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Abstract

This thesis deals with the behaviour above glass transition of isotactic polypropylene (iPP) under its a-crystalline
form in the linear visco-elastic and in the yield ranges. As iPP is known to undergo changes of its solid state
microstructure under the action of time and temperature such as aging, annealing or thermo-oxidation, stabilised
conditions have been identified before realising mechanical tests. Tensile quasi-static and DMTA experiments
have been carried out with the aim to establish the link between both on the base of the analysis of their
underpinning common mechanism, the diffusion of screw dislocations via helical jumps at the interface of the
different phases. Six homopolymers produced with two catalytic systems have been analysed. Thanks to the
Ree-Eyring model and a thermorheological approach new to the solid state, the equivalence between the levels
of activation energies and their temperature range has been demonstrated, and a discussion on the relation with
the microstructure carried out, with a proposal for a possible sketch. To our knowledge, it was the first time
that the range of longer time and low to very low strain rates was explored in a systematic approach combining
both types of tests on this type of material, and that an attempt to understand the physical signification of the
activation constant in relation with the microstructure was proposed.
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Preamble

Material science is a fabulous field of research.

Materials have been the companion of humankind since its very origin. The names of the prehistoric and
historic periods bear testimony to this: paleolithic, mesolithic, neolithic for the stone, bronze age, iron age for
ores and metals when these have been discovered four thousands years before the common era, without obviously
forgetting clay. The mastery of the goldsmiths of antiquity revealed extraordinary skills and know-how, as did
glass and metallurgy in the broadest sense.

Who has not been fascinated by the red glow of metal, by the incredible slabs of steel transported within
factories and rolling mills, and by the human adventure of sweat and courage? Who has not been touched
by the iridescent rainbow of colours and the swirls of opalescent paste skilfully moulded by the craftsman into
crystal vases, decorative ornaments or simply table glass?

Synthetic polymers are far more recent and do not display such an external beauty; theirs lies in the realm
of the infinitely small, because to remind the words of Ali S. Argon, one of the great scientists of mechanical
engineering and fracture mechanics, if one had to describe the architecture of metals as classical, then that of
polymers should be qualified as baroque.

One could think that everything has been discovered about polypropylene. It is indeed a very widely used
commodity polymer the synthesis technology of which has been invented by Giulio Natta and Karl Ziegler
in the ’50. Its main applications find themselves in injection moulding, film extrusion, fiber production or
thermoplastic elastomers [1].

However, the unique nature of polypropylene, especially isotactic polypropylene, makes it one of the most
complex materials to understand: the sequence of monomers, the presence of defects or branches along the
helical chain result, depending obviously on the thermo-mechanical history and chain remarkable flexibility, in
crystalline polymorphism and epitaxy, and in disordered crystals co-existing together. Since the invention of
the metallocene catalysis at the end of eighties, new routes have been open, adding still some extra layer of
complexity.

Based on previous experience on the long term behaviour of polyethylene, we were curious to explore this
material, understand the similarities between both, but also discrepancies.

We have not been disappointed.



Executive summary

This thesis deals with the behaviour of isotactic polypropylene under its a-crystalline form in the linear visco-
elastic and in the yield domain, the two opposite limits of the small deformation range. Six homopolymers
produced with two catalytic systems have been analysed.

The purpose is to establish the relation between these two limits, to understand the various processes at work
and to make the relation with the microstructure that is itself dependent on the catalytic system and on the
thermo-mechanical history, highlighting discrepancies and similarities.

More specifically, two aspects have been addressed: the influence of the catalytic system on the yield behaviour
measured with quasi-static tensile tests, especially the presence of a double yield and its impact; and the
relationship between the visco-elastic relaxations - measured with dynamic mechanical and thermal analysis
(DMTA) - and the yield.

The results obtained in the range of the yielding behaviour have been modelled thanks to the Ree-Eyring
approach and have shown that a double yielding phenomenon was indeed present, though it could not be
ascribed clearly to the well known couple "heterogeneous/homogeneous" mechanism. By contrast, we suggest
that it could result from the moreless strong competition between yield and cavitation leading to two mechanisms
of heterogeneous yield, likely to be due to the multiphasic composition of the products.

The results obtained in the visco-elastic range have been modelled with a thermorheological approach usually
carried out in the melt. This was compulsory because the strong overlap of the viscoelastic curves prevented
a relevant exploitation of the time-temperature superposition principle and this type of model was particularly
relevant in our case, being very sensitive to any small differences. Three to four mechanisms could be identified
and their activation energy was put in relation with the activation energy found in the quasi-static tests, ranging
between 100kJ /mol to 200kJ /mol. The DMTA tests unveiled more activated processes than those measured in
quasi-static tests.

The influence of the catalytic system on the activation volume, energy and time constant was analysed from
the viewpoint of the underlying diffusion of screw dislocations throughout the interfaces of the different phases,
especially thanks to the helical jumps. The same mechanism was also used to explain the behaviour in the
viscoelastic range.

Some preliminary structure/properties relationships were presented with respect to the crystalline thickness of
lamellae and amorphous phase, to the isotactic length as well as to the yield and the viscoelastic properties. It
was found that, comparing two of the three products exhibiting the same mechanism of deformation at yield,
the flexibility of the amorphous phase due to the difference of catalyst was critical to explain the differences
in the activation volumes, energies and time constants. It was also found that the lower a-transitions of the
three products were occurring in a very narrow time-temperature frame, and seemed to correspond to the
transition of the rigid amorphous fraction or of the conformationally disordered crystals, around 50°C-60°C.
Finally, a proposal gathering the abovementioned considerations was attempted thanks to the sketch of a
possible undeformed solid state microstructure for the two catalytic systems considered.

Several Matlab@®) programs were implemented to handle and analyse the data coming from the quasi-static and
dynamic tests.

To our knowledge, it was the first time that the thermorheological approach was applied to the solid state. It
was also the first time that a set of isotactic polypropylene products was systematically tested at low to very
low strain rates, and that the link and interpretation of the activation constants was discussed in relation with
its specific structure and not in general.



Chapter 1 : Introduction

1.1 General introduction

The worlwide production of thermoplastic polymers has evolved in fifty years from 50 millions to around 400.3
millions tonnes in 2022 among which less than 10% is recycled. China is currently the main producer, with one
third of the total capacity. European converters demand around 50 million tonnes of plastic where packaging
and building & construction account respectively for 40.5% and 20.4% of the market segments. Polyethylene
and polypropylene are the biggest players with around 8.9 and 9.9 millions of tonnes of the demand [2].

The figure 1.1 gives the break down of the global polymer production by polymer where it can be seen that
polypropylene contributes to around 20% of the total amount [2], [3].
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Figure 1.1: Global polymer production by polymer in 2023 [2], [3]

Figures 1.2 shows two types of distribution per region around the world: (a) the bio-based! and bio-attributed?
plastics production and (b) the post-consumer recycled plastics production. In this latter case, it can be observed
that the rest of Asia, China and Europe lead the way though the amount of 35.5 millions tonnes recycled is
definitely still very low.

I According to ISO 16620-1, the biomass is the material of biological origin excluding material embedded in geological formations
and/or fossilised and a bio-based synthetic polymer is a polymer obtained through chemical and/or biological industrial process(es),
wholly or partly from biomass resources.

2 According to European bioplastics association, due to the complexity of the supply chain, the term “bio-attributed” indicates
that the use of renewable feedstock has been ascribed using mass balance approach compared to other methods to evaluate the
amount of biogenic feedstock - see https://www.european-bioplastics.org/
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Figure 1.2: Distribution per region across the world of (a) the post-consumer recycled products and (b) the
bio-based and bio-attributed plastics [3]

In the specific case of the European rigid packaging market, the figure 1.3 gives an idea of the competition
between the various polymers.
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Figure 1.3: Break down of European rigid packaging market on the various polymers (Source: O. Lhost,
TotalEnergies, 2018)

Polyethylene and polypropylene are part of the larger polyolefins family. Polypropylene is produced from the
monomer propylene which general structure can be written as CHy = CH — C'H3. Its global market size is
evaluated to be around EUR 113.30 billion in 2022 and is expected to expand at a compound annual growth rate
(CAGR) of 4.7% from 2023 to 2030. The growth of the market is mainly driven by end-use industries such as
automotive, packaging, and building & construction. In these markets, homopolymer is the largest segment and
accounts for a market share of over 80% [4], [5]. The main applications find themselves in injection moulding,
film extrusion, fiber production or thermoplastic elastomers [1] where the requested properties are in the range
of short to mid-term characteristic times.

The table 1.1 summarises which applications supply which market.
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Table 1.1: Summary of applications and markets for PP resins (source: O. Lhost, TotalEnergies, 2018)

Application ‘ Markets
Injection rigid food packaging, caps and closures, garden furniture, syringes, ...
Thermoforming food packaging, non-food packaging
Blow-moulding food packaging (multi-layers), detergency, containers
Textile short fibres, multi-filaments, woven non-woven,..

Bi-oriented PP (BOPP) monolayer, coextrusion, opaque, metallised: food packaging or not

Like many other semi-crystalline thermoplastics such as polyethylene (PE), polyamide (PA), polyvinylidene
fluoride (PVDF) or polylactic acid (PLA), polypropylene (PP) and more especially isotactic polypropylene
(iPP)? displays a series of domains and structures that are thermodynamically far from equilibrium and this has
a strong influence on its main characteristics in the solid state: multi-scale hierarchically organised crystalline
structures, sensitivity to ageing and annealing, to thermo- and photo-oxidation, to yielding and cavitation?,
ability to undergo changes of chain conformation and packing under thermal treatment or increasing strains.

A lot of research has investigated the influence of its molecular architecture on its crystallisation in solution or
in the melt, namely from the viewpoint of the condensed state, and on the resulting solid state properties. The
presence of co-monomers and defects was included in these studies.

The main mechanical properties studied in the literature have been dealing with stiffness and more generally
quasi-static properties, impact resistance, brittle-ductile transition or fracture [6], [7], [8], [9], [10], [11], [12], [13],
[14]. This has always been consistent with the requested end-use properties such as those mentioned above. The
figure 1.4 displays the positionning of the various polypropylene structures in relation with the main requested
end-use properties.

ICP = Impact copolymers

f STIFFNESS HP = Homopolymers i
. (MPa) RCP = Random copolymers
‘ TP =Terpolymers | 150 0
_____ 1000
500

IMPACT RESISTANCE
(kJ or kJ/m2 or J/m)

Figure 1.4: The pyramide of PP molecular structures in relation with their end-use properties (Source: reworked
from O. Lhost, TotalEnergies, 2018)

Building on experience acquired on HDPE, we have more been interested in exploring the long-term properties
of two types of isotactic polypropylene with the hope to better circumvent the behaviour of this material under
these characteristic times and therefore open the door to new potential structures and maybe new long-term
applications.

3the tacticity is "The orderliness of the succession of configurational repeating units in the main chain (backbone) of a regular
macromolecule [...]" (source: IUPAC Gold Book). The polypropylene is qualified as isotactic when its methyl groups CHs are
located on the same side of the main chain. See Chapter 2 for detailed explanations about iPP

4Cavitation is the tendency of a polymeric material to undergo a large number of small local density fluctuations leading to the
creation of micro-voids which, by coalescence, lead to cavities on a meso- to macroscopic scale
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By its very nature, material science is at the cross-road of chemistry and physics (without even talking about
biological materials), and rely on four scientific domains: material, process, metrology and modelling & simu-
lation at various scales, as illustrated on the figure 1.5 below. These graphs display, from top to bottom and
left to right, (a) the path in terms of space and time scales to be followed from the chemical synthesis to the

device, from the laboratory to the factory, with a variety of (b) experimental and (c) in silico methods®.
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Figure 1.5: Hierarchical multiscale sketch of time and space with related structures, experimental and in silico
tools and methods and their link towards down and upper level: (a) time and space scales from design to device
and from lab to factory [15], (b) the variety of experimental methods (unknown source), (c) the variety of
software [15]

Related to historical and industrial reasons, the literature does not cover the full knowledge chain and tackles
scarcely together the influence of the macromolecular structure and of the thermo-mechanical history with the
detailed understanding of the solid state microstructure. Despite incredibly huge progresses realised in the
realm of modelling & simulation on the last decades, there still lacks a sound understanding of the micro-macro
processes at work under deformation, that would be able to feed them appropriately. Researchers recognise this
fact [16], [17].

This is thus the red line that we have taken, trying to bring some new systematic aspects and to contribute
with our research to bring a small stone to this edifice.

1.2 Scope of this work

The purpose of our research about the isotactic polypropylene under its a-crystalline form is three-folded: first,
to demonstrate, in the range of small deformation and low strain rates, the relationship between the visco-elastic
and the yielding behaviour; secondly, to establish the relationship between the common underlying microscopic
mechanisms at work and the micro-structure and finally to analyse the influence of the chemical synthesis route
on both.

In this thesis, we will present the results obtained on two of these aspects: the influence of the catalytic system
on the yield behaviour, especially the presence of a double yield and its meaning; and the relationship between
both opposite limits of the small deformation range, i.e. the visco-elastic relaxations and the yield.

The work is disclosed into five parts: chapter 2 is a bibliographic study based mainly on polymer solid state
behaviour and microstructure, chapter 3 deals with the characterisation of the microstructure in the solid state,
chapter 4 deals with the evolution of the yield at low strain rates taking into account the two catalytic systems,
chapter 5 deals with the comparison between viscoelastic relaxations and yield for all the products and finally
a conclusion as last chapter.

The chapter 2 has been conceived with the red line that a special care should be brought to a pedagogical
explanation of scientific fields usually handled separately. It proposes accordingly 1°) a general approach of
deformation mechanisms in semi-crystalline polymers undergoing increasing strain, with a focus on the domain
of small deformations (physical models, transitions such as glass/rubber or solid/solid, etc); 2°) a reminder of
visco-elasticity and its link with time-temperature superposition, 3°) an overview of the molecular and solid
state microstructure of iPP and 4°) a special case of environmental and chemical ageing, the thermo-oxidation.
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The chapter 3 presents the six homopolymers that we have used for our research together with a set of results
coming from the characterisation of the solid state microstructure. Two campaigns have been carried out on
the materials, a first one tackling one chemical structure and three thermo-mechanical histories; a second one
carried out on one thermo-mechanical history and tackling the influence of six different molecular architectures.
The adequate balance between aging, annealing and degradation has been explored and stabilisation conditions
found in order to mitigate degradation before and during mechanical tests.

The chapter 4 deals with the presence of two yielding processes occurring at longer term in mechanical tests
and the influence on these mechanisms of the respective molecular architectures in relation with their catalytic
system. The semi-empirical well known Ree-Eyring theory of plastic flow has been applied to three molecular
architectures, two Ziegler-Natta and one metallocene homopolymers. This has allowed to determine the process
constants for each product. To our knowledge, it is the first time that a detailed explanation is provided for
isotactic polypropylene on the quality of the activation constants in relation with both the chemical structure
and the thermo-mechanical history of the considered materials.

The chapter 5 deals with the influence of thermo-mechanical history and molecular structure on the visco-elastic
behaviour above Ty at low to very low frequencies. The challenge was to identify the number and location in
time and temperature of the relaxations, and where the transitions were occurring, as the viscoleastic curves
were displaying substantial overlapping between each other, which has put at stake the application of the
time-temperature superposition principle. A thermorheological approach, usually carried out in the melt, has
been used because sensitive to small variations. An explanation about the different structural phases has been
proposed: three to four mechanisms were identified, among which it was assumed that those occurring at
lower temperature were related to the fragmentation of the lamellae, i.e. to the heterogeneous crystal slipping
mechanism. This explanation was taking benefit of the assumption that the diffusion of screw dislocations at the
interface between the different phases is the critical underpinning mechanism supporting the similarity between
the visco-elastic and yielding behaviour.

Finally, in the conclusion, we review the physical interpretations of the various mechanisms occurring at the
interface of the rigid amorphous fraction with crystalline phase on the one side and with the amorphous phase
on the other. We sketch a few general structure/properties relationships dealing with the thicknesses of lamellae
and amorphous phase, leaving a more detailed investigation of the role of stress transmitters and regio- and
stereo-defects so characteristic of this polymer to a later study.

We would like to draw the attention of the reader that there could be some redundancies between the state-of-
the-art of chapter 2 and the small literature review of chapters 3 to 5 as these are currently in the process of
being transformed into articles to be submitted.
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2.1 Introduction

The way this state-of-the-art has been organised corresponds to the scientific strategy that we have adopted to
try helping to bridge the gap in scientists’ understanding of their material, depending on whether they come
from the synthesis world (the "chemists") or the process/end-use properties/design world (the "engineers" or
"physicists").

Indeed, semi-crystalline polymers are, as reminded in the introduction, complex systems exhibiting a multi-
scale multi-hierarchical structure in the solid state. Very schematically, the main inter-dependent pillars of a
polymer-based device are the synthesis of the material, the process, the end-use properties, the design of device
performances and the related equipments, all being supported by real and in silico experiments.

The current models used by the designers of devices are embedding the largest manufacturing and knowledge
chain possible but they all rely on a correct description of local or long distance phenomena that depend
themselves on the material structure at various scales. The general trends are known but the detailed description
per material needed by the models is still missing.

The field of structure/properties relationships is thus a quite open field yet.

More precisely, the interface between these two disciplines lies on the understanding of the exact multi-
component solid structure of materials far from equilibrium and the link with their microstructure in response
to the whole range of deformation, temperature and time, and external environment possible during their
utilisation.

The choice of isotactic polypropylene represents an interesting case as under relatively standard processing and
end-use conditions, it presents a kaleidoscope of more or less organised and ordered domains coexisting within
a solid-state microstructure and which are subjected in different ways to the influence of time, temperature,
deformation and physical or chemical ageing; the solid state microstructure depending itself on the molecular
architecture in function of catalytic systems used.

From the literature [18], [16], [19], [20] and overall [21], it appeared to us that, in particular, one of these domains
within these semi-crystalline polymers plays a critical role in the macroscopic response of the material, i.e. the
rigid amorphous fraction (RAF). In isotactic polypropylene, this phase, strongly dependent on the type of defects
and therefore on catalyst, is made still more cumbersome because of its presence at the (confined) interface
with various types of lamellae, with conformationally disordered crystals and other ordered mesophase. The
visco-elastic behaviour of the solid state microstructure is an ideal tool to reveal the influence of the molecular
architecture but also to fill in the gap with the end-use properties. In order to establish a relevant bridge
between these two scales, it is therefore appealing to us to explore visco-elastic relaxations and their link with
the yield point. These two behaviours have in common the underpinning process of nucleation and diffusion of
dislocations, where the RAF plays a critical role.

We have applied traditional and systematic approaches from one field to another where they are not really used,
and have therefore introduced two novelties: firstly, we have combined the "chemist" and "physicist" approaches
by combining molecular architectures carefully selected and a large range of characteristic times, focusing on
the longer ones (low to very low frequencies); secondly, we have combined the "rheologist" and "solid state"
approaches of molecular relaxations by applying to the solid state a time-temperature superposition method
usually dedicated to the very complex relaxation spectra of the molten state.

The state-of-the-art is thus broken down into four parts:

1. a general approach of deformation mechanisms in semi-crystalline polymers, its application to isotactic
polypropylene and to the field of small deformations

2. the chemical and solid state structure of isotactic polypropylene and the influence of the two different
catalytic systems

3. a specific type of chemical aging: the thermo-oxidation of isotactic polypropylene

4. a conclusion

2.2 General approach of deformation mechanisms in semi-crystalline
polymers

Many models have been elaborated in order to describe the deformation mechanisms in high semi-crystalline
polymers. Some of them are purely phenomenologic, other ones try to get a more semi-empirical understanding,
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though failing to involve the whole range of scales spanning the final macroscopic result.

In this section, we will first review what is known as "remarkable points", such as the yield point on a tensile
curve and draw the attention to an important vocabulary aspect that concerns the term "failure"; secondly, we
will give a broad outline of the mechanisms of deformation with increasing strain and finally, we will review in
more details these processes at small deformation, with a focus on the plastic flow.

2.2.1 The tensile curve, remarkable points and deformation mechanisms

In order to bridge micro- and macro scales, it is worth to give first a few characteristics (i.e. remarkable points)

of stress-strain curves in relation with the macroscopic event observed, as illustrated at figure 2.6 on a nominal

(or engineering) stress-strain curve®.
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Figure 2.6: Stress-strain curve of HDPE in nominal values [22]

The deformation range up to the local maximum - the yield point - is considered as the range of small deforma-
tion. From this remarkable point to the fracture of the sample, the range is the one of the large deformations.
The drop height and width are a signature of various events such as neck apparition and structure transforma-
tion. The material is said to have a viscoplastic or viscoelastoplastic behaviour, which is mainly an irreversible
state. In this stage, and after the plateau corresponding to the propagation of the neck, the material can un-
dergo strain hardening, as illustrated at figure 2.6, strain softening or break. The range of large deformations
is characterised by two sets of quantities: the strain hardening coefficient (when existing), i.e. the local slope
of the stress-strain curve and the stress and strain at break (Source: internal glossary on tensile quasi-static
properties, Solvay, Ezio Gandin, Sandrine Hellinckx, Anne Goldberg).

Another way to represent the behaviour of a semi-crystalline polymer under increasing strain is to draw its true
stress-true strain curve as illustrated at figure 2.7. True strain is used mainly when investigating and modeling

material at large strains’.

The true stress-true strain curve is obtained by assuming that the volume of the deformed section is conserved
and that strain is uniform. Under these hypothesis, it is possible to write

€true = In(1 +€) (2.1)

and
Otrue = (1 + €) (2.2)

Sunless specified when tackling the stress-strain curve, € and o are the nominal values
7another quantity, the Hencky strain, is also found in the literature and gives similar information.

12



ECOLE
u M O N S \/ 4 m ﬂ POLYTECHNIQUE
Université de Mons — DE BRUXELLES

The remarkable points oy, €, and €}, correspond to the yield stress, yield strain, and strain at onset of hardening,
respectively. The two first quantities are obtained by searching the extrema thanks to the first derivative of the
(e, o) curve.
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Figure 2.7: A typical true stress-strain curve of a semi-crystalline polymer [17]

There is no unified theory describing the behaviour of a polymer, its damaging and its ultimate failure by
rupture of the C-C covalent bonds. A lot of various models exist that take various perspectives depending on
the time, temperature and deformation considered. Just to mention a few, brittle-ductile transition, slow crack
growth, strain hardening, activated fracture processes, etc. It is out of the scope of this literature review to
address this topic. Let us just mention that usually, the macroscopic stress and strain at yield and break have
always been considered as independent variables, the evolution with time or temperature of which is different
and eventually competing together. They have also been considered as provider of interesting failure criteria.
This results in a situation where the failure criteria, the damaging and the behaviour laws are not integrated
and the choice of the failure criteria remains somehow arbitrary [23], [24], [25], [26].

We would like to finish this very short introduction to the tensile curve by drawing the attention to an important
point: the very term failure itself can encompass in this context various situations and have different meanings
if it is used at the macroscopic or the microscopic level: the ultimate failure refers clearly to the massive though
nanoscopic rupture of the material covalent bonds whereas the macroscopic "ductile" failure refers to a moment
where a more or less complex part is no more usable because it has locally crossed the yield and shifted to
irreversible plastic deformations. The meaning of the word "failure" will thus be clarified later in this text by
the context in which it is introduced [27], [24], [25], [26].

2.2.2 Structural approaches of relaxation and deformation mechanisms in semi-
crystalline polymers

In this section, we will review the deformation mechanisms occurring under increasing strains up to the break
of the material. Let us illustrate the mechanisms triggered all along the true stress-strain curve with their
microstructural evolutions.

The whole deformation process consists of several stages with different micro-mechanisms involved at each stage.
Generally speaking, the plastic deformation initiates at yield point (point B of figure 2.7) where the crystal
lamellae experience crystallographic events like slips and interlamellar shear (or accompanied by partial melting
recrystallisation), then the crystallites fragmented into lamellae blocks connected by oriented amorphous chains
with the strain increasing (point B to C). Finally, at large strain (beyond point D), the lamellar crystals change
into fibrillar crystals, allowing a significant hardening effect if chain disentanglement is not involved. In tensile
deformation mode, the polymer may also cavitate during the whole stretching process. All in all, the critical
deformation mechanisms may depend on a set of variables and factors linked to the material microstructure
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and test conditions, and follow irreversible or reversible paths, leading to changes in conformations or packing,
when the stress is released. We summarize these aspects hereunder thanks to a model named "interpenetrated
network" that will be explained later.
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Figure 2.8: Characteristic deformation mechanisms of an interpenetrating model (see text for explanations on
the various steps, with a special focus on the step (b)) [17]

The various existing models describing the microscopic deformation mechanisms are each based on different
physical principles. The figure 2.8 describes one possible evolution of characteristic deformation mechanisms
proposed at different critical strains in a model called the interpenetrated model or IPN (see infra). The
deformation of isotropic lamellar crystals (see figure 2.8(a)) goes through four stages: (b) onset of individual
crystallographic slips®; (c) collective activity of crystallographic slip and interlamellar shear leading to lamellae
fragmentation; (d) formation of fibrillar crystals; (e) formation of a highly oriented network connected by fibrillar
crystals. The critical strain points A-D correspond to different deformation stages marked in figure 2.7.

2.2.2.1 Deformation models

Here, we would like to take benefit from an excellent review published very recently by Xu et al [17] that presents
a comprehensive overview of strain-driven structural evolutions from small to large deformations.

The objective of this paper is to get "a comprehensive multi-scale vision regarding the structural changes in-
volved during the whole deformation process from the beginning of plasticity to ultimate failure. Besides, how the
strain-induced structural changes control over various physical properties and functions of crystallised polymer
materials in practical applications has been rarely mentioned. We in this review summarize not only the clas-
sical deformation schemes but also the latest progresses on the multiscale and multi-stage structural evolutions
covering each stage of deformation, particularly in terms of the crystal phase transitions, crystal morphology
changes and damage mechanism."

Among many, four important models allow describing the molecular micro-mechanisms involved in multi-stage
deformation process: 1°) crystallographic slipping, 2°) melting-crystallisation, 3°) micronecking and 4°) inter-
penetrated networks. These various models are based on different physical principles and do not always address
the same deformation ranges.

One has also to bear in mind that the entire deformation process can involve several mechanisms, depending
on the polymer, the initial microstructure and the testing conditions.

2.2.2.2 Crystallographic slipping models
Theoretical aspects: dislocations in crystals

The concept of dislocation comes from the metallurgy and the mineral crystals. According to Wikipedia ([28]-
[29]) "In materials science, a dislocation is a linear crystallographic defect or irregularity within a crystal struc-
ture that contains an abrupt change in the arrangement of atoms”. It defines the boundary between slipped
and unslipped regions and as a result, must either form a complete loop, intersect other dislocations or defects,
or extend to the edges of the crystal. After the dislocation has exited the crystal, its order is restored but
the atoms have moved from one position. When the crystalline order is not totally restored, the dislocation is
named "partial".

There are two types of dislocation, edge dislocation and screw dislocation, as illustrated at figure 2.9 where
have been represented (a) on the left hand side, an edge dislocation and (b) on the right hand side a screw

8Regarding the drawing itself, the authors have already included some lamellae fragmentation
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dislocation. On this latter drawing, especially in the case of screw dislocation, the vector DA is located in the
unslipped part and the vector BC in the slipped one. The dislocation thus created is defined by the geometric
position of the dislocation line L and the force required to move the two lips of the discontinuity relative to
each other [30].

The Burgers vector, named after the name of the Dutch physicist Jan Burgers, is defined as the vector required
to complete an initially closed loop ABCD in the perfect crystal (see figure 2.9 top), which is opened when it
encircles the dislocation line (see figure 2.9 bottom). This vector is written b or b and represents the magnitude
and direction of the crystal lattice deformation due to the dislocation. It is displayed in dark brown on figure
2.9. In the case of edge dislocation, b is normal to the dislocation line L (or dislocation line unit u) whereas in
the case of the screw dislocation, bis parallel to L.

D Y Burgers Vector b
Dislocation Line Vector L.

Figure 2.9: Top: closed loop ABCD and bottom: dislocations of edge (left) and screw (right) type; the Burgers
vector b (in brown/dark red) is (left) normal and (right) parallel to the dislocation line L; the crystallographic
planes of the edge and screw dislocations are respectively parallel and perpendicular to their dislocation line L
31], [32]

From a physical viewpoint, the Burgers vector b describes the magnitude of the deformation carried by a
dislocation. In mathematical terms, the Burgers vector is the integral of the displacement on the closed loop
ABCD embracing the dislocation line unit and it can be written as [30]:

b= / dit (2.3)
ABCD

Dislocations in polymers

As semi-crystalline polymers present various crystalline forms, an extension of dislocation theory from the
metallurgy world to the polymer one was thus a quite natural way to tackle the problem of their viscosity and
plasticity. We give hereunder some of its very basic elements. The number and configuration of the dislocations
influence many properties of the solid material, especially its plastic flow.

Usually, dislocations in semi-crystalline polymers, are screw dislocations. Figure 2.10(°) illustrates the phe-
nomenon.

Regarding the microstructural aspects, and as can be see at figure 2.11, the slips in macromolecular crystals
can be either (left) longitudinal along the chain axis (chain slip) or (right) transversal along the perpendicular
direction (in the same plane) [17].

9In semi-crystalline polymers, the crystalline lamellae is said to be made of folded chains, or according to the IUPAC gold book
"A polymer crystal consisting predominantly of chains that traverse the crystal repeatedly by folding as they emerge at its external
surfaces. The re-entry of the chain into the crystal is assumed to be adjacent or near-adjacent within the lattice". See also section
2.3.3.1 for more details.
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Figure 2.10: Remarkable electron micrograph of a stack of chain folded single crystals of PE that have all
nucleated from a central screw dislocation site; the picture has been taken from a presentation by [33] that did
not unfortunately mention any scale
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Macromolecular chain with its chain axis €

Figure 2.11: Longitudinal (L) and transverse (T) slip in crystalline lamellae; ¢ is the chain axis [34]

Figure 2.12 illustrates the three main modes of slip propagation: fine, coarse and interlamellar slip (or shear).
The two first occur in the crystal whereas the third one involves the amorphous layer between two lamellae.

The fine slip is an homogeneous slip process that causes the main axis of the chains ¢ to tilt relative to the
surface normal n. In other word, and as illustrated at figure 2.12(a), an angle appears between the normal
direction to the crystal surface n and the chain axis c¢. The tilting of the chains in the crystallite is progressive
and results eventually in the gradual thinning of the crystal lamellae.

The coarse slip is an heterogeneous shear process where the crystal blocks slide one past another without any
modification between n with respect to c. The heterogeneity can be very strong and lead to the fragmentation
of the lamellae followed by the formation of fibrillar structures if the strain increases further.

Fine slip seems to be the most common mechanism in semi-crystalline polymers, especially in compression
though in tensile tests, fine and coarse slips coexist or compete. This depends on the material defects, the
pre-deformation treatments and the experimental conditions.

The slipping process is a very flexible process as it accommodates a lot of deformation modes, making it a very
general model. More importantly, it is associated to critical crystallographic events such as the ones described
before that are also fundamental molecular processes. A link is thus established via this way between the micro-
and the macro-scale that can be used in the deformation models [17].
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Figure 2.12: Main processes of slip propagation: (a) fine slip; (b) coarse slip; (c) shear or interlamellar slip. n
and c represents the normal to crystal surface and chain axis, respectively [17]

Looking at the application of the dislocation process to the crystalline phase of iPP - also called a-relaxation,
see section 2.2.4 for further details - Séguéla proposes a quite comprehensive view based on several articles, such
as [35], [36], [37] or [38] so we relay on his analysis to summarise the situation. The migration of mobile localized
conformational defects along the chain stem'® results in the translation of the chain. We detail hereunder the
various steps of that mechanism on the base of the isotactic polypropylene example studied by Séguéla [39].
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Figure 2.13: Polypropylene chain conformations (CHs groups are not displayed, C Hy groups are in white and
CH in green): (a) stable 3/1 helix in (T'G)s conformation; (b) defective helix with a gauche link sequence
involving 120° twist and ¢/3 compressive strain; (c) propagation of the defect along the chain axis (rg is the
dislocation core radius) [39]

The figure 2.13(a) displays the helix of isotactic polypropylene in its stable (T'G)3 conformation!’. To make the
reading easier, the methyl groups C H3 have not been represented. The C'Hs are in white and the CH in green.
Each unit cell is constituted by three monomers along the main chain axis ¢ and its value in that direction is
¢ = 0.65nm. The bonds CHy; — CH undergo a torsion of 120° at each pitch the height of which is ¢/3 that
brings the methyl groups moreless at the vertices of a triangle.

The figure 2.13(b) displays the case where a conformational defect has been brought within the helix pitch with
an additional monomer unit. The chain involves then an extra 120° twist and a c¢/3 compression of the chain.
This latter triggers the thermally activated nucleation and motion of a dislocation along the chain that results

10A stem is a crystallized, rodlike portion of a polymer chain connected to non-rodlike portions, or chain ends, or both. Source:
TUPAC gold book

HThe isotactic polypropylene structure will be described in details at section 2.3. The conformation we are referring to can be
described as: "Conformations referring to torsion angles (A, B, C, D), where A, B, C, D are main-chain atoms, can be described
as: cis or synperiplanar (C); gauche or synclinal (G); anticlinal (A); and trans or antiperiplanar (T)", source: IUPAC gold book
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in an overall 120° rotation and c/3 translation of the stem. This is illustrated at figure 2.13 where the spirals
illustrate the movement of the defect along the dislocation line.

At figure 2.14 it is shown how the sheared region helps to propagate the local compressive strain: a crystalline
stem is initiated from one of the fold surfaces of the crystal as a response to the shear stress acting on this
crystal (in this case, it was the left surface). Then it propagates along the chain (@) in a worm-like motion
and finally exit the crystal at the opposite fold surface (®). The occurrence of such process, successively from
stem to stem (@) in a given slip plane results in the generation and propagation of a screw dislocation [39],
[40]. The implication from the viewpoint of the viscoelastic a-relaxation is that, below the crystalline relaxation
temperature, the defective region is frozen and the conformational defects are likely to remain in the dislocation
wake. We will discuss the implications of such situation from the viewpoint of deformation mechanisms linked
to the plastic behaviour under that section.
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Figure 2.14: (a) Propagation of the compressive strain initiated by the local shear stress along the dislocation
line (reworked from [39]); (b) another view of the same phenomenon illustrated with the same defect as figure
2.13(b) (reworked from [40])

2.2.2.3 Melting-recrystallisation model

The particularity of this model is to assume that polymer crystals undergo local strain-induced melting under
deformation, resulting in a highly disordered intermediate state comparable to melt. The molten domains
then recrystallise immediately forming new crystallites with chain oriented preferably along the stress direction.
From a thermodynamic perspective, the propagation of plasticity is driven by locally reduced stress level due
to predominant chain orientation. Though various experimental observations support this model, unclarity
remains for several aspects, as discussed in the section 2.2.2.6.

Figure 2.15 illustrates such a model.
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Figure 2.15: Stretching process modeled by melt recrystallisation: (a) original chain-folded lamellar crystal; (b)
intermediate melting; (c) recrystallisation into chain-extended fibrillar crystal. The black arrows indicate the
increasing strains [17]

2.2.2.4 Micro-necking model

In the micronecking model, Peterlin and coworkers also considered the change of crystal lamellae from a folded
morphology into a partially-unfolded fibrillar structure as the global picture of deformation process - see figures
2.16 and 2.17. The key mechanism concerns the formation and propagation of many “micronecks” at the level
of the crystalline lamellae and leading to the creation of microfibrils that occur in macroscopic neck of bulk
sample and usually tend to concentrate at the boundary of microcracks'? initiated at small macroscopic strain.
The lamellae are first broken via this micronecking mechanism into small blocks that then rotate with the chain
axis and align along the drawing direction. Calling for the presence of cracks, the model, applied with success
to PE and iPP is somewhat limited.

Stress Fragmentation, u
Chain orientation

l rotation of chain axis %

Chain-folded Fragmented Partially-unfolded
crystal lamellae crystal block oriented crystal block

crystalline lamellae

Figure 2.16: Stretching model by micronecking: (a) original chain-folded lamellar crystal; (b) fragmentation
into crystal blocks; (c¢) reorientation into partially-unfolded fibrillar crystal. The arrows indicate increasing
strains [17]

An illustration of the micronecking mechanism is also available at section 2.2.2.9, figure 2.27(a).

2.2.2.5 Interpenetrated network model

In the interpenetrated network model (IPN), a polymer system is considered to be built by two interpenetrating
networks; one is the “skeleton” network consisting of rigid crystallites and the other one is the fluid, elastic
amorphous phase (rubber-like phase above glass transition temperature T,) as the entangled network. Such a
network allows an homogeneous distribution of strain in both phases during deformation. This model was further
refined into a two-step process, where the crystal block slipping and the stress induced disaggregation/melting-
recrystallisation are the key mechanisms at small and large strains, respectively. Figure 2.8 gives an illustration
of the whole deformation processes.

12the typical scale of microcracks is below the micron
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Figure 2.17: Complete solid-solid transformation process as seen by Peterlin [22]

2.2.2.6 A critical review of crystal slip versus melting-recrystallisation models

According to Seguela [41], the plastic behaviour of semi-crystalline polymers has been approached by the
relevant concepts of solid state physics dealing with crystallographic slip processes involving thermal activation
of dislocations.

The crystal slips leading to plasticity occur necessarily in the crystalline planes containing the chain stems
in order to avoid the break of the intrachain bonds. In the Peterlin pioneer model, the original chain-folded
lamellar morphology is transformed into a fibrillar structure where the chains are partially unfolded. In this
model, plastic yielding is ascribed to the shearing of the crystalline lamellae followed by fragmentation into
crystal blocks, as shown in the sketch of figures 2.16 and 2.17. The crystal blocks are further realigned into
microfibrils, like strings of pearls with regular spacing between the blocks. However, if crystal slip models are
able to account for the occurrence of plastic instability, they are unable to account for transformation such
as chain unfolding. In this case, the large reo-organisation of the fold-unfolded chains result in large energy
dissipation and likely chain melting. "Therefore, melting-recrystallisation can be viewed as a corollary of plastic
drawing whereas crystallographic slip and lamella fragmentation are its driving force.” [41].

This last aspect is quite worth to be highlighted, as melting-recrystallisation has long competed with dislocation
theory, until it was clarified in that publication.

2.2.2.7 Strain-induced phase transition at crystal level

At section 2.3.3 we will describe the various polymorphs of isotactic polypropylene and their possible trans-
formation of one metastable into another more stable under thermal activity. Let us clarify here the type of
transformation that can occur due to mechanical deformation. There are two main types of strain-induced poly-
morphic phase-transition: reversible transitions and irreversible transitions. The former is usually a solid-solid
process induced by reversible conformational changes between two crystal phases. The change occurs under the
presence of a stress and disappear when the stress is removed.

The irreversible transformation concerns a stable crystal phase that transforms into a metastable state with a
higher energy state conformation and interchain packing under strain. The inverse situation can also occur.
This phase transition is quite cumbersome as it involves multiple structural evolutions.

Both types are illustrated at figures 2.18 and 2.19 where a,b and c are the axis of the undeformed unit cell and
a',b’ and ¢’ the axis of the deformed one.
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Figure 2.18: Two types of crystalline phase transitions upon application and release of stress: (a) reversible
transition; (b) irreversible transition. For reversible transition, the blue and red chain represents two types of
chain conformations before and after transition. The irreversible transition is illustrated by an evolution from
an orthorhombic packing (black dotted frame) to a hexagonal packing (red dotted frame) [17]
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Figure 2.19: Strain-induced crystal phase transitions. Ouly crystallographic slip (within crystal cell) is repre-
sented here [17]

2.2.2.8 Strain-induced plasticisation at crystalline lamellae level

The previous section was focusing at the molecular level on the chain conformation and packing mode level and
its evolution with deformation.

Let us consider now the level of the crystal lamellae and its evolution with increasing deformation and let us
make the link with the macroscopic stress-strain curve.

"From yield point to large strain, the original spherulitic structure of polymer is deformed in an irreversible way
and changes into a fibrillar structure as the plastic deformation propagates. During this process, multiple events
can take place, for instance the crystallographic slip, lamellae fragmentation, lamellae rotation, interlamellar
shear, and eventually fibrillation" as illustrated at figure 2.8 [17].

In this section, we will highlight the evolution of the microstructure according to three characteristic steps: 1°)
prior to yield point, 2°) near yield point, 3°) beyond yield point till large strain.

Structural evolution before yield

Before the yield, structural deformations are tiny, though they can influence the structural processes at large

deformation. A typical distribution of lamellae within a 2D-spherulite is presented at figure 2.20 where (a) the
distribution of lamellae stacks before stretching and corresponding small angle X-ray scattering (SAXS)!? pat-

13SAXS is a technique that measures the elastic scattering behaviour of X-rays when travelling through the material, recording
their scattering at small angles. It allows to measure the thickness of crystalline lamellae
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tern is presented and (b) lamellae stacks undergo Poisson effect in the meridional (or polar) region, interlamellar
separation in the equatorial region, interlamellar shear in the diagonal region, respectively.

Three regions of lamellae stacks with different orientations of chain axis with respect to the stretching direction
(SD) are identified: meridional, equatorial and diagonal. In the meridional case, stacks of lamellae approach
to each other due to Poisson effect; in the equatorial case, lamellae are separated from each other under
the interlamellar disentanglement of the macromolecules; and in the diagonal case, the interlamellar shearing
dominates in their deformation.

It has been shown that lamellae fragmentation can occur in small spherulites, through sliding of crystal domains
in the equatorial plane. This is direct evidence of the individual crystal slips at specific strain, as predicted by
the IPN model, strain being identified on the macroscopic stress-strain curve. In order to address the difficulty of
accessing local strains, other authors, such as Xiong, Lame, Séguéla [42], [43], [44] and Men [45] have studied the
influence of crystal microstructure, chain topology and temperature. Their results confirmed the assumption
of different modes occurring in different locations, and showed that the local strain is proportional to the
macroscopic one.
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Figure 2.20: Deformation modes of lamellae stacks with different orientation states with respect to stretching
direction (SD); they are identified as meridional (or polar), diagonal and equatorial - see text for more explana-
tion; (a) before and (b) during stretching. A typical SAXS pattern of polymer obtained at strain prior to yield
is also shown [17]

Structural evolution close to yield - the case of the single yield

At this stage, the lamellae stacks in equatorial and meridional (polar) regions begin to break into blocks, while
the one in the diagonal region undergo intralamellar slip. These slipping mechanism could bring a shearing force
on the equatorial lamellae fragments and oblige them to rotate along the stretching direction. In the region
where neck propagates, continuous intralamellar slipping/damage of titled lamellae occurs, that could be named
"melting" (with some care, cf supra 2.2.2.6) and that ends with the completion of the yielding instability. It
has also be shown that the long period L, increases just prior to the yield, reaches a maximum at this stage
before going down. This could be interpreted as a melting-recrystallisation process.

Structural evolution close to yield - the case of the double yield

The double yield has been studied quite extensively in PE. The shape of the stress-strain curve can be in this
region very dependent on deformation mode. A typical representation is given in figure 2.21 as well as a quite
recent study on LDPE combining various characterisation techniques (see figure 2.22).
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It seems that there is a consensus on the fact that the first yield originates from the slip of the lamellae.
Regarding the second yield, it could be associated to pure crystallographic slips and lamellar kinking'* - namely
in compression [46] -, or to partial melting-recrystallisation.

Tensile test at 50%/min and 23°C

Firstyield or maximum
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Figure 2.21: Double yield in a stress-strain curve measured on HDPE: zoom on small deformation (cf figure 2.6;
the measure of the drop width is explained at section 2.2.2.13 where the term "drop" has been assimilated to
the word "necking" ) [22]

In the work referred at figure 2.22[17], an heterogeneous deformation process between high-crystallinity and
low-crystallinity parts at the scale of a spherulitic branch is presented. Combining the various technologies
used for the test, the researchers proposed a partial melting-recrystallisation process. This observation has been
supported by another work where an heterogeneous distribution of crystal domains with different stabilities
plays a crucial role. The reorientation and slip of less stable domain initiate the first yielding and the plastic
deformation of more stable domain leads to the second yielding and the further onset of hardening.

In his study already cited [39], Séguéla et al analysed the photographs of two samples of quenched polypropylene
having undergone tensile test at respectively 25°C and 60°C; the picture was taken at around € = 0,3. As can
be seen at figure 2.23, the sample tested at 25°C displays a sharp neck. The strain gradient is quite high, in
width and thickness, and very coarse shear bands appear in the regions located beyond the neck. These two
features suggest the presence of localized crystal slip at this temperature. In contrast, the sample tested at
60°C displays diffuse neck. The lower strain gradient is visible thanks to broader interference fringes; coarse
bands are absent and beyond the necked region, the birefringence is uniform. These observations advocate for
a highly active homogeneous crystal slip at 60°C.

lamellar kinking is a kind of micro-buckling phenomenon of the lamellae
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Figure 2.22: Multi-scale study of the double yielding behavior of linear LDPE. (a) Stress-strain curve showing
first and second yield (YP1 and YP2). (b) illustration of proposed origin of double yielding, which is linked to
the heterogeneous distribution on the submicron scale of high- or low-crystallinity parts of a spherulite branch
(c) selected WAXS/SAXS/USAXS patterns obtained near the double-yielding strain range [17]

25° 60°

Figure 2.23: Quenched PP sheets drawn at 25 and 60°C up to € = 0.3 and at ¢ = 1.0510 3sec™'; the neck very
pronounced at 25°C is accompanied by shear bands; the quite diffuse neck at 60°C is accompanied by rather
uniform birefringence [39]
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From these experiments, Séguéla et al concluded that there could be a competition between the two mechanisms,
with crystal slip past each other in the fibrillar texture and uniform shear of the blocks. Moreover, their
hypothesis is that

1. above the visco-elastic a-relaxation in the crystalline phase (see section 2.2.4), the molecular mobilities
are high enough to allow thermally activated nucleation and propagation of screw dislocations in response
to the applied stress. The high value of the activation volume measured during the experiments at high
temperature is consistent with this assumption. This mechanism is a precursor of the homogeneous or
uniform crystal slip, and reproduces fairly well other results obtained in PE

2. below the a-relaxation in the crystalline phase, dislocations are not able to nucleate and propagate at a rate
high enough to accommodate macroscopic strain rate. Heterogeneous or localized crystal slip will occur
either through defective interfaces within the lamellae or through the occurrence of partial dislocations
involving the build up of stacking faults. The lower activation volume is consistent with this view, a
reduced ability for thermal nucleation of dislocations. Microcracks are then likely to occur.
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Figure 2.24: Positioning of the respective mechanisms in a stress-strain curve [22]

2.2.2.9 Strain-induced cavitation

Semi-crystalline polymers have been known for a long time to develop cavitation. This damage refers to the
formation and propagation of cavities from nanoscale to microscale without any structure inside (voids). The
cavities are damages that do not transfer the stress. Other types of phenomena are the crazes that are typical
damaging mechanisms of polymer materials. As we will see later, crazes develop at the tip of notches and
cracks, are composed of alternating voids and microfibrils and transfer the constraint from one side of the crack
to the other side. Contrary to plasticity, a lot of studies have tackled cavities initiation and propagation in
polypropylene, namely Pawlak, Galeski and Rozanski [47]. In this section, we review briefly the various mech-
anisms giving rise to cavitation initiation and propagation.

An interesting table can be displayed as an introduction, giving some information on key aspects of cavitation
and microstructure.

Table 2.2: Microstructural and cavitation parameters; the length (along stretching direction) and radius (along
transversal direction) of the cavities are referring to a cylinder-shaped objects model [17]

Polymer X. and L, Ty Strain rate Onset strain cavity dimension
before drawing  (°C) (sec™1) of cavitation; €,  (nm) length; radius
a-PP 50%; 16nm 30 1.3.1073 0.08;0.1 50 — 350;40 — 240

Another way to look at cavitation is to look at the competition between cavitation onset and yield, as presented
in the table 2.3 and figure 2.25. In both cases, macroscopic events are usually monitored (except for the use of
SAXS) that allow to identify simultaneously the value of the strain (third column on the table).
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Figure 2.25: Four typical morphologies under increasing deformation (left to right); the competition between
cavitation onset and shearing has been illustrated on samples of various spherulitic size (top down), thanks to
the magnitude of the strain before yielding and in relation with the various optical events (strain localisation,
whitening, ...); see text for further details [48]

Table 2.3: Cavitation and yield competition [47]

Polymer Strain rate Cavitation/yield Detection method Comment
—1
(860 ) Etrue
PP At yield Whitening
PP 9x10 35! 0.05/0.09 Light transmission
PP Bx10 951 0.05/0.07 Whitening Injected samples
PP <dx 10 %51 1.7 yield Light transmission Rapid cooled,
compression molded
PP Bx10 951 Beyond yield/0.14 Light transmission Compression molded
PP Ix103s! 0.13/0.13 Synchrotron SAXS

In many polymers, especially at lower temperature, cavities (voids) are formed during deformation. Due to
hydrostatic pressure, cavitation is observed only during tensile test, never during compression or shearing. The
very first characteristics of cavitation is stress whitening, observed usually around yielding. The further necking
phenomenon can therefore be the combination of both cavitation as well as plastic instability phenomena. At
figure 2.25, four types of samples with increasing spherulite dimensions have been tested (the spherulite size
increases from top to bottom) and various optical events such as necking associated or not to whitening have
been recorded (see dotted ellipses), together with the magnitude of the strain (indicated from left to right as
"before yielding" and "after yielding"). The sequence at which whitening and necking appear illustrates their
competition: if the necking occurs before whitening apparition, deformation mechanism is considered as pure
shearing without any local volume increase; if the whitening appears before necking, the deformation mechanism
is pure cavitation and is associated to an increase of local volume. The necking phenomenon decreases as the
spherulite size increases and the whitening appears at earlier stage. The authors estimate that the results are
not completely consistent because it is not clear whether some increase of volume noticed at large strains in
polymers with weak crystals is a result of late cavitation or other structural changes.

Figures 2.26 and 2.27 illustrate the phenomenon at the spherulite level and at the crystalline lamellar level.
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The top sketch of figure 2.26 presents (a) the tensile deformation of a spherulite; (b) the lamellae kinking and
the formation of cavities in equatorial zones of a spherulite;(c) the lamellae fragmentation that occurs in polar
fans of spherulites, potential cavities may be also expected. At the bottom of figure 2.26, AFM images of a
spherulite equatorial region are presented for two strain levels (10 and 15%).
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Figure 2.26: Top: tensile deformation of a spherulite, with lamellae deformation and cavities; bottom: AFM
images with (1) void formation, (2) the growth and (3) the coalescence of cavities - see text for more explanations
[47]

At figure 2.27, (a) the Peterlin model of microfibril and (b) the equivalent TEM picture are presented.

Figure 2.27: (a) Model of cavitating semi-crystalline polymer under tensile deformation [47] and (b) TEM
section through a HDPE fracture surface taken 2mm from notch tip (the arrow indicates the drawing direction)
[49]

The competition/cooperation between the cavitation and yielding respective kinetics leads to the well known
phenomenon of crazing, as illustrated at figure 2.28 where the crack tip deformation zone of an HDPE notched
sample tested in creep in air at o; = TM Pa or K; = 0.3M Pa.m'/? is presented.

Usually, the cavitation process is observed in polymers having a spherulitic morphology, which means that
cavitation could be expected to occur at the spherulite boundaries or inside. Cavitation inside a spherulite
can be expected at the equatorial or polar parts, i.e. in regions where negative hydrostatic pressure dominates
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rather than shear. A good example on giant spherulites embedded in mesomorph material is presented at figure
2.29.

Figure 2.28: (a) Overview of deformation zone; (b) optical microscopy of deformation zone tip; (¢) low mag-
nification TEM image of deformation zone tip; (d) detail of internal structure of the region marked (i) in (c)
(tensile axis as indicated by the arrows) [49]

Figure 2.29: PP samples deformed at different temperatures. Deformation direction was horizontal. Internal
structure was exposed by longitudinal sectioning and etching [47]

The way cavitation mechanism evolves according to its location is modelled for PP at figure 2.30 where, referring
to initiation, two cavitation mechanisms are represented as a function of the alignment of the lamellae with
the drawing direction: (a) initiation and propagation of cavities in interlamellar amorphous region for lamellae
stacks in equatorial region; (b) initiation of cavities in crystal block boundaries for lamellae stacks in meridional
(polar) region and further propagation across crystalline/amorphous regions (the distribution of lamellae stacks
in different regions with respect to stretching direction is the same than in figure 2.20).
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Figure 2.30: Two cavitation mechanisms: (a) for lamellae located in the equatorial plane and (b) for lamellae
located in the meridional (polar) plane - see text for further details [17]
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The evolution of those mechanisms with temperature and strain is illustrated at figure 2.31. It can be observed
that around 25°C, the initial spherulitic morphology (upper left corner) is progressively lost with increasing
strain (horizontal axis) while a lot of crazes appear that are totally oriented in the drawing direction for e = 1.2
(upper right corner). At 100°C, the spherulitic structure remain visible up to large strains and no crazes are
visible at € = 1.2(bottom right corner).
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Figure 2.31: PP samples deformed at different temperatures and strains; deformation direction was horizontal;
the evolution of the spherulitic structures is different at 25°C and 100°C and the number of crazes present at
large strains decreases with increasing temperature [47]

Strain-induced cavitation: summary

The main factors influencing cavitation are the following ones: lamellae thickness and crystallinity, initial
crystalline polymorph, molecular characteristics, drawing temperature and strain rate. The figure 2.32 is a
good summary of the major factors influencing the cavitation process.

Polymer's intrinsic Experimental
structural properties conditions/environment
' ™ g ™
More perfect crystal structure + Low stretching temperature
Favoring |+ Thick lamellae « High stretching rate
factors - Large, perfect crystals \ / + Presence of plasticizer in
Ordered crystal phase L amorphous phase )
- Cavitation
s '\./ \f . j '
More stable amorphous phase . Sp-e-l;:!ﬁ_c processing route
Suppressing | -+ High molecular weight stabilizing crystal phase
factors . High entanglement density « Presence of solvent filling

\’ High tie molecule density ) pores in amorphous phase}

Figure 2.32: Some major factors influencing the cavitