1 The Structure and Morphology of Overdrawn Tapes

In the first part of the result section, the structure and morphology of the post drawn tapes are

presented.

Figure 4.4 shows the optical appearance of the tapes, (as-extruded, λPDR=2, …, λPDR=15).

They are arranged with increasing post draw ratio from the left to the right, starting with the

as-extruded tape.

Figure 4.4: Optical appearance of the post drawn tapes (as-extruded (λλλλPDR=1), λλλλPDR=2,…, λλλλPDR=10,

λλλλPDR=10.5, λλλλPDR=11,…, λλλλPDR=15), starting on the left with the as-extruded tape.

One can clearly observe that the width of the tapes decreases with increasing post draw ratio.

In order to prove whether the drawing process results in a pure uni-axial deformation, the

width and the thickness of the tapes were measured and compared to the theoretical values

obtained for a laterally homogeneous deformation at constant volume.

It can be seen from Figure 4.5 that the measured values match the theoretical prediction. This

implies that the tapes were uni-axially deformed upon drawing and the post draw ratio λPDR is

uniquely determined by the ratio of winder speed to godet speed.

λλλλPDR=11λλλλPDR=1
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Figure 4.5: Normalised width (top) and thickness (bottom) as a function of the post draw ratio λλλλPDR.
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However, a slight deviation of the measured width from the theoretical predictions is

noticeable for λPDR≥10. Assuming a constant volume and a homogeneous deformation in the

lateral dimensions, it follows:

.consttwwtPDR == 00λ  (4.3)

In Figure 4.6, the term wtPDRλ  is plotted versus λPDR.

Figure 4.6: λλλλPDRwt (= w0t0 = const.) as a function of the post draw ratio λλλλPDR.

It is clearly observable that wtPDRλ  remains almost constant for λPDR≤10.5 and increases at

higher draw ratios. The observed increase is coherent with a change of the optical appearance

of the tapes, as it can be seen in Figure 4.4. Tapes post drawn to λPDR<10.5 are transparent

over the whole sample width. A hardly visible opaque layer starts to develop in the centre of

the tape with λPDR=10.5. This layer widens with further increasing post draw ratio, resulting

in a completely opaque tape at λPDR=11.
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The surface structures of the post drawn tapes with λPDR=9, λPDR=11 and λPDR=15,

respectively, have been investigated with an Environmental Scanning Electron Microscope

(ESEM). The corresponding ESEM-images are shown in Figure 4.7.

Figure 4.7: ESEM image of the surface of the post drawn tapes with λλλλPDR=9, λλλλPDR=11 and λλλλPDR=15.

λλλλPDR=9

    Drawing Direction

λλλλPDR=11

λλλλPDR=15
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The tape with λPDR=9 possesses a smooth surface. The surface of the tape with λPDR=11

shows a lightly developed pattern perpendicular to the drawing direction. At a post draw ratio

of λPDR=15 the surface pattern becomes clearly developed with an arrangement of transverse

bands separated by worm-like structures.

After permanganic etching of the tape with λPDR=15, a regular alignment of holes parallel to

the drawing direction is observable within the transverse bands, as shown in Figure 4.8 at a

higher magnification.

Figure 4.8: ESEM image of the surface of the post drawn tape with λλλλPDR=15 after permanganic etching.

Confocal laser scanning microscopy investigations were performed on the tape with λ=15 to

prove if the observed morphological feature is limited to the surface or extends into bulk of

the tape. The results are shown in Figure 4.9.

Drawing Direction
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Figure 4.9: Confocal laser scanning microscope (CLSM) images of the surface and of cross-sections (at the

top: along the tape direction - on the right: perpendicular to the tape direction) of the post drawn tape

with λλλλPDR =15.

From the cross-section images, one can clearly observe that the surface structure extends into

the bulk of the tape. The decreasing intensity of the signal with increasing penetration depth

results from the large scattering in the tape. However, the propagation of the surface structure

is recognisable up to a depth of about 20 µm.

The onset of overdrawing is also reflected in the density measurements. In Figure 4.10, one

can observe that the average density drops from about 902 kg/mol at λPDR≤10.5 to about 894

kg/mol at λPDR≥11. The densities of the tapes with λPDR=14 and λPDR=15 were even lower

than the range of the density column.

surface

cross -section along the solid line
cross-section along the d

otted linedrawing direction 25 µm
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Figure 4.10: Average densities as a function of the post draw ratio λλλλPDR.

The slightly higher densities of the tapes with λPDR=2, 3 and 4 might result from an

inhomogeneous post drawing process. Especially at post draw ratios of 2 and 3, the tapes

exhibit small regions, which are not regularly drawn.

As shown in Figure 4.11, the wide-angle X-ray patterns (each of the patterns was individually

optimised in contrast and brightness) of the tapes clearly display the development of a fibre

pattern with increasing post draw ratio. The improved alignment of the crystals with respect

to the drawing direction is revealed by the decreasing arc-length of the reflections with

increasing draw ratio.

It is noticeable that the pattern of the tape with λPDR=4 exhibits also (110)-reflections in the

meridional direction. These reflections indicate a homoepitaxial crystal growth of secondary

lamellae onto primary lamellae (crosshatching). In the Figure, these reflections are indicated

by the suffix ‘H’.
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Figure 4.11: Wide angle X-ray diffraction patterns of the post drawn tapes with λλλλPDR=4 (left), λλλλPDR=9

(centre) and λλλλPDR=15 (right).  The drawing direction as indicated by the arrow.

In Figure 4.12a, the FWHM-values (Full Width at Half Maximum) of the azimuthal intensity

distribution, as the normalised measure of the arc-length, are shown as a function of the post

draw ratio. In the beginning, the FWHM-values decrease rapidly with increasing draw ratio.

At a draw ratio of about λPDR=6, a plateau value is reached, and no relevant change in the

FWHM-values can be observed with a further increase in draw ratio. However, the reciprocal

FWHM-value is more sensitive to small deviations in the plateau region and a drop occurs at

about λPDR=11, as it can be seen in Figure 4.12b.
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a)

b)

Figure 4.12: a) FWHM as a function of the post draw ratio λλλλPDR (top); b) 1/FWHM as a function of the post

draw ratio λλλλPDR (bottom); ‘hkl’ represents the (111), (041) and (131) reflections, which are blurred at

higher draw ratios.
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4.3.2 The Influence of the Draw Ratio on the Mechanical Properties

In the second part of this section, the dependence of the mechanical properties on the post

draw ratio is investigated.

In Figure 4.13, sets of 10 individual stress-strain curves are shown for each of the post drawn

tapes. In Figure 4.13a, the stress-strain curves of the tapes with λPDR=9 to λPDR=14, which are

placed in between the curves of tapes with λPDR=8 and λ=15, are left out in order to increase

the clarity. In Figure 4.13b, the curves of the tapes with a relatively large elongation at break,

λPDR≤8, were left out in order to spread the remaining stress-strain curves for λPDR=9,

λPDR=11, λPDR=13 and λPDR=15. The curves of the tapes with λPDR=10, λPDR=10.5, λPDR=12

and λPDR=14 were left out again to increase the clarity.

Figure 4.13a: Stress-Strain curves of the post drawn tapes with λλλλPDR ∈∈∈∈ (3, 4, 5, 6, 7, 8, 15).
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Figure 4.13b: Stress-Strain curves of the post drawn tapes with λλλλPDR ∈∈∈∈ (9, 11, 13, 15).

From Figure 4.13, one can clearly observe that the Young’s modulus increases with

increasing post draw ratio while the elongation at break decreases.

The average values of the Young’s modulus and of the elongation at break are displayed in

Figure 4.14a and Figure 4.14b, respectively.
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Figure 4.14a: Young’s modulus as a function of the post draw ratio λλλλPDR.

Figure 4.14b: Elongation at break as a function of the post draw ratio λλλλPDR; the open squares represent the

average value, small double-crosses display the individual measurements.
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The average Young’s modulus was graphically defined by determining the trend-line, which

fits best to all individual stress-strain curves in the interval from 0.2% to 1% strain.

The average elongation at break was calculated as the numerical average of the 10 individual

measurements. As can be seen from Figure 4.14b, the standard deviation from the average

value is small. At some post draw ratios, all the individual values are hidden behind the open

square of the average value. From Figure 4.13, one can also observe that the strength seems to

level off at about 500 MPa since there is only a small increase observable from about 480

MPa for the tape drawn to λPDR=8 to 510 MPa for the tape with λPDR=15. Nevertheless, a

systematic inspection of the tensile test results shows a peculiarity of the dependence of the

strength on the applied post draw ratio. In Figure 4.15, the strength of each individual tensile

test experiment is represented by a small double-cross. The open squares illustrate the average

strength for each post draw ratio.

Figure 4.15: Strength as a function of post draw ratio. The open squares represent the numerical average,

small double-crosses reflect the individual measurements.
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At low post draw ratios, λPDR≤7, the distribution of the individual values is quite narrow. In

the drawing regime, where the transition from transparent to opaque appearance takes place,

9≤λPDR≤11, the values spread out from about 220 MPa to about 480 MPa. Finally, the

distribution becomes very small for tapes, which are completely overdrawn, 13≤λPDR≤15.

The average strength increases for 3≤λPDR≤7, before levelling off at about 400 MPa for tapes

with 7≤λPDR≤9. At a post draw ratio of λPDR=10.5, the average strength decreases to about 350

MPa. Finally, the strength increases again to about 500 MPa for the completely overdrawn

tape.

The different value distributions of the individual strength measurements have also

consequences on the average energy absorption (work-to-break) of the drawn tapes. In Figure

4.16, the energy absorption, approximated by the area under the stress-strain curve, is shown

as a function of the applied post draw ratio in the manufacturing process.

Figure 4.16a: Energy absorption as a function of the post draw ratio. The open squares represent the

numerical average energy absorption, the double-crosses reflect the individual measurements.
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Figure 4.16b: Magnification for λλλλPDR=8 to λλλλPDR=15.

In Figure 4.16a, three different levels of energy absorption can be distinguished. The tape

with λPDR=3 posses an average energy absorption of about 11.600 arbitrary units. From its

stress-strain curve in Figure 4.13a, it follows that the high level of energy absorption results

from a strongly developed neck-deformation on a relatively low stress level of about 100

MPa. The second distinct level of energy absorption is the plateau at about 5.300 arbitrary

units for the tapes with λPDR=4 to λPDR=7. All these tapes exhibit a yield-point in their stress-

strain curves. The decrease in the strain at break with increasing draw ratio is compensated by

an adequate increase in the yield stress. The third level of energy absorption at about 1.900

arbitrary units can be attributed to the tapes with { }1514131298 ,,,,,PDR ∈λ . The enormous

decrease in energy absorption of about 3.400 arbitrary units compared to the tape with λPDR=7

can be explained by the disappearance of yielding. The large distribution in the individual

strength measurements in the drawing regime, where the transition from transparent to opaque

appearance takes place, is accompanied also with a large variation of the individual energy
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absorption. As a result, the average energy absorption drops by approximately 50% to about

960 arbitrary units for the tape with λPDR=10.5.

However, it should be noted that the completely overdrawn tape with λPDR=15 can provide the

same average energy absorption as the transparent tape with λPDR=8, although its Young’s

modulus is approximately 70% higher (13.7 GPa for λPDR=15 compared to 8 GPa λPDR=8).

The abrasion resistance of the tapes with λPDR=7 to λPDR=15 is shown in Figure 4.17. For the

tapes with λPDR=7 and λPDR=8, three individual measurements were performed. The tapes

with λPDR≥8 were tested five times. The small double-crosses display the results of the

individual measurements, the large square represents the average value. In order to obtain

normalised results, the number of cycles was divided by the cross-section area of the tape.

Figure 4.17: Abrasion resistance as a function of the post draw ratio λλλλPDR. The double-crosses reflect the

individual measurements; the average value for each draw ratio is represented by an open square.

In the beginning, the abrasion resistance per unit cross-section area decreases steeply with

increasing draw ratio, followed by a gradual decrease at higher draw ratios. However, the

normalised abrasion resistance of about 2000 cycles/mm2 for the transparent tape with

λPDR=10 halves to about 1000 cycles/mm2 for the completely overdrawn tape with λPDR=15.
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The results of shrinkage experiments are shown in Figure 4.18. Shrinkage decrease steeply

from about 9% for the tapes drawn to λPDR=2 and λPDR=3 to about 5% for the tape with

5≤λPDR≤10. Finally, the shrinkage decreases gradually to about 2.5% for the completely

overdrawn tape with λPDR=15.

Figure 4.18: Shrinkage as a function of the post draw ratio. The small double-crosses reflect the individual

measurements, the large squares represents the average values.
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4.4 Discussion

In the last section we have shown that overdrawing of i-PP tapes within the manufacturing

process results in whitening of the sample. At a certain post draw ratio, an opaque layer starts

to develop in the centre of the initially transparent tape. With increasing post draw ratio the

opaque layer spreads over the complete tape width.

ESEM- (Figure 4.7) and CSLM- (Figure 4.9) images show that the whitening is accompanied

by structural changes on the sample surface as well as in the bulk. Transparent tapes with

λPDR≤9 possess a smooth surface. The surface of the tape with λPDR=11 shows a slightly

developed pattern perpendicular to the drawing direction. At a post draw ratio of λPDR=15 the

surface pattern becomes clearly developed with an arrangement of transverse regions

separated by worm-like structures. This surface structure was observed also by Abo El Maaty

et al. studying overdrawn i-PP fibres.17 They suggested that the formation of a regular

arrangement of the transverse bands and the worm-like structures result from a deformation

process where the sample is alternately drawn at two different draw ratios. Figure 4.19 shows

the schematic force-elongation curve of the manufacturing process of overdrawn tapes.

Figure 4.19: Schematic force-elongation curve of the manufacturing process of overdrawn tapes.17
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Generally, three kinetic modes of deformation processes can be distinguished:9

i) In a conventional tensile test experiment, the tape is drawn with a constant extension

rate (CER):
1

0

−
• 





 +=

v

l
tε

•ε  is the strain rate and v is the cross-head speed

ii) Constant strain rate drawing (CSR) can be used to simplify the analysis of time-

dependent effects. Usually CSR-drawing is performed also on tensile testing

equipment, but the extension rate has to be adjusted continuously to maintain the

constant rate of strain: ( )texp •= ελ

iii) In a continuous fibre/tape drawing process, a constant force (CF) is applied on the tape

while drawing: .constF =

The described tape-manufacturing route corresponds to a CF-drawing process, i.e. a constant

force is applied on the tape in the drawing stage. If the applied post draw ratio λPDR, as

determined by the ratio of the winder speed to the godet speed, is located in between λ1 and

λ2, it is necessary to apply the constant force F0 on the tape, otherwise the tape cannot

overcome the post draw ratio λ1. Consequently, a certain sequence of the tape is drawn

directly to the ratio λ2, which corresponds also to the applied force F0.  Therefore, this

segment of the tape is drawn to a higher extent than adjusted by the ratio of the godet speed to

the winder speed. This additional stretching can be compensated, if the following tape

segment is drawn to the ratio λ1. The lengths of the segments are determined by the following

relationships:

l01+l02=l0 (4.4)

and

l01λ1+l02λ2=l=l0λPDR (4.5)

l01 is the initial length of the segment, which is drawn to λ1. Accordingly, l02 is the initial

length of the segment, which is drawn to λ2. The second equation ensures that the sum of the

initial segments l0 is drawn on average to the applied post draw ratio λPDR.

It is worth mentioning that the force-elongation curve, shown in Figure 4.18, is different from

a stress-strain curve obtained by a tensile test. The force-elongation curve is an individual

curve for each draw ratio, i.e. the positions of λ1 and λ2 depend on the applied post draw ratio

λPDR.
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As indicated in Figure 4.19, the lower draw ratio λ1 is related to the worm-like structures,

while the higher draw ratio λ2 can be related to the transverse regions in between the worms.

The ESEM image of the permanganic etched tape (λPDR=15) exhibits a regular alignment of

holes parallel to the drawing direction within the transverse regions. The holes might be

already present in the tape before etching or they are imposed by the etching procedure. In the

latter case, the holes are generated in regions where the density is much lower compared to the

surrounding material, because the reduced density favours etching in these regions. It can be

concluded that the transverse regions are fibrillated into regions of high density and low

density, respectively. This statement includes the possible presence of holes before etching as

the extreme of a low density. As a result of the fibrillated structure in the transversal regions,

the average density of the tape drops, shown in Figure 4.10.

The fibrillated structure explains also the peculiarity in the development of the reciprocal

FWHM-values in the overdrawing regime, shown in Figure 4.12b. A slight misalignment of

individual fibrils with respect to the drawing direction and the additional air-scattering (more

precisely ‘low density-scattering’) result in a more diffuse scattering pattern.

It can be concluded that a completely overdrawn tape possesses a fibrillated structure, in

which high-density regions are parallel aligned to the drawing direction and separated by low-

density regions. A schematic drawing of this structure is shown in Figure 4.20a.

Figure 4.20: Schematic drawing of the structure of post drawn tapes. Black: worm-like structure (λλλλ1), dark-

grey: high density region in the transversal band (λλλλ2), light-grey: low density region in the transversal

band. a) completely overdrawn tape  b) tape, where the opaque layer starts to develop in the centre.
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Accordingly, a tape drawn to a ratio where the opaque layer starts to develop in its centre, has

a structure shown schematically in Figure 4.20b. Here, the tape possesses density fluctuations

in its centre and a bulky, transparent layer of constant density on its edges. The start of

overdrawing in the centre of the tape can be explained by the higher axiality of the local stress

in the centre resulting in a biaxial deformation (in contrast to the uniaxial deformation at the

edges of the tape).

The differences in the homogeneity of the failure behaviour can be explained by the

morphology of the tapes. As shown in Figure 4.20a, completely overdrawn tapes possess a

fibrillated structure over the whole width, which can be considered as a bundle of fibres. A

crack initiated in a high-density rope meets with a low-density region (or hole). For further

crack propagation, the crack has to be initiated again in the next high-density rope, i.e. the

low-density regions (or holes) can be considered as a kind of crack-propagation-stopper.

Therefore, the failure of individual high-density ropes is accompanied only by a small loss of

cross-section area of the tape. The remaining high-density ropes can easily resist the slightly

increased stress. Consequently, the tape is not sensitive to a local failure of individual high-

density ropes. Instead, the strength of the tape reflects more likely the average strength of all

the high-density stripes. This results in an excellent regularity of the tensile behaviour of the

overdrawn tapes.

Figure 4.20b illustrates the structure of tapes, in which the overdrawing is initiated only in the

centre. Due to the reduced number of high-density ropes compared with completely

overdrawn tapes, the fibrillated structure in partially overdrawn tapes is more sensitive to a

failure of individual high-density ropes. The loss of an individual rope can result in a stress

concentration in the remaining ropes leading directly to the failure of the whole fibrillated

structure, and finally to failure of the tape. Furthermore, the failure of the tapes might also

arise from crack initiation in the transparent layers. Due to the absence of crack stoppers such

as the low-density regions in completely overdrawn tapes, a crack can propagate unhindered

in these layers resulting in a decrease of the supplying cross-section area and finally in the

failure of the tape. It can be concluded that partially overdrawn tapes are highly sensitive to a

local failure in their structure explaining the large spread in strength of these tapes.

The regularity of the tensile behaviour of completely transparent tapes might result on the one

side from their homogeneous structure. On the other hand, it has to be considered that the

tapes possessing the narrowest distribution in the values of strength (3≤λPDR≤6) exhibit a

more or less pronounced yielding in their stress-strain curves, i.e. a relatively small stress

window corresponds to a large range of elongation. Consequently, the tapes might have a

narrow spread in their individual strength values, although they posses a large distribution in
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the individual elongation at break, as it can be seen for the tape with λPDR=4 in Figure 4.14b

and Figure 4.15.

From the presented tensile test data, it can be concluded that overdrawing is beneficial to

some mechanical properties. Within a series of tapes drawn to various draw ratios, the most

overdrawn tape possesses:

i) an  excellent uniformity in tensile behaviour

ii) the highest average strength and the lowest elongation at break

iii) an excellent ratio of stiffness to energy absorption

Moreover, the highest overdrawn tape possesses the highest tensile modulus, which is a

consequence of the ultimate applied draw ratio.

The shrinkage behaviour of the tapes depends on two effects acting against each other. Below

the melting temperature, the shrinkage results primarily from the relaxation of the amorphous

phase. The entropy is the driving force for the shrinkage, i.e. the tendency to shrinkage

increases with increasing chain orientation in the amorphous phase. Consequently, shrinkage

should increase with increasing post draw ratio. However, this is only valid for a serial

alignment of the crystalline and the amorphous phase. If the crystalline phase forms a

continuous ‘bricked wall’ structure, it will hinder the overall shrinkage. The perfection of

such a network increases with increasing draw ratio. In Figure 4.17, one can see that the

percentage of shrinkage steeply decreases from about 9% for the tape with λPDR=3 to about

5% for the tapes with λPDR=5. This decrease can be associated with the formation of a crystal

‘bricked wall’ structure. The gradual decrease at higher draw ratios can be related to a further

perfection of the network. The observed decrease of shrinkage with increasing draw ratio is in

agreement with the results of Ward.20 It can be concluded that the thermal stability of the

tapes increases with increasing post draw ratio, which again is feasible in many applications.

However, the abrasion tests have shown a drawback of overdrawn tapes. They possess a

lower abrasion resistance compared to the transparent tapes, which are not overdrawn. The

loss in abrasion resistance results from the higher alignment of the polymer chains with

respect to the drawing direction, which is connected with a reduced cohesion of the chains in

the lateral directions. Furthermore, the fibrillated structure of the tapes enlarges the actual

striking surface. In the abrasion test, not only the tapes themselves rub on each other, but also

individual fibrils within the tapes. Consequently, overdrawing is not the technique of choice
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for applications requiring a high abrasion resistance, such as ropes. The drawback of reduced

abrasion resistance might be overcome by coating the overdrawn tape with a copolymer layer

(co-extrusion) sealing the fibrillated homopolymer core.

Finally, it has to be mentioned that the morphological features of overdrawn tapes are

independent of processing conditions or material characteristics such as the average weight

molar mass, however, these parameters determine the post draw ratio for the onset of

overdrawing. In a multi-stage drawing process, it was possible to shift the onset of

overdrawing towards λPDR=15 by choosing a low draw ratio and a low oven temperature in

the first drawing stage and an elevated drawing temperature in the second stage.

Studies on different i-PP homopolymer grades have shown that the onset of overdrawing

shifts towards lower post draw ratios with increasing average weight molar mass.
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4.5 Conclusions

The following conclusions can be made from the studies on solid-state overdrawn i-PP tapes:

- Overdrawing results in whitening of the i-PP tape being accompanied by structural

changes on the surface and in the bulk of the tape.

- Completely overdrawn i-PP tapes possess a regular arrangement of transverse regions

crossed by worm-like structures.

- The structural features can be attributed to a deformation process where the sample is

alternately drawn at two different draw ratios:  λworm-like structure < λtransverse region

- Overdrawing of i-PP tapes results in an improvement of some mechanical properties. The

highest tensile modulus/average strength and lowest elongation at break were obtained in

the most overdrawn tape. Moreover, this tape exhibits the lowest shrinkage at elevated

temperatures.

- Due to its fibrillated morphology, completely overdrawn tapes behave like a bundle of

fibres resulting in a more homogenous mechanical behaviour and an increase of the

average strength and the average energy absorption compared to tapes, which are not

completely overdrawn.

- A reduced abrasion resistance is a drawback of overdrawn tapes.
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Chapter 5

The Influence of Post Drawing Temperature on Mechanical

Properties and Morphology

5.1 Introduction

As mentioned in the introduction of Chapter 4, the influence of various processing parameter

and material characteristics on the mechanical properties has been reported extensively in

literature. It is commonly concluded that the tensile modulus depends uniquely on the applied

draw ratio, as long as molecular relaxation can be avoided, i.e. for an affine deformation.1-3

Moreover, it is emphasised in some publications that for an affine deformation the

temperature in the drawing stage has no influence on the overall mechanical behaviour of i-

PP.1,2 This conclusion may be questionable. As explained in Chapter 2, a solid-state

deformation of isotactic polypropylene can result in the formation of so-called mesomorphic

phase. It was also illustrated that a subsequent deformation of mesomorphic phase requires

less energy than a deformation of monoclinic α-crystals. From this, it can be assumed that the

amount of mesomorphic phase, which again depends on the applied post drawing

temperature, is reflected in the tensile behaviour of the sample. The influence of the post

drawing temperature on mechanical properties and morphology will be illustrated here for a

series of (X-7284)-tapes post drawn to a ratio of 5 at drawing temperatures varying from 60ºC

to 200ºC. The influence of the post drawing temperature can be seen also for other i-PP

grades and different post draw ratios. In order to prove that the observed tensile behaviour is

independent on the sample geometry, additional tensile tests are performed on solid-state post

drawn i-PP fibres.

Density, Raman, birefringence, (wide angle) X-ray and shrinkage experiments were

performed on the post drawn tapes to correlate the thermal effects on mechanical properties

with the changes in structure and morphology.
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5.2 Experimental

The preparation and characterisation techniques of the tapes are for most part identical with

those described in Chapter 4. Therefore, only differences are pointed out here.

a) Tapes have been produced from three different isotactic polypropylene materials, kindly

supplied by Montell (PLZ-937) and DSM (X-7284 and 110E30SF). The material

characteristics are summarised in Table 5.1.

Table 5.1: Weight average molar mass (Mw), polydispersity (Mw/Mn) and melt flow index (MFI; ISO 1133:

T=230ºC and m=2.16 kg) of the used i-PP materials.

For each material, the extruder conditions were optimised independently, but for a particular

grade the extruder setup was identical. The godet speed was kept constant at 8 m/min,

different post draw ratios were obtained by adjusting the winder speed correspondingly. By

keeping the draw ratio fixed, a series of tapes was produced for varying post drawing

temperatures. Again, it has to be underlined that the post drawing temperature is not the

temperature of the tape but the temperature of the oven.

b) From density measurements the mass crystallinity index Xc was calculated by using the

following equation:4,5

( )%X
ac

ac
c 100





−
−

=
ρρ
ρρ

ρ
ρ

(5.1)

ρ represents the measured density of the tape, (ρcryst = 938 kg/m3) is the density of the crystal

phase and (ρamorph = 854 kg/m3) is the density of amorphous isotactic polypropylene.6

Mw
[kg/mol]

Mw/Mn MFI
[dg/min]

PLZ-937 500 5.6 1

X-7284 280 5.8 13

110E30SF 225 5.8 25
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c) The order parameters (<P2(cosθ)> and <P4(cosθ)>) of the post drawn tapes were

additionally determined from polarised Raman measurements performed at DSM Research,

The Netherlands, using the Labram system (Dilor, France). The measurement parameters

were: excitation at 532.09 nm, objective 50x (Olympus), power between 5 and 30 mW on the

sample, integration time 20 to 30 sec, number of scans 4. The laser spot (diameter of 2 µm)

was focused on the surface of the tape. The depth of focus was approximately 5 µm.

The orientation distribution of the polymer chains was determined from the (1256 cm-1)-peak

reflecting CH2 twisting vibrations in the chain backbone. This peak is almost equally

composed of contributions of both the crystalline phase (52% contribution) and the

amorphous phase (48% contribution).7 Separation of the individual contributions based on

this Raman peak is not possible.

For each tape three Raman spectra were recorded using different polarisation geometry

without altering the sample: parallel-parallel (||-||), parallel-perpendicular (||-⊥) and

perpendicular-perpendicular (⊥-⊥). The first orientation denotation refers to the angle of the

laser beam polarisation axis with respect to the orientation axis of the tape. The second

denotation refers to the orientation of the angle of the polariser (for the Raman light) axis with

respect to the orientation axis of the tape. The orientation axis of the i-PP tape was found by

rotating the sample in the laser beam while observing the intensity of the peak at 1256 cm-1. If

this peak is minimised, then the direction perpendicular to the orientation direction can be

found. Data treatment was carried out using the Labspec 2.08 program (Dilor). For all spectra,

a baseline was fitted, intersecting local minima. Subsequently the spectra were filtered (9

points moving average). The signal intensity (I) of the 1256 cm-1 band was obtained by peak

integration between 1247 and 1265 cm-1. Finally, <P2(cosθ)> and <P4(cosθ)> were

determined using the following equations:
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I⊥/I|| is the depolarisation ratio. I⊥ and I|| are intensities of the 1256 cm-1 band for non-oriented

i-PP (e.g. remelted i-PP samples) recorded for perpendicular and parallel orientations of the

analyser polarisation axis with respect to the laser polarisation axis.

d) Additional heat treatment experiments have been performed on the post drawn tapes. For

this, the tapes were annealed, constrained as well as unconstrained, at 120ºC for 1 hour. For

the unconstrained samples, the decrease in length was calculated in percentage of the original

length using the following equation:

%
l

ll
%x 100

0

0−
= (5.4)

l0 and l are the initial sample length and the sample length after heat treatment, respectively.

e) DSC measurements were performed on the (X-7284)-tape post drawn to λ=5 at 60ºC in a

Perkin-Elmer DSC-7 Differential Scanning Calorimeter calibrated with standard zinc and

indium pans. The sample was held at 10ºC for 2 minutes and subsequently heated up to 210ºC

at a rate of 10ºC/min.

f) Thin cross-sectional cryo-microtomes of the post drawn tapes were used for transmission

electron microscope (TEM) investigations after a ruthenium tetra oxide (RuO4) staining

preparation.8,9  TEM-work was performed using a Jeol 2000FX operated at 80 kV in order to

enhance the contrast.
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5.3 Results

5.3.1 The Influence of Post Drawing Temperature on Mechanical

Properties

In the present section the influence of post drawing temperature on the overall mechanical

behaviour is illustrated on a set of (X-7284)-tapes post drawn to λPDR=5.

Figure 5.1 shows stress-strain curves of this set of tapes as obtained by tensile tests performed

at room temperature.

Figure 5.1: Stress-strain curves of (X-7284)-tapes post drawn to λλλλPDR=5 as obtained by tensile tests

performed at room temperature. (8:40) reflects the ratio of godet speed (8 m/min) to winder speed (40

m/min). Drawing temperatures are as indicated in the Figure.

The clearly visible influence of the post drawing temperature on the overall mechanical

properties is a general feature, which can also be observed for different post draw ratios

(Figure 5.2) and other i-PP grades (Figure 5.3).
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Figure 5.2: Stress-strain curves of (X-7284)-tapes post drawn to λλλλPDR=4 (top) and λλλλPDR=7 (bottom).

The post drawing temperatures are as indicated in the Figure.
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Figure 5.3: Stress-strain curves of (PLZ-937)-tapes and (110E30SF)-tapes post drawn to λλλλPDR=5 (top) and

λλλλPDR=7 (bottom), respectively. The post drawing temperatures are as indicated in the Figure.
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From the tensile test data presented here, a significant influence of post drawing temperature

on the overall mechanical behaviour can be seen. The tensile modulus of the post drawn tapes

remains constant up to a certain post drawing temperature. Above this temperature, the

stiffness of the tape decreases steeply with further increase in post drawing temperature. In

Figure 5.4, the dependence of the tensile modulus on the post drawing temperature is

illustrated for the (X-7284) tapes with λPDR=5 (8:40) and λPDR=7 (8:56), respectively.

Figure 5.4: Tensile modulus as a function of the temperature applied in the post drawing stage.

The tensile modulus of the tape with λPDR=5 (8:40) remains constant at about 5.6 GPa up to

post drawing temperatures of about 120ºC. At higher temperatures, the stiffness decreases

steeply, reaching about 3.1 GPa at a post drawing temperature of 200ºC.

At low post drawing temperatures, the tapes with λPDR=7 (8:56) possess a plateau modulus of

about 8 GPa, which also decreases again at higher drawing temperatures steeply, to about 3.2

GPa for the tape post drawn at 200ºC.
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From Figure 5.4, two different deformation regimes can be distinguished. Above a certain

post drawing temperature, the tensile modulus starts to decrease indicating the onset of a non-

affine deformation, i.e. the occurrence of effective molecular relaxation during post drawing.

In contrast, the constant tensile moduli at low drawing temperatures indicate an affine

deformation, i.e. no effective relaxation of the molecules occurs during post drawing. The

trendlines sketched in Figure 5.4 might suggest a shift of the onset of the non-affine

deformation regime towards higher post drawing temperatures with increasing post draw

ratio.

The independence of the tensile modulus on the drawing temperature in the affine

deformation regime is in agreement with the model of Irvine and Smith (Chapter 3.3)

predicting that the Young’s modulus uniquely depends on the applied draw ratio λ. With

Eh=40 GPa and Ec=0.6 GPa (as determined in Chapter 3.3.1), it follows from equation (3.9)

that tensile moduli of 5.6 GPa and 8 GPa correspond to draw ratios of λ=8.3 and λ=11.2

being higher than the applied post draw ratios of λPDR=5 and λPDR=7, respectively. This is

because the tape is already pre-orientated before it is post drawn in the oven. The pre-

orientation results from the extrusion process and the consecutive drawing of the extrudate by

the godet. Since the extruder setup and the godet speed were kept constant, the same pre-

orientation is expected for both the tape with λPDR=5 and the tape with λPDR=7.

Using:

PDRPRE λλλ = (5.5)

the pre-orientation (λPRE) of the tapes with λPDR=5 and λPDR=7 can be calculated to λPRE=1.66

and λPRE=1.6, respectively, which is approximately the same.

While the tensile modulus is independent of drawing temperature in the affine deformation

regime, a strong dependence of the overall mechanical behaviour can be found in both the

non-affine as well as the affine deformation regime.

Figure 5.5 shows the development of the yield stress as a function of post drawing

temperature for the (X-7284)-tape with λPDR=5. The sketched error-bars indicate the excellent

reproducibility of the tensile measurements and, therefore, the remarkable homogeneity of the

tapes.
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Figure 5.5: Yield stress as a function of the temperature applied in the post drawing stage.

Even in the affine deformation regime, the applied post drawing temperature strongly affects

the yield stress, increasing from about 200 MPa (60ºC) to about 260 MPa for the tape post

drawn at 120ºC. Depending on the overall processing conditions such as extruder setup, total

draw ratio and material characteristics, the increase in yield stress with increasing post

drawing temperature in the affine deformation regime is accompanied by a transition from a

more or less pronounced ductile to a brittle failure. A well pronounced ductile failure can be

clearly seen, e.g. in the stress-strain curves of both the (X-7284)-tape with λPDR=4 post drawn

at 40ºC (Figure 5.2, top) and the (PLZ-937)-tape with λPDR=5 (Figure 5.3, top) post drawn at

80ºC. The steady increase in yield stress continues in the non-affine deformation regime to

about 280 MPa for a post drawing temperature of 160ºC, followed by a steep decrease to

about 215 MPa for the tape post drawn at 200ºC. Figure 5.6 shows the dependence of the

elongation at the yield point on the post drawing temperature.
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Figure 5.6: Elongation at yield point as a function of the temperature applied in the post drawing stage.

The small error bars again indicate the excellent reproducibility of the tensile test

experiments. It can be seen that elongation at yield point steadily increases with post drawing

temperature from about 15% at 60ºC to about 22% at 160ºC, followed by a steep increase to

about 48% at 200ºC.

In order to examine whether the observed influences of post drawing temperature on the

overall mechanical behaviour depend on the sample geometry, additional tensile tests were

performed on post drawn i-PP fibres. The fibres were prepared and mechanically

characterised following the procedures described in Chapter 3. The mechanical behaviour of

the fibres is not as uniform as the behaviour of the tapes, i.e. there is larger spread in the

stress-elongation curves. However, a similar dependence of the overall mechanical behaviour

on the post drawing temperature could be observed, which excludes restrictions on sample

geometry.
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It can be concluded that two different drawing regimes, the affine regime and the non-affine

regime, should be distinguished. In the affine deformation regime, the tensile modulus is

independent of the applied post drawing temperature. But the stiffness decreases with

increasing post drawing temperature in the non-affine deformation regime. In contrast, the

drawing temperature strongly affects the overall mechanical behaviour of the samples in both

the affine deformation regime and the non-affine deformation regime. Lowering the post

drawing temperature within the affine deformation regime results in a drop in yield stress and

a transition from brittle to ductile failure. Thus, by appropriate design of the overall

processing conditions, tapes can be produced which possess an advanced property

combination of high stiffness and superior drawability.
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5.3.2 The Influence of Post Drawing Temperature on Structure and

Morphology

In this section, we describe the influence of post drawing temperature on the structure and

morphology of the post drawn tapes. The results are again illustrated for (X-7284)-tapes with

λPDR=5. Figure 5.7 shows the influence of the applied post drawing temperature on the density

of these tapes.

Figure 5.7: Density (and crystallinity) as a function of the applied post drawing temperature for (X-7284)-

tapes with λλλλPDR=5.

The density increases almost linearly with increasing post drawing temperature from about

894 kg/m3 at 60ºC to about 911 kg/m3 at 200ºC. Considering a two-phase model (crystalline

and amorphous phase), the increase in density results from an increase in mass crystallinity

with increasing post drawing temperature. As indicated in the figure (open circles), the

calculated mass crystallinity increases from about 49.5 % at 60ºC to about 69 % at 200ºC post

drawing temperature. These are not absolute values since the density of the oriented (and

constrained) amorphous phase in post drawn tapes is expected to be higher than in the

isotropic state, i.e. the values can only illustrate a trend. Further, at low post drawing

temperatures, a mesomorphic phase may also exist, possessing an intermediate density. As

explained in Chapter 2, the mesomorphic phase may be induced by a partial transformation of
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crystalline and amorphous phase during post drawing. The mesomorphic phase has a higher

density (ρmeso ≈ 880 kg/m3)7 than the amorphous phase (ρamorph = 854 kg/m3), but a lower

density than the crystalline phase (ρcryst = 938 kg/m3). The dependence of density on applied

post drawing temperature becomes more complex since the amount of the transformation

depends again on the post drawing temperature. Therefore, the main emphasis is on the

increase in density with increasing post drawing temperature, regardless of mechanism.

In Figure 5.8 values of <P2(cosθ)> are shown as a function of the applied post drawing

temperature. These values represent the average molecular chain orientation with respect to

the tape direction. The values were determined independently by birefringence and Raman

measurements. Additionally, <P2(cosθ)> was calculated from the measured tensile modulus

using equations (3.2) and (3.9).

Figure 5.8: <P2(cosθθθθ)> as a function of the applied post drawing temperature.

Using the described techniques, <P2(cosθ)> is obtained as the average value of the whole

system, i.e. it is not possible to separate the contributions of the individual phases (crystalline,

amorphous and mesomorphic phase). It can be seen that the results obtained from the
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different techniques are coherent with each other. The value of <P2(cosθ)> remains constant

at approximately 0.9 up to a post drawing temperature of about 120ºC, followed by a decrease

at higher temperatures.

(Wide angle-) X-ray studies were performed to obtain information about the orientation of the

crystal phase with respect to the drawing direction. Figure 5.9 shows diffraction patterns for

various post drawing temperatures.

Figure 5.9: (Wide angle) X-ray diffraction patterns of (X-7284)-tapes post drawn to λλλλPDR=5 at post drawing

temperatures of a) 60ºC, b) 120ºC and c) 200ºC, respectively.
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Sharp reflections indicate a fibre pattern for all tapes. At low post drawing temperatures the

(110), (040) and (130) peaks as well as the (111) and (131)/(041) peaks are blurred. At higher

drawing temperatures, the individual peaks are clearly distinguishable. This suggests a

decreasing radial peak width with increasing post drawing temperature. In order to quantify

this, the FWHM (Full Width at Half Maximum) of the radial width of the (110)-reflection was

determined. In Figure 5.10 the inverse of the determined FWHM-value is shown as a function

of the post drawing temperature, since the radial peak width is inversely proportional to the

size and/or perfection of the crystal.

Figure 5.10: The inverse FWHM of the radial width of the (110)-reflection as a function of the post drawing

temperature.

It can be seen that the inverse FWHM of the radial width of the (110)-reflection increases

steady with increasing post drawing temperature. This indicates an increasing coherence of

the crystal in (110)-direction with increasing post drawing temperature, i.e. a lateral growth

and/or perfection of the crystals.

However, apart from the increase in lateral dimensions, the crystal size also increases along

the c-direction with increasing post drawing temperature. This can be seen from the TEM-

images presented in Figure 5.11.
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Figure 5.11: TEM-images of the (X-7284)-tapes post drawn to λλλλPDR=5 at a) 60ºC, b) 120ºC and c) 200ºC.

a)

b)

c)
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The area shown in Figure 5.11a indicates that post drawing at 60ºC results in the formation of

small crystal blocks. The size of the crystals increases with increasing post drawing

temperature, moreover the parallel alignment of the crystals can be clearly observed on the

tape drawn at 120ºC (Figure 5.11b). At a post drawing temperature of 200ºC (Figure 5.11c),

the crystals possess maximum size in both lateral as well as transversal direction. The

alignment of the crystals is less ordered than at 120ºC.

From the X-ray diffraction patterns in Figure 5.9, it can be seen that the arc-lengths increase

with increasing post drawing temperature. The arc-length reflects the breadth of the

orientation distribution of the crystals, i.e. the FWHM of the arc-length is inversely

proportional to the average orientation of the crystals with respect to the drawing direction.

The inverse FWHM of the arc-length was determined for the (110), (040), (130) as well as the

‘(hkl)’ reflections to quantify the average orientation of the crystal phase. The indices ‘hkl’

summarise (111) and (131)/(041) reflections, which are blurred and not distinguishable at low

post drawing temperatures. The dependence of the FWHM-values on the applied post

drawing temperature is shown in Figure 5.12.

Figure 5.12: The inverse FWHM of the arc-length of the indicated reflections as a function of the applied

post drawing temperature.
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The inverse FWHM-values, determined from the different reflections, are coherent with each

other and follow the same trend. It can be seen that the average orientation of the crystals with

respect to the drawing direction decreases slightly in the temperature range from 60ºC to

160ºC, followed by a steep decrease at higher post drawing temperatures. At these

temperatures (180ºC and 200ºC), additional (110)H reflections in the meridional direction

appear in the diffraction pattern (Figure 5.9) indicating homoepitaxial crystal growth.

Additional (wide angle) X-ray studies have been performed on tapes annealed at 120ºC for 1

hour. Figure 5.13 shows the inverse FWHM of the arc-length for the (110), (040), (130) as

well as the ‘(hkl)’ reflections. The heat treatment was carried out on constrained (open

symbols) and unconstrained (light grey symbols) tapes. For comparison, the data obtained

from the original tapes are included (black symbols).

Figure 5.13: The inverse FWHM of the arc-length of the indicated reflections as a function of the initially

applied post drawing temperature.

Comparing the inverse arc-length FWHM-values of the original tape with the data for the

annealed samples, it can be seen that heat treatment improves the alignment of the crystal

phase with respect to the drawing direction, especially for tapes post drawn at low
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temperatures. Figure 5.14 illustrates the influence of the additional heat treatment on the

radial width of the (110)-reflection. The inverse of the FWHM-value of the radial width is

shown as a function of the initial post drawing temperature indicating the size and/or

perfection of the crystals. Again, the data obtained from the original tapes are included for

comparison.

Figure 5.14: The inverse FWHM of the radial width of the (110)-reflection as a function of the initially

applied post drawing temperature.

Comparing the data for the original tapes with the data of the annealed samples, it can be seen

that the heat treatment improves also the size and/or perfection of the crystals in (110)-

direction. The most significant changes are again observed for tapes initially post drawn at

low temperatures. Figure 5.15 shows the diffraction patterns of the tape post drawn at 60ºC.

It is clearly recognisable that the reflections become sharper after heat treatment. Both the arc-

length as well as the radial width of the peaks decreases. It is however remarkable that the

effect of heat treatment is the same for both constrained and unconstrained annealing of the

tapes, respectively.
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Figure 5.15: Diffraction patterns of the (X-7284)-tape drawn to λλλλPDR=5 at 60ºC. a) original tape; b)

annealed for 1 hour at 120ºC (constrained); annealed for 1 hour at 120ºC (unconstrained).

For the unconstrained tapes, we determined the dependence of the shrinkage of the post

drawn tapes on the post drawing temperature. In Figure 5.16, each cross represents an

individual measurement, the open squares represent the average of the individual

measurements. The measured shrinkage is small for all tapes. In the post drawing temperature

range from 60ºC to 160ºC the shrinkage varies from 6.4% at 80ºC to 5.4% at 160ºC, followed

by a decrease to about 3.7% for the tape post drawn at 200ºC.

Figure 5.16: Shrinkage in percentage of the original sample length as a function of the applied post

drawing temperature.
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5.3.3 Indications for the Formation of Mesomorphic Phase upon Post

Drawing

As described in Chapter 2, a solid-state deformation of i-PP can result in a partial

transformation of both amorphous and crystalline phases into the so-called mesomorphic

phase. The amount of the induced mesomorphic phase depends on the applied deformation

temperature.

Additional DSC and (wide angle) X-ray studies were performed to examine whether

indications for the presence of mesomorphic phase can also be found in the post drawn tapes.

Figure 5.17 shows a magnification of the DSC-trace of the (X-7284)-tape solid-state post

drawn (λPDR=5) at 60ºC.

Figure 5.17: Magnification of the DSC-trace of the (X-7284)-tape post drawn to λλλλPDR=5 at 60ºC.

As reported elsewhere10-12, the presence of mesomorphic phase is indicated in the DSC-trace

by a small endothermic peak from 40ºC to 80ºC (melting of the mesomorphic phase),

followed by an exothermic peak (recrystallisation into α-crystals), which can however be

blurred with the onset of the overall melting peak. In the shown DSC-trace, the endothermic

peak at 40-80ºC is clearly visible. However, we did not analyse the dependence of the amount

of mesomorphic phase on the applied post drawing temperature, since it is rather delicate to

quantify the area of this small peak.
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Another indication for the presence of mesomorphic phase in the sample results from the

(wide-angle) X-ray diffraction patterns. Performing integration along the azimuthal angle, the

2-dimensional X-ray patterns can be transformed into 1-dimensional patterns. As reported by

Saraf and Porter13, the (110) and (040) peaks shift closer together in the 1-dimensional

patterns if mesomorphic phase is present. Figure 5.18 shows the positions of the maxima of

the (110) and (040) peaks of the post drawn tapes as a function of the post drawing

temperature.

Figure 5.18: Position of the maxima of the (110) and (040) peaks as a function of the applied post drawing

temperature.

In accordance to literature, the decreasing distance between the maximum positions of the

(110) and the (040) peaks indicates again the presence of mesomorphic phase in, at least, the

tapes post drawn at 60ºC and 80ºC, respectively.
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5.4 Discussion:

In the results section, it was shown that both overall mechanical properties as well as structure

and morphology of melt-spun and subsequently solid-state post drawn i-PP tapes (and fibres)

depend strongly on the temperature in the post drawing stage. We now introduce a model to

explain the observed processing-structure-property relations.

Before post drawing in the oven, all tapes possess the same morphology consisting of slightly

oriented lamella crystals embedded in a slightly oriented amorphous matrix (λPRE was

determined to be approx. 1.6). Subsequently, the tape is deformed in the oven. For this, stress

has to be applied on the tape. In the beginning, the deformation induces mainly stretching of

the amorphous phase. At low post drawing temperatures, the molecular mobility in the

crystals is too low for effective relaxation processes on the time scale of the deformation

process. This results in an affine deformation and increases the stiffness of the amorphous

phase. The applied stress can be effectively transferred via the stiff amorphous phase into the

crystal phase resulting in shearing and final fragmentation of the lamellae into small crystal

blocks. The constrained amorphous phase ensures a high orientation of the obtained crystal

blocks with respect to the drawing direction. Moreover, the described processing conditions

are favourable for the formation of mesomorphic phase (Chapter 2), which can be interpreted

as an imperfect crystal structure. The low mobility of the polymer chains in the crystals at low

post drawing temperatures hinders an effective reorganisation to perfect the crystals. It can be

concluded that at low post drawing temperatures the morphology consists of small and

imperfect crystals kept highly oriented by the constrained amorphous phase. At higher post

drawing temperatures, the chain mobility in the crystals is increased. The deformation of the

amorphous phase is directly accompanied by relaxation processes, i.e. the applied stress

cannot effectively be transferred to the crystals, which results in less fragmentation of the

lamellae. Furthermore, the high mobility of the polymer chains at elevated post drawing

temperatures allows perfection and growth of the crystals. Even homoepitaxial crystal

growing can be observed at post drawing temperatures at and above 180ºC. However, the

ineffective stress transfer to crystals via ‘soft’ amorphous phase results in a reduced

orientation of the crystal phase with respect to the drawing direction.

The described change in morphology explains the observed dependence of mechanical

properties on the post drawing temperature. As mentioned, at low post drawing temperatures

(up to approx. 120°C), the chain mobility in the polymer is too low for effective relaxation

processes on the time scale of the deformation process (affine deformation). In accordance

with the Irvine-Smith model (Chapter 3), the tensile modulus is uniquely determined by the
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applied post draw ratio and remains constant (Figure 5.4). This indicates the same average

molecular orientation in the samples, independent of the post drawing temperature. This is

also reflected in the birefringence and Raman measurements (Figure 5.8). At higher drawing

temperatures, the chain mobility increases and relaxation processes become more and more

dominant during post drawing. Consequently, a lower molecular orientation is induced upon

deformation, resulting in the observed decrease of both the tensile modulus as well as the P2-

values determined by birefringence or Raman. The described changes in morphology can also

explain the dependence of yield stress and elongation at yield on the applied post drawing

temperature. The yield point reflects the onset of crystal deformation upon drawing of the

sample. The stress, at which deformation of the crystals occurs, increases with increasing

strength of the inter-chain interactions in the crystal. For a particular crystal, the number of

interactions (van der Waals bonds) increases with the crystal length in c-direction. The

intensity of the interactions depends on the inter-chain distances in the crystal, which again

are affected by the perfection of the crystals in lateral dimensions. Additionally, a high degree

and narrow distribution of the crystal orientation are essential to obtain high yield stresses,

since this ensures that the individual crystals start to deform simultaneously at a certain extent

of elongation. At low post drawing temperatures, the deformation process causes a partial

transformation of monoclinic α-crystals into mesomorphic phase. As described in Chapter 2,

the formation of mesomorphic phase facilitates the subsequent deformation of the sample, i.e.

the yield stress decreases in a tensile test. Evidence for the formation of mesomorphic phase

arises from DSC (Figure 5.17) as well as X-ray measurements (Figure 5.18). With increasing

post drawing temperature the amount of mesomorphic phase decreases. Moreover, the

enhanced mobility of the polymer chains enables an improvement of existing crystals in both

perfection as well as size. The enhanced coherence in lateral dimension can be seen from the

steady increase in the 1/FWHM-values of the radial width of (110)-reflections with increasing

post drawing temperature (Figure 5.10). TEM-images (Figure 5.11) show the increase of the

crystal length in c-direction. Moreover, the degree of crystal orientation decreases only

slightly with increasing post drawing temperature up to temperatures of about 160ºC (Figure

5.12). Consequently, the improvement of the crystals with increasing drawing temperature

leads to the observed increase in yield stress (Figure 5.5).

However, at higher drawing temperatures, the chain relaxation during deformation becomes

so dominant that the orientation of both amorphous as well as crystalline phases drops

significantly. The decline in orientation of the amorphous phase can be seen from the

shrinkage experiment (Figure 5.16). The percentage shrinkage remains almost constant for

tapes post drawn at temperatures up to 160ºC, while significantly lower shrinkage can be
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observed for the samples drawn at 180ºC and 200ºC, respectively. The shrinkage results

primary from a contraction of the amorphous phase caused by entropy-forces, which increase

with the extension of the polymer chains. The lower shrinkage at 180ºC and 200ºC,

respectively, suggests that the amorphous phase is already relaxed and consequently less

oriented than at lower drawing temperatures.

The decline in orientation of the crystalline phase is reflected by the significant drop in the

1/FWHM-values of the arc-length of the (wide-angle) X-ray reflections (Figure 5.12). Due to

broad orientation distribution of the crystals with respect to the drawing direction, the crystals

are not deformed simultaneously, since the ease of shear deformation depends on the angle of

the crystals with respect to the drawing direction. This leads to the observed drop in yield

stress for tapes post drawn at 180ºC and 200ºC, respectively. The steep increase in elongation

at yield results again from the low extension of the amorphous phase. Upon drawing the

sample in the tensile test, the amorphous phase can be extended before the deformation of the

crystals starts.

Finally, the results of the annealing experiments (Figures 5.13-5.16) are considered. It is

rather surprising that the effect of heat treatment is the same in both constrained samples as

well as unconstrained samples. Moreover, the low extent of shrinkage of the unconstrained

tapes is also remarkable. These observations suggest that shrinkage of the unconstrained tapes

is hindered by the morphology of the post drawn tapes. A morphology, which guarantees such

behaviour, is based on crystals forming a ‘brick stone’ structure, as discussed in Chapter 4.

The crystal network keeps the amorphous phase constrained, and therefore reduces the overall

shrinkage.

The observed increase in both crystal orientation as well as crystal size and/or perfection

results from melting of most imperfect and less oriented crystals and subsequent

recrystallisation, in which more perfect and higher oriented crystals act as nuclei. Since the

annealing temperature is well above the transition temperature (Chapter 2), the

recrystalliastion process includes also the transformation of existing mesophase into α-crystal

phase leading again to a perfection of the crystal structure.
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5.5 Conclusions

Based on the presented results, the following conclusions are made:

- The overall mechanical properties of melt-spun and subsequently solid-state post drawn i-

PP tapes (fibres) strongly depend on the temperature in the post drawing stage.

- The overall mechanical properties of solid state post drawn i-PP tapes (fibres) can be

tailored by choosing an appropriate post drawing temperature.

- For a constant post draw ratio, samples can be prepared possessing high stiffness in

combination either with superior drawability / energy absorption  (lowest possible post

drawing temperature, formation of mesomorphic phase) or with high strength (highest

post drawing temperature in the affine deformation regime).

- The independence of the tensile modulus on post drawing temperature in the affine

deformation regime is in accordance with the predictions of the Irvine-Smith model. The

average orientation of statistical chain segments is uniquely dependent on the applied

draw ratio as long as molecular relaxation can be avoided.

- The observed dependence of the mechanical behaviour of the post drawn tapes can be

explained by changes in their morphology. These changes are displayed by the differences

in density, crystallinity and/or phase composition, crystal size and/or perfection and

orientation of crystal and amorphous phase.

- At low post drawing temperatures, the morphology consists of small and imperfect

crystals (including the mesophase) kept highly oriented by the constrained amorphous

phase. At high post drawing temperatures, the crystals are large and more perfect, but also

less oriented with respect to the drawing direction.

- Annealing experiments suggest that the crystals form a network reducing the overall

shrinkage at elevated temperatures.
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Chapter 6

‘All-PP’-Composites

A New Field of Application for High Performance Isotactic Polypropylenes

6.1 Introduction

As mentioned in the general introduction (Chapter 1), polymers substitute traditional

materials such as wood, metals or ceramics in an increasing number of applications. One

advantage of polymers is the easy of processing as complex parts can be produced by relative

simple processing technologies at high speed and low costs. Another advantage of polymers is

their low density making them a favoured material for applications in the aerospace and

automotive industry, where weight saving is an important driver in the material selection

process.

Among the polymeric materials, isotactic polypropylene (i-PP) presents in view of its

impressive growth figures over the last decades the major construction material of the present

and the future.1 Compared to polyethylene, i-PP is cheaper and offers a better heat resistance,

which is also an important criterion for many applications, e.g. in the automotive sector.

Polypropylene as such is a relatively soft material and has to be reinforced to meet the high

demands on stiffness and strength in engineering applications such as protection shields or

interior parts in the automotive sector. Normally, glass fibres are used as the reinforcing

elements of choice for these kinds of applications. Unfortunately glass fibres cause enormous

environmental problems in both mechanical as well as thermal recycling (incineration).

The seriousness of the recyclability issue becomes obvious considering new legislation, e.g.

the European End of Life Vehicle (ELV) directive, which increases the importance of

recyclability as a driver in the material selection process. Therefore, a new trend arises to

develop self-reinforced PP-composite materials suitable to substitute glass fibre reinforced PP

in engineering applications. Such ‘All-PP’ composites are based on a polypropylene matrix

reinforced with high stiffness/high strength PP-fibrous structures (fibres or tapes). The

ecological advantage of these materials is that upon recycling a PP-blend is obtained, which

can be re-used for new PP-based applications.
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In order to make the new materials interesting for industry, ‘All-PP’ composites have to meet

several demands:

- The entire life cycle costs have to be comparable or lower than for glass fibre reinforced

PP.

- The mechanical properties have to be comparable or superior to those of glass fibre

reinforced PP.

- The processing technology has to be simple and applicable on industrial scale processes.

The first demand excludes the use of cost intensive gel-spun fibres as reinforcing components

of choice. Instead, cheaper melt-spun fibrous structures have to be used for reinforcement,

which however complicates the fulfilment of the second demand.

Depending on the amount of glass fibres, the modulus and tensile strength of glass fibre mat

reinforced polypropylene (GMT) are about 6-10 GPa and 60-80 MPa, respectively. As it can

be seen from Table 6.1, it is no challenge to produce ‘All-PP’ composites with superior

tensile strength. However, it is a major problem to obtain composites with comparable

stiffness.

Table 6.1: Tensile properties of polypropylene and polypropylene reinforced with 20 volume percentage

and 40 volume percentage glass fibres (GMT), respectively.

In polymer fibres, excellent mechanical properties in longitudinal direction are achieved at the

expense of poor properties in transversal direction. Therefore, it is essential to arrange the

reinforcement components at least orthogonal to each other in order to obtain a composite

possessing sufficient properties longitudinally as well as transversally. Doing this, only half of

all reinforcement components contribute with their superior longitudinal properties to the

composite properties.

Modulus Strength
   [GPa]    [MPa]

Theoretical oriented i-PP ~ 34 - 80  ~ 4000

Isotropic i-PP                               1 - 2    < 40

Standard i-PP fibres     5 -10            50 - 600

Glass fibre (20 %)                   ~ 6      ~ 60 
reinforced PP (40 %)               ~ 8 - 10    ~ 80
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Furthermore, a composite consists of both reinforcing components as well as matrix material.

Since the matrix material hardly contributes to the stiffness of the composite, it is essential to

keep its volume fraction as low as possible. However, a minimum volume fraction of matrix

material is always prerequisite to solidify the composite structure.

For fibres as reinforcing components, the minimum volume fraction of matrix material can be

easily derived. Considering an assembly of fibres as hexagonal packed cylinders, the required

amount of matrix material follows directly from calculating the matrix fraction of the overall

cross-section area. Figure 6.1 shows that the fibre (white) and the matrix material (grey) form

a honeycomb structure.

Figure 6.1: Schematically drawing of hexagonal fibre packing.

It follows from the Pythagorean theorem:
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The cross-section area (AF) of the fibre is given by:
2rAF π= (6.2)

The overall cross-section area of the cell (AC) is equal to:

122rAC = (6.3)

Finally, the cross-section area of the matrix (AM) is given by:

( )π−=−= 122rAAA FCM (6.4)

It follows that a minimum matrix volume fraction of about 9,4% is required to fill the free

volume in hexagonal fibre packing.
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However, in practise composites are produced with a matrix volume of about 40%. The

reason is that the matrix has to enclose each fibre in order to achieve optimum adhesion and,

consequently, optimum mechanical properties of the composite in transversal direction.

Using tapes as reinforcement components, the required amount of matrix material can be

reduced. In principle, a mono-layer of matrix material in between tapes is sufficient to

consolidate the composite structure. However, in practice it is found that tapes requires a

volume fraction of matrix material of about 10% to ensure a proper consolidation of the

composite.

Neglecting minor contributions of both the transversal tape properties as well as the matrix

properties, an ‘All-PP’-composite with 90 vol% of orthogonal arranged tapes with a tensile

modulus of 10 GPa possesses a stiffness of about 4.5 GPa being far below the 6-10 GPa of

glass fibre reinforced polypropylene. Following these considerations, competitive ‘All-PP’

composites prerequisite tapes with a tensile modulus of about 16 GPa being far beyond the

stiffness of commercially available i-PP fibres/tapes.

Beyond the demands on stiffness, attention has to be also directed to proper consolidation of

the ‘All-PP’ composite requiring sufficient adhesion between fibre/tape and matrix material.

However, in this respect problems are not expected since matrix material and fibre/tape

possess the same (or a similar) chemical structure, in contrast to glass-fibre reinforced PP

requiring a pre-treatment of the glass fibre (sizing).

In the following sections, different concepts for ‘All-PP’ composites are introduced. Special

attention is focused on the concept of constrained fibres as well as the new concept of co-

extruded tapes (‘PURE’-project initiated at the Eindhoven University of Technology), since

this thesis was performed within the scope of these studies. Afterwards, some new

applications are suggested, for which the concept of co-extruded tapes is the favoured.

Finally, an outlook is given of future developments.
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6.2 Ward’s Concept of Hot-Compaction

In 1993, Ward and co-worker suggested hot compaction of high modulus melt-spun

polyethylene fibres as a novel route to producing polyethylene/polyethylene composites.2-4

Later, their research in this area included hot compaction of polyester5 and i-PP.e.g.6+7

From an application-oriented point of view, the recent research has concentrated on the hot

compaction of isotactic polypropylene. Firstly, high-performance melt-spun polyethylene

fibres are too expensive for the majority of applications. Secondly, polypropylene composites

offer a higher temperature resistance, which is an important criterion in e.g. the automotive

sector.

In the hot compaction process, an assembly of fibres (or tapes) is compacted at a temperature

within the melting range of the fibres. A certain proportion of surface of each fibre melts,

which, upon cooling, solidifies to bind the structure together, i.e. the melted portion of the

fibre volume forms the matrix of the composite. The fibre-matrix adhesion is superior, since

the matrix material originates directly from the fibres.

It is understandable that a proper choice of compaction pressure, time of compaction and

especially compaction temperature is essential to melt exactly the required amount of matrix

material, and consequently to obtain the optimum composite properties.2

The strong influence of compaction temperature on composite properties is the drawback of

the hot compaction approach, since it requires enormous effort to control the compaction

temperature within a temperature window of only a few degrees Celsius in industrial scale

processes.

However, the hot compaction procedure is commercially used to produce ‘All-PP’ sheets

offering sufficient properties for various applications in the automotive sector.
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6.3 The Concept of Constrained Fibres

At the Eindhoven University of Technology a project (‘PURE’) was initiated aiming for

alternative concepts for ‘All-PP’ composites offering enlarged temperature windows and

therefore more processing freedom.

In the present section, a concept is introduced, which is based on the overheating effect of

constrained high-modulus i-PP fibres.8 The overheating behaviour of constrained fibres has

been reported for gel-spun UHMW-PE9 and gel-spun UHMW-iPP10, and for melt-spun i-PP

fibres with a low (cold) draw down11 and drawn i-PP films12, but in the latter studies only

melting temperature shifts of about 10ºC have been observed. Figure 6.2 shows the DSC

heating traces of both constrained as well as unconstrained melt spun high-modulus i-PP

fibres, which were produced accordingly to the routes described in Paragraph 3.3.1.1. The

fibres possess a Young’s modulus of about 12 GPa and a tensile strength of about 730 MPa,

respectively. The calorimetric measurements were performed using a Perkin-Elmar DSC-7

apparatus at a heating rate of 10ºC/min.

Figure 6.2: DSC heating traces of constrained and unconstrained high-modulus i-PP fibres.

Compared with isotropic i-PP, the unconstrained fibre exhibits a small shift of the melting

temperature and an increased enthalpy of melting, which can be assigned to an increase of

crystallinity caused by stress-induced recrystallisation during the solid-state drawing process.
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Constraining the same fibre results in a further shift of the melting temperature to higher

temperatures and a further increased melting enthalpy. Almost the complete melting area is

localised above the original melting temperature of isotropic i-PP and the peak maximum of

the melting temperature reaches a value of about 190ºC. The shift in melting temperature

towards higher temperatures results from an entropy effect.

Figure 6.3: Gibbs free energy versus temperature. GL and GC indicate the Gibbs free energy of the liquid

and of the crystal phase, respectively.

From Figure 6.3, it follows:

0=∆⇒= GGG CL    at T=Tm (6.5)

GL and GC are the Gibbs free energy of the liquid and of the crystal phase, respectively. Tm

indicates the melting temperature.

With:

STHG ∆−∆=∆    for T=const. (6.6)

it follows:

STH m∆=∆    at T=Tm (6.7)

⇔
S

H
Tm ∆

∆= (6.8)

H and S are the enthalpy and the entropy, respectively. The enthalpy of melting (∆H) remains

constant, i.e. it is the same for unconstrained and constrained fibres. However, keeping the

fibre constrained reduces the gain in entropy per monomer unit.13 Consequently, the melting

temperature (Tm) shifts towards higher temperatures for a constrained fibre. It is

understandable that the effect of overheating becomes pronounced with increasing chain

orientation. Therefore, highly drawn high-modulus fibres are required to obtain a pronounced

G

TTm

GL

GC
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shift of the melting temperature. The increased melting temperature of constrained high-

modulus i-PP fibres was used to prepare single fibre model composites by embedding the

constrained fibres in thin films of a matrix material based on the same isotactic polypropylene

grade. For this, both ends of the high-modulus i-PP fibres were fixed on glass slides in order

to prevent relaxation during heating. Pellets from the same i-PP grade were hot-pressed at

180ºC for 10 min. The resulting ~80 µm thin films were placed on the same glass slide as the

fibre. These stacked samples were heated in a hot-stage at 170ºC for 5 min, melting only the i-

PP matrix material but not the constrained fibres. Afterwards, the samples were air-cooled

and isothermally crystallized at 140ºC for 3 days or isothermally crystallized in a gradient

hot-stage.8 The investigation of the composite morphology was performed using a

transmission light microscope (Zeiss Universal) equipped with crossed polarisers. Without

additional treatment or coating of the samples the fibre-matrix interface morphologies were

investigated using a Philips environmental scanning electron microscope (XL30 ESEM-FEG)

in low-voltage mode (LVSEM).

Figure 6.4 shows the morphology of a single-fibre model composite isothermally crystallized

at 145ºC for 3 days using the optical microscope. The sample shows three different regions:

the i-PP fibre partially embedded in a transcrystalline layer surrounded by the i-PP matrix

material consisting of spherulitic superstructures.

Figure 6.4: Transmission optical microscope image showing the morphology of a single-fibre model

composite isothermally crystallized at 145ºC for 3 days.

100 µm
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Figure 6.5 shows a LVSEM image of a part of the single-fibre model composite quasi-

isothermally crystallized in a temperature gradient from 135ºC to 145ºC.

Figure 6.5: Low-voltage scanning electron microscope image of a part of single-fibre model composite

quasi-isothermally crystallized at a temperature gradient from 135ºC (left) to 145ºC (right).

The fibre is partly embedded, only half of the fibre is in contact with the matrix. The fibre

structure is smooth and no kink bands are visible. Along the length of the fibre, a

transcrystalline region is found. The influence of the crystallization temperature on the width

of the transcrystalline layer and the spherulite size in the matrix is clearly shown. With

increasing supercooling, the thickness of the transcrystalline layer decreases, and at an

isothermal crystallization temperature of about 135ºC almost no transcrystalline layer seems

present anymore. At low degrees of supercooling, holes between the spherulites in the matrix

indicate that all material is used for crystallization and the crystallization time has been

sufficient. The radius of the spherulites is approximately equal to the thickness of the

transcrystalline layer indicating that the crystallization at the fibre surface has started at

almost the same time as the crystallization in the melt. Thus, the nucleation at the fibre

surface does not start at a lower supercooling. For the used i-PP material this behaviour is

expected, because nucleation agents are present. Figure 6.6 shows LVSEM images of the

fibre matrix interface of a single-fibre model composite isothermally crystallized at 135ºC
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Figure 6.6: Low-voltage electron microscope images of the fibre/matrix interface of a single-fibre model

composite isothermally crystallized at 135ºC.

The nucleation density on the fibre surface is very high but low in the matrix. Therefore, the

crystals can grow only in the direction perpendicular to the fibre surface forming the

transcrystalline layer. The local thickness of the transcrystalline layer is about 130 µm. The

high-magnification LVSEM image shows that the dominant crosshatched morphology

consists of mother lamellae nucleated on the fibre surface and daughter lamellae

homoepitaxial crystallized on them. The holes at the fibre-matrix interface result from the

shrinkage of the i-PP matrix during crystallization, whereas the remaining fibrils indicate

good interfacial adhesion. The influence of the transcrystalline layer on the interface adhesion

and on the overall mechanical properties of the composite has been studied for a large number

of fibre-matrix systems.14-18

Finally, it can be concluded that the preparation of polypropylene fibre reinforced

polypropylene composites is possible using the above method using constrained fibres.

Utilising the overheating behaviour of constrained high-modulus polymer fibres can combine

even fibres and matrix of the same grade. Compared to the hot compaction approach, the

difference in melting temperature between constrained fibres and the isotropic i-PP offers an

enlarged temperature window for processing of ‘All-PP’ composites. However, the

implementation of such a process on industrial scale is questionable, because of the fibre

constraining requirement during the entire embedding process of the fibre into the matrix
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material. An additional problem is the difficult (and slow) impregnation of the matrix material

into the inter-fibre space. Use of low Mw matrix material or powder impregnation of the fibre

can partially alleviate this problem. However, such process is rather complicated, and more

simple processes are welcome.

 6.4 The Concept of Co-Extruded Tapes

In the previous sections, it was shown that both the concept of hot compaction as well as the

concept of constrained fibres, are successful routes to produce ‘All-PP’ composites. However,

both concepts lack simple processing on industrial scale processes. In the hot compaction

procedure, a narrow compaction temperature window has to be kept. For the concept of

constrained fibres, a complete impregnation of the matrix material into the inter-fibre space

has to be achieved. Therefore, an alternative route to ‘All-PP’ composites was developed

allowing an easy processing on industrial scale processes. It will turn out that the new concept

violates slightly the precise definition of ‘All-PP’ since a second material is involved besides

isotactic polypropylene. However, the second component is just a polypropylene copolymer

and its volume fraction is only about 10%, and it will be shown that the additional component

does not affect the excellent recyclability of the composite material.  Basically, the new

concept is to compact co-extruded fibrous structures (fibres or tapes) consisting of a high-

modulus i-PP homopolymer core directly covered with a thin copolymer layer. The

copolymer has a much lower melting temperature (about 140ºC) compared with the

homopolymer. During consolidation, the co-extrudates are compacted at a temperature in

between the melting temperatures of the copolymer and the homopolymer, respectively.

During compaction, only the copolymer melts, which, upon cooling, solidifies and holds the

high-modulus homopolymer components together. The obtained composite consists of a

copolymer matrix reinforced by the homopolymer fibres/tapes.

In the ‘PURE’-project, research has been concentrated on co-extruded tapes. The required

processing technology is available at Lankhorst/Indutech, The Netherlands, one of the

industrial partners of the project. Tapes are favoured, because they provide a better processing

stability at ultimate draw ratios than fibres. Moreover, using tapes instead of fibres, less

matrix material is required for a proper consolidation of the composite. Figure 6.7 shows a
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schematic drawing of the described concept (a) and a LVSEM image of the composite

structure (b), in which the homopolymer and copolymer layers are clearly recognisable.

Figure 6.7: a) schematic drawing of the described concept b) low-voltage scanning electron microscope

image of the composite structure.

6.4.1 Production of Co-Extruded Tapes

The co-extruded tapes were produced on a commercial tape manufacturing line with an output

of the order of 60 kg of co-extruded tapes per hour. The line consists of two special barrier

single-screw extruders, an air-cooling system and two successive post drawing stages. The

output of the extruders for the homopolymer as well as for the copolymer is computer

controlled. A schematic diagram of the production line is shown in Figure 6.8.

Figure 6.8: Schematic drawing of the tape production line.
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It was found to be essential that the homopolymer and copolymer have matching melt

viscosity in the processing range in order to obtain homogeneous co-extruded films. The i-PP

material mainly used in this study (X-7284, DSM: Mw=280 kg/mol and Mw/Mn=5.8) and the

available copolymer (Adsyl 5C39F, Montell: Mw=320 kg/mol; Mw/Mn=4.3) do not fulfil this

prerequisite. Due to its higher viscosity, the copolymer tends to form island-like zones on the

homopolymer substrate rather than a closed film. However, since the X-7284 material was

found to provide the best drawability of all investigated i-PP homopolymer grades, we carried

out experiments to adjust its viscosity by blending with i-PP materials possessing a higher

molar mass. Empirically it was found that a 50:50 mixture of the X-7284 material with

another i-PP homopolymer (KF-6190H, Montell: Mw=350 kg/mol; Mw/Mn=4.6) provides the

required match in viscosity with the used copolymer. The result was sufficient within the

scope of this thesis, however, more detailed investigations are in progress elsewhere.19

Viscosity measurements from those preliminary investigations (Figure 6.9) show that the

Newtonian plateau of the copolymer is between the plateaux of the two homopolymers used.

Figure 6.9: Viscosity measurements on a series of i-PP homopolymers and copolymers. The relevant

homopolymers and the copolymer are represented by open circles and filled circles, respectively.

[Viscosity measurements, kindly provided by Ben Alcock, Queen Mary University of London]
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As concluded from Chapter 5, the co-extruded tape is drawn in the first post drawing stage to

a low draw ratio at lowest possible temperature. This setup favours the formation of

mesomorphic phase in the i-PP homopolymer core providing a precursor tape for the

subsequent drawing stage possessing maximum stiffness (for the specific draw ratio) in

combination with enhanced drawability. In the second drawing stage, the tape is drawn at

elevated temperatures to the ultimate ratio resulting in a completely overdrawn structure of

the inner core layer. As illustrated in Chapter 4, this structure provides excellent homogeneity

of mechanical properties and moreover ultimate values of stiffness and average strength. The

drawback of reduced abrasion resistance in overdrawn tapes can be neglected for the

application in ‘All-PP’-composites since the overdrawn homopolymer core layers are

completely embedded/sealed in co-polymer matrix material. The elevated drawing

temperature in the second drawing stage ensures that the copolymer layer is almost isotropic,

i.e. the copolymer layer in the final tape has the same melting temperature as the virgin

material. Using the optimised tape-manufacturing route it was possible to produce co-

extruded tapes with tensile modulus of about 16 GPa, tensile strength of about 550 MPa and

elongation at break of about 7%. Figure 6.10 shows the stress-strain curves for a set of 10 of

these tapes. As it can be seen from the figure, the reproducibility of the tensile results is

remarkable, promising an excellent homogeneity of the produced tapes.

Figure 6.10: Stress-strain curves of the co-extruded tapes.
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It is worth mentioning that these tapes were not produced on lab-scale devices but on a

commercial production line with an output of approx. 60 kg of tapes per hour. Although the

inner homopolymer layer is completely overdrawn in the second drawing stage, the amount of

tape fracture is comparable to conventional melt-spinning processes.

As mentioned in the introduction of the present chapter, sufficient interfacial adhesion

between reinforcing components and matrix material is a prerequisite for a consolidation of

the composite. Therefore, the adhesion was studied using T-peel tests, schematically

illustrated in Figure 6.11.

Figure 6.11: Schematic drawing of a T-peel test.

For this, two co-extruded tapes were put on top of each other partly separated by an

aluminium foil to create a grip for the peel test. The samples were compacted at different

temperatures varying from 140ºC to 180ºC in steps of 10ºC. In order to prevent shrinkage, a

compaction pressure of 14 MPa was applied on the sample. This pressure keeps the

homopolymer layer constrained resulting in an increase of the melting temperature of the

homopolymer to about 180ºC as explained in the section on constrained fibres. The T-peel

tests were performed on a Zwick 1445 tensile tester equipped with a load cell of 50 N.

From Figure 6.12, the compaction temperature range for processing the composites can be

determined. At a compaction temperature of 140ºC, the copolymer layer is not completely

melted and, therefore, no solidification of the composite structure takes place.

However, the interfacial adhesion remains almost constant over a broad temperature range

from 150ºC to 180ºC. The upper temperature limit (180ºC) corresponds to the onset of

melting of the i-PP homopolymer layer being about 15ºC higher than the melting temperature

of the virgin i-PP material. The shift of in melting temperature results from the overheating

effect of constrained fibres as explained in Section 6.3. Figure 6.13 shows an LVSEM image

illustrating that a compaction at a temperature in between 150ºC and 180ºC results in an

pull

pull
test specimen
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interfacial adhesion, which does not require further improvement. It can be clearly seen that

the compacted sample fails in the highly oriented homopolymer layer rather than in the

copolymer-homopolymer interface, i.e. the interfacial adhesion is higher than the cohesive

strength in the fibrillated homopolymer layer.

Figure 6.12: T-peel stress as a function of the compaction temperature.

Figure 6.13: Low-voltage scanning electron microscope image showing the fibrillated homopolymer layer

in the partially peeled sample.
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6.4.2 The Processing of ‘All-PP’ Composites

Composites providing sufficient planar mechanical properties require a 2-dimensional

distribution of the reinforcing components. In the PURE-project, the method of choice is to

weave the co-extruded tapes into fabrics with an orthogonal alignment of the tapes.

In contrast to circular fibres, the weaving of planar tapes is not trivial since in conventional

weaving processes, the filament is taken off from the top-side of the bobbin.

For tapes, this technique creates a continuous twisting of the tapes blocking the weaving

process. However, BW-Industrial B.V. (The Netherlands), as an industrial partner of the

PURE-project, established an improved weaving technology going around this problem.

Currently, continuous woven fabrics are produced with a width of 1.3 m requiring about 650

parallel tapes with a width of 2 mm each.

In the following processing step, a number of layers of woven fabrics are compacted into

sheets using a belt press. This requires a proper choice of processing parameters, namely the

compaction temperature and the compaction pressure. The compaction temperature has to

ensure melting of the copolymer, and at the same time it has to prevent the melting of the

homopolymer layer. The compression pressure must be sufficiently high to prevent relaxation

of the homopolymer layers. Preliminary compaction studies were performed using the

facilities of the IVW (Institut für Verbund-Werkstoffe) in Kaiserslautern, Germany. A

schematic drawing of the belt press is shown in Figure 6.14.

Figure 6.14: Schematic drawing of the belt press.
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Compaction temperature and compaction pressure were chosen such that the woven layers did

consolidate into a sheet, in which the woven structure of the homopolymer layers apparently

remained. Figure 6.15 shows the woven fabrics before compaction (a) and the consolidated

sheet (b).

Figure 6.15: a) woven fabrics                                            b) consolidated sheet

The stiffness of the preliminary consolidated ’All-PP’-sheets was determined by three-point

bending tests. For this, stripes of a length of 100 mm and a width of 20 mm were cut out from

the sheets at different angle (0º, 45º and 90º) with respect to the processing direction in the

belt press. All the samples exhibit almost the same bending modulus of about 4.5 GPa, which

is below the bending modulus (>6 GPa) of consolidated sheets prepared under better

controlled conditions on lab-scale.20

The low stiffness results from partial melting of the homopolymer layers during

consolidation, since thermal measurements have displayed heat peaks in the belt press of

more than 180ºC. There is still room for improvement of the consolidation step resulting in

enhanced mechanical properties of the composites. Further studies are in progress including

also alternative concepts, such as the consolidation of chopped tapes.20

Among the tensile properties, the impact properties of consolidated ‘All-PP’-sheets were

studied. The results of the impact test are shown in Figure 6.16. It can clearly be seen that the

impact properties of the ‘All-PP’-sheets are superior to those of glass fibre mat reinforced

polypropylene (GMT) or natural fibre mat reinforced polypropylene (NMT). While the NMT-

and the GMT-sheets fail already at impact energy of 15 J, ‘All-PP’-sheet even exhibits almost

no damage at impact energy of 30 J.
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Figure 6.16: Comparison of the impact properties of natural fibre mat reinforced polypropylene (NMT),

glass fibre mat reinforced polypropylene (GMT) and ‘All-PP’ sheets.

An alternative processing technique for ‘All-PP’ composites is ‘filament winding’, where the

co-extruded tapes are directly wound into the final shape and subsequently consolidated by

heating. However, this technique can be used only for parts with convex curvatures. A

detailed description of this technique will be given elsewhere.20

Filament wound rings reflect the real potential of the concept of co-extruded tapes. The rings

were prepared by winding co-extruded tapes on top of each other around a metal cylinder and

subsequently consolidating at 145ºC and 160ºC, respectively. For consolidation, it was not

necessary to apply an external pressure, since the shrinkage of the tapes ensures their

compression. The mechanical properties have been measured by the so-called ‘split-disc’-test

(ASTM-norm D2290) using a strain-gate to record the extension. The mechanical properties

of the filament winded rings are summarised in Table 6.2.

Table 6.2. Mechanical properties of filament winded rings as measured by split-disc tests.

15 J

20 J

30 J

NMT GMT ‘All-PP’

  Stiffness [GPa]      Strength [MPa]        Elongation at Break [%]

145ºC      16.4 ± 0.9   399 ± 10   14.6 ± 0.4

160ºC      16.8 ± 1.1  388 ± 15   15.3 ± 0.4
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It can be seen that the tapes exhibit an one-directional stiffness of about 16 GPa matching the

stiffness of the initial co-extruded tapes. This means the mechanical properties of the initial

tapes can be retained under suitable consolidation conditions.

Some drawbacks of the new concept, however, need to be mentioned here. As compared to

glass fibre reinforced PP, ‘All-PP’ composites display reduced thermal stability. As our

reinforcing element is also a polymer, it displays characteristic viscoelastic behaviour such as

creep. Further, anisotropy of the reinforcing tapes yields composites with lower performance

in shear and in compression compared to glass fibre reinforced PP.

6.4.3 Applications for ‘All-PP’ composites

Some fields of application for ‘All-PP’-composites can be suggested, which arise especially

from the innovative concept of co-extruded tapes.

1. The ‘filament winding’ of co-extruded tapes provides a desirable technique to produce

hollow samples with a convex curvature. Consequently, this technique is very well suited to

produce e.g. high-pressure tubes. Winding the tapes under an angle of 54º ensures that the

tapes are uniaxially tensile loaded in the high-pressure tube. Alternatively, this technique

might be also used to produce large-scale products such as containers or superstructures for

trucks.

2. Another field of applications arises from sandwich constructions of ‘All-PP’ sheets and

polypropylene honeycomb structures, as shown in Figure 6.17. For the sandwich construction,

it is essential to prevent melting of the honeycomb structure during consolidation with the

‘All-PP’-sheet. This can be achieved with ‘All-PP’-sheets based on co-extruded tapes,

because the lower melting temperature of the copolymer layers allows a consolidation below

the melting temperature of the PP honeycomb structure. The obtained sandwich constructions

offer an excellent mechanical stability at a very low weight, making them an ideal

construction material, e.g. for inside walls or load floors in housing.
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Figure 6.17: a) ‘A-PP’ sandwich construction   b) schematic representation

3. Finally, a new field of applications can be imaged in the sector of orthopaedics. Here,

polyethylene and polypropylene are commonly used materials, because of their excellent bio-

compatibility, thermal-formability, low density and low material costs. However, the

disadvantage of polyethylene and polypropylene as such is their low stiffness making them

unsuitable for prostheses (replacements) or ortheses (stabilisation), which require a high

stability at low thickness. Nowadays, prostheses and ortheses are produced from fibre

reinforced composite materials, such as carbon fibres in combination with an epoxy matrix.

‘All-PP’-composites can be the alternative material since they can fulfil the demands on

stiffness. Furthermore, the concept of co-extruded tapes offers a serious advantage compared

to other approaches. Choosing a proper copolymer, which might be based on polyethylene, it

is possible to adjust prostheses/orheses individually at endurable temperatures.

‘All-PP’- sheet

PP copolymer
(Tm = 140ºC)

PP honeycomb

a)

b)
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6.4.4 Recycling of ‘All-PP’ Composites

The excellent recyclability of the material has been already successfully proven within the

tape manufacturing process (in plant recycling). Because of the relative small fraction of

copolymer material in the co-extrudate, it is possible to feed the co-extruded tapes as raw

material in the extruder for the homopolymer core layer without affecting the processability

of the homopolymer. Consequently, the co-extruded tapes can be used again in the production

of co-extruded tapes. This re-use of the material for exactly the same application can be

considered as the most desirable form of recycling.

Since the chemical composition is unchanged in the consolidated composite, it is assumed

that the composite material can be recycled in the same manner as the co-extruded tapes.

Further investigations are in progress to establish this.19,20

However, composites produced from co-extruded tapes can be easily recycled in any case. By

simple melting, a polymer grade is obtained witch can be re-used for other applications with

lower demands on stiffness and strength (downcycling). Alternatively, the composite material

can also be burnt making use of the high heat capacity of the polymer.
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6.5 Conclusions and Outlook

In this chapter, different concepts for ‘All-PP’ composites were introduced. Independent of

the concept, these composites possess excellent recyclability compared to glass fibre

reinforced polypropylene. Since recyclability is of enormous importance in material selection

in the future, there is a high potential for ‘All-PP’ composites, especially in the automotive

sector.

The innovative concept of co-extruded tapes offers a whole range of advantages compared to

all other ‘All-PP’ approaches:

- The broad consolidation temperature window of the co-extruded tapes allows easy

processing of ‘All-PP’-composites on a variety of industrial scale processes.

- The excellent mechanical properties of co-extruded tapes ensure comparable (stiffness) or

even superior (tensile strength and impact properties) properties of the composite to those

of glass fibre reinforced polypropylene.

Beyond this, new fields of application arise from the concept of co-extruded tapes:

- The filament winding of co-extruded tapes is a desirable technique to produce e.g. high-

pressure tubes.

- The low melting temperature of the copolymer layers facilitates the production of

lightweight sandwich construction materials suitable e.g. for inside walls or load floors in

housing.

- New fields of application might be also imagined in biomedical applications such as

orthopaedics. A proper choice of the copolymer material allows individual adjustment of

prostheses/ortheses at endurable temperatures.

For the future, it is recommended to investigate ‘All-?’ composites since the described

concept of co-extruded tapes can also be applied to materials other than polypropylene.

Composites based on PET can e.g. offer an enhanced thermal stability being desirable for

many applications in the automotive sector.
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Appendix

Processing-Structure-Property Relations of Syndiotactic

Polypropylene (s-PP)

A.1 Introduction

In this thesis, the focus was on processing-structure-property relations in i-PP. Although the

isotactic and the syndiotactic form of polypropylene possess the same chemical structure, they

essentially differ in their mechanical behaviour. Therefore, a description of processing-

structure-property relations in s-PP is given in this appendix. Historically, s-PP has received

less attention compared with i-PP. In 1993, first commercial test runs of s-PP using a liquid

full-loop reactor were performed by Fina Oil and Chemical Company in the United States, a

subsidiary of Petrofina of Belgium. Until 1998, Fina and Mitsui Toatsu, Japan, produced s-PP

only in experimental quantities.

However, because of its toughness, impact strength (especially below the glass transition

temperature), transparency and low heat seal temperature, s-PP may compete against i-PP,

low density polyethylene (LD-PE), linear low density polyethylene (LLD-PE), polyethylene

copolymers and polyvinyl chloride (PVC). Potential application areas include adhesives such

as hot melts and functional grafting type adhesives, elastomers, extrusion and injection

moulded products that must be sterilised by radiation, transparent sheets, films requiring high

clarity, toughness and low heat sealing temperature, and fibres.

The crystal structure of syndiotactic polypropylene has been extensively studied. It has been

shown that s-PP exhibits polymorphism in the solid state. Following standard nomenclature1,

four different crystalline phases have been identified. The crystalline forms I and II are both

characterised by chains in helical (ttgg)n conformation.1-7 The crystalline form III consists of

chains in trans-planar (tttt)n conformation.8-11 The fourth modification with chains in a

(t6g2t2g2)n conformation is an intermediate between the helical and the trans-planar

conformation.12,13 Figure A.1 shows unit cells of the different crystal modifications of s-PP.



140                                                                                                                                 Appendix

Figure A.1: Unit cells of s-PP: (a) helical form I, (b) helical form II, (c) all-trans form III; ‘R’ and ‘L’ represent

right handed and left handed helices, respectively. [Source: PhD-Thesis Loos J, University of

Dortmund/Germany 1996]

The physical and mechanical properties of s-PP have been little studied.14-18 The interest in

syndiotactic PP results in part from the possibility that alternating position of methyl groups

may favour an extended chain conformation (form III). Measured crystal moduli show that

the extended chain conformation possesses higher intrinsic stiffness than a helical chain

conformation: i-PP (helix) ~ 40 GPa; s-PP form I+II (helix) ~ 8 GPa; s-PP form III (all-trans)

~ 66 GPa.19 From this, it could be hoped to prepare s-PP fibres offering superior stiffness.

Unfortunately, even highly syndiotactic polypropylene (90-95% syndiotacticity in pentads:

%rrrr) produced by metallocene catalysts possesses a relatively low crystallinity and small

crystals because the syndiotactic block lengths in the molecular structure are short.
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Recently, s-PP with a syndiotacticity of above 99% was produced (Kaminsky, University of

Hamburg/Germany, Institut für Technische und Makromolekulare Chemie). However, at this

time, the new material is not available in quantities allowing testing this idea.

In this appendix, the static and dynamic tensile behaviour of melt-spun s-PP (syndiotacticity

about 90%) fibres are presented. Based on additional wide angle X-ray scattering (WAXS)

data, a morphological model will be introduced to explain the mechanical behaviour.

A.2 Experimental

Fibres were produced from syndiotactic polypropylene, kindly supplied by Fina Oil and

Chemical Company. The material possesses a syndiotacticity of about 90%, a melting

temperature of about 136°C, and a melt flow index (MFI) of 4, which corresponds to an

average weight molar mass of about 160 kg/mol.20 Fibres with circular cross-section were

prepared using a lab-scale melt spinning device (Wiedmann 1-212) equipped with a capillary

of a length of 8 mm and a diameter of 1.35 mm. The virgin s-PP pellets were melted at 160ºC

in a double wallet cylinder. Subsequently the material was pressed through the capillary at

flow speeds of approximately 0.02 m/min and 0.1 m/min, respectively, cooled in air to room

temperature, and wound at speeds varying from 5 m/min to 30 m/min. The ratio between the

fineness (in units of tex = weight in grams per km length) of the unwound as-spun fibre and

the fineness of the wound fibre was defined as ‘draw-down’ of the spinning process.

Consequent solid-state post drawing of the obtained fibres was tried using the laboratory

drawing device described in Chapter 3. However, these trials were not successful. Additional

annealing experiments were not performed.

The mechanical properties of the fibres were determined using a Zwick 1445 tensile tester

equipped with a 5 N load cell and special fibre clamps for standard tensile experiments. A

Frank 81565 tensile tester was used for cyclic loading experiments. Both experiments were

carried out at ambient temperature with fibres of initial gauge length of 100 mm and with a

crosshead speed of 50 mm/min. The cyclic loading experiments were performed using a

force-controlled mode in a range of 25% to 80% of the maximum load at fracture as

determined from tensile tests. Mechanical data presented in this article are the average of 10

tests. Wide-angle X-ray measurements (WAXS) were performed on as-spun fibres at room

temperature by using a Philips pinhole camera.
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A.3 Results

Depending on the draw-down of the spinning process, fibres were prepared with a wide range

of fineness 1 tex to 58 tex, or of diameter 38 µm to 290 µm, respectively, as shown in Figure

A.2.

Figure A.2: Log fineness/diameter as a function of the spinning draw-down.

Representative stress-strain curves of the fibres are shown in Figure A.3. Fibres with draw-

down less than 100 show a yield point and the stress drops after yield. This behaviour

indicates the development of necks and large plastic deformation sections before the stress

tarts to rise again followed by fracture of the fibres. The onset point, at which the stress starts

to rise (stress hardening), steadily decreases with increasing draw-down. The plastic

deformation region essentially disappears above a draw-down of approximately 100, and for

draw-down above 250 the fibres show rubber-like stress-strain curves without any indication

for plastic deformation. Furthermore, it can be seen that fibres with draw-down 275 and 975,

respectively, possess a lower stiffness (about 250 MPa) compared with fibres of draw-down

less than 100 (550 MPa). Figures A.4 and A.5 show plots of tensile strength and elongation at

break versus draw-down of as-spun fibres, respectively.
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Figure A.3: Representative stress-strain plots of the fibres; spinning draw-downs are as indicated.

Figure A.4: The tensile strength as a function of the spinning draw-down.
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Figure A.5: The elongation at break as a function of the spinning draw-down.

Tensile strength improves with increasing draw-down, the highest value is observed for fibres

with highest draw-down. The values of the elongation at break drop with increasing draw-

down and show asymptotic behaviour at large draw-downs. The relative high elongation at

break value of the data point with highest draw-down is most probably explained by

experimental variations.

Additional dynamic tensile tests were performed, and again the data sets indicate a rubber-like

behaviour of s-PP fibres with draw-down above 250. Figure A.6 shows stress-strain curves of

continuous load-unload cycles for a fibre with high spinning draw-down of 975 and a

diameter of 57 µm, respectively. The data describe cycles starting with 25% and using an

upper load limit of 80% of the average fracture load. The load part of the first cycle represents

the equivalent part of the static tensile curve. Unloading of the fibre results in an almost

complete elastic recovery defined as the ratio between the recovered strain and the total

applied strain. In addition to the elastic recovery, the hysteresis of the first cycle indicates a

low energy loss, represented by the area enclosed by the load-unload curves. After ten cycles,

the appearance of the load-unload curve is almost congruent with the first cycle. Neither the
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overall shape of the curve, nor the position in the stress-strain plot in case of initial and final

values has been changed significantly. Performing further load-unload cycles, we see that the

curves start shifting to higher elongation values, however maintaining the original shape. This

shift is a strong indication for non-reversible plastic deformation, but on a very low level.

After 100 cycles the initial and final strain values are shifted about 7% and after additional

1000 cycles a shift of 15% can be observed.

Figure A.6: Stress-strain curves of dynamic load-unload cycles for a s-PP fibre with high spinning draw-

down of 975.

Figure A.7 shows a X-ray pinhole diffraction pattern of a bundle of melt-spun s-PP fibres

with draw-down 975. The main reflections are indicated. The diffraction pattern is explained

in terms of an orthorhombic unit cell containing molecules with all-trans conformation.10 In

addition, the pattern shows a preferential orientation along the fibre axis, and the amorphous

halo is fairly broad, indicating a low crystallinity of the fibres. Using Scherrer's formula the

breadth of the (021), (020) and (110) reflections is assigned to small crystal sizes in the fibres.
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Figure A.7: X-ray pinhole diffraction pattern of a bundle of melt-spun s-PP fibres with a high draw-down of

975. The main diffraction reflections are indicated.
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A.4 Discussion

The presented data display significant differences in mechanical behaviour compared with

melt-spun i-PP fibres. Except for fibres with low draw-down, a post drawing could not be

performed neither in tensile test experiments nor using a lab-scale post drawing device.

Independent of temperature and drawing loads, only an elastic elongation with final fracture

of the fibres could be obtained. The poor drawability of s-PP can be explained by the absence

of a αc-mobility, as illustrated in Chapter 3.5. In contrast i-PP shows a strong α-relaxation at

approximately 100°C facilitating post drawing above this relaxation temperature.

The cyclic loading experiments confirm the rubber-like behaviour of fibres with draw-down

above 250. From tensile test curves it can be seen that these fibres possess also significantly

lower stiffness compared with fibres with low draw-down.

The unusual mechanical behaviour of fibres with high draw-down can be explained by the

fibre morphology. Generally, two main different chain conformations in the crystalline state

of s-PP are known, a twofold helical (ttgg)2 and the planar all-trans (tttt)n conformation, but

only cold-drawn samples exhibit a crystal structure based on the latter conformation.8-11,18

Additional preparation routes were found to form the ‘all-trans’ crystal phase using a special

solution/melt spinning technique and laboratory scale s-PP of very high syndiotacticity

(rrrr=98%).11

This result together with early studies on cold-drawn sample lead to the assumption that stress

induced crystallization is an important factor for the formation of the ‘all-trans’ phase. After

all, the melt-spinning process as described in this study is an additional preparation route for

the solidification of 'all-trans' crystals.

Moreover, only defect-free molecular sequences of the macromolecules longer than the

critical nucleus size of the ‘all-trans’ phase can contribute to its formation.11 The pre-

commercial s-PP used in this study has a relatively low syndiotacticity, which results in a high

number of tacticity defects in the molecules. These defects, in the all-trans conformation,

cause a change of the spatial direction of the chain and cannot be incorporated in the crystal.

The formation of the 'all-trans' phase is preferred using the described preparation conditions,

but the low syndiotacticity with high number of defects along the macromolecules results in

low crystallinity and small micel-like crystals in the fibres. These crystals act as physical

crosslinks in the amorphous matrix, as shown in Figure A.8.
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Figure A.8: Sketch of the fibre morphology: small 'all-trans' crystals (t) in an amorphous matrix.

Finally, the morphology of the melt-spun s-PP fibres is comparable with the architecture of

thermoplastic elastomers. The small crystals act as crosslinks in the defect-rich amorphous

phase, which is in the liquid-like state (Tg ~ 0ºC). The deformation and almost complete

relaxation of the amorphous molecule segments fixed between small crystals lead to the

observed rubber-like mechanical behaviour.

A.5 Conclusion

The melt-spinning process of s-PP fibres is described. A rubber-like mechanical behaviour is

observed for fibres with high draw-down and determined by static and dynamic tensile tests.

It is found that the fibres show almost complete elastic recovery, even after 1000 test cycles

with an upper stress limit of 80% of their average fracture stress. Released fibres show an

elongation of approximately 7% after 100 cycles and 15% after 1000 cycles indicating a low

plastic deformation during the dynamic test. A model has been introduced, which explains the

rubber elastic behaviour of s-PP fibres with high draw-down. The melt-spinning process

favours the formation of small micel-like crystals, which are formed by molecules with planar

all-trans conformation ('all-trans' phase), and these crystals act as physical crosslinks in the

amorphous matrix.

t

t

t

t
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Samenvatting

Synthetische polymeren (plastics) zoals  polypropeen (i-PP) vervangen in toenemende mate

metalen en glas in een groot aantal constructieve toepassingen dankzij de combinatie van een

aantal unieke eigenschappen. Deze eigenschappen zijn onder andere een lage soortelijke

massa, lage kostprijs, geen corrosie en met name de eenvoud van vormgeving. In met name

de automobielsector zijn synthetische polymeren (plastics) in opkomst vanwege het realiseren

van complexe vormdelen tegen lage kosten via eenvoudige operaties zoals bijvoorbeeld

spuitgieten en rotatiegieten.

De mechanische/fysische eigenschappen van synthetische polymeren zijn echter vaak

onvoldoende, met name qua stijfheid, en daarom worden deze materialen vaak versterkt met

anorganische additieven, varierend van deeltjes (silica) tot glasvezels. Met name glasvezels

zijn populair vanwege een lage kostprijs en hoge stijfheid. Het nadeel is dat glasvezels bij

herverwerking en/of verbranding (thermische recycling) problemen opleveren zoals de

vorming van slakken bij verbranding.

In het midden van de jaren ‘90 introduceerde prof. I.M. Ward (Leeds University) het concept

van de zogenaamde zelfversterkende polypropeen composieten, d.w.z een polypropeen (PP)

matrix, versterkt met polypropeen vezels en/of bandjes (tapes), via het zogenaamde ‘hot

compaction process’. In dit proces worden polypropeen vezels samen aan elkaar verlijmd, via

selectief opwarmen, waarbij het oppervlak van de vezels smelten en de kern van de vezels

intact blijft. Op deze wijze wordt een zogenaamd ‘All-PP’composiet materiaal verkregen, een

PP matrix versterkt met een zeer hoge volume fractie PP vezels. Na gebruik kunnen deze

‘All-PP’ composieten weer worden hergebruikt via opsmelten en verwerking en/of thermische

recycling.

In dit proefschrift wordt het concept van ‘All-PP’ composieten nader uitgewerkt met als

kenmerk een eenvoudiger procesvoering. Het nadeel van de procesvoering van Ward c.s. is de

beperking inzake het temperatuurstraject waarbinnen het oppervlak van de vezels moet

worden opgesmolten en waarbij de kern van de vezels intact moet blijven, een kwestie van

enkele graden, hetgeen op industriële schaal moeilijk te realiseren is.

Het concept dat in dit proefschrift wordt beschreven gaat uit van polypropeen bandjes (tapes)

die aan weerszijden zijn bedekt met een lager smeltend polypropeen-copolymeer verkregen

via een co-extrusie proces. Bij opwarmen zal het polypropeen-copolymeer smelten bij een

lagere temperatuur (ca. 140ºC) , waarbij de kern c.q. het homopolymeer volledig intact blijft
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vanwege een veel hogere smelttemperatuur (ca. 180ºC onder spanning), met als groot

additioneel voordeel dat navervorming mogelijk is tot 3-dimensionale structuren bij relatief

lage temperaturen.

Voor een optimale prestatie van ‘All-PP’ composieten is het van belang om de eigenschappen

van de polypropeen bandjes te maximaliseren qua sterkte en stijfheid (E-Modulus). In dit

proefschrift wordt de procesvoering beschreven om polypropeen bandjes te produceren, ook

op industriële schaal, met hoge sterkte en stijfheid.

De polypropeen bandjes werden na extrusie verstrekt in de vaste fase en de mechanische

eigenschappen en de morfologie werden bepaald als functie van de verstrekgraad. In

overeenstemming met de literatuur werd vastgesteld dat de sterkte en stijfheid toenemen met

toenemende verstrekgraad. Bij een verstrekgraad >10 treedt het verschijnsel van

‘overdrawing’ op, dat wil zeggen dat het verstrekte materiaal opaak wordt ten gevolge van het

optreden van fibrillatie. Gevonden werd dat de polypropeen bandjes, in tegenstelling tot PP

vezels, na het optreden van ‘overdrawing’ verder verstrekt konden worden tot verstrekgraden

van ca. 15. Dus ‘overdrawing’ is geen probleem bij het verstrekken van PP bandjes en de

eigenschappen in termen van stijfheid en sterkte nemen toe. Op produktieschaal konden

routinematig polypropeen bandjes worden vervaardigd met maximum waarden van 14 GPa en

0.55 GPa, voor respectievelijk de stijfheid en treksterkte.

De invloed van de verstrektemperatuur werd ook uitvoerig bestudeerd. De eigenschappen van

de verstrekte bandjes, bij een vaste verstrekgraad, zijn sterk afhankelijk van de

verstrektemperatuur. In het gebied van affiene deformatie neemt met toenemende

verstrektemperatuur de breukrek van de verstrekte bandjes af terwijl de zwichtspanning

toeneemt, bij identieke verstrekgraad en stijfheid. Bij een twee-staps verstrekproces bleek de

verstrektemperatuur in de eerste verstrekstap bepalend voor de verstrekking in de vervolgstap,

waardoor betere mechanische eigenschappen kunnen worden verkregen.

De verkregen resultaten werden toegepast in een nieuwe industriële multi-trapsverstrekproces

voor het vervaardigen van gecoëxtrudeerde PP bandjes met stijfheden van 16 GPa (ca. 18

GPa voor het kernmateriaal, c.q. het homopolymeer), een treksterkte van ca. 550 MPa en een

breukrek van ca. 7%. Deze bandjes werden beproefd op toepassing in  ‘All-PP’ composieten.

Deze composieten zijn in vele opzichten beter dan met glasvezel versterkte polypropeen

composieten, met name wat betreft de slagsterkte (impact). Toepassingen van deze ‘All-PP’

composieten zijn voorzien in de automobiel sector voor interne vormdelen, en als hoge druk

buizen.
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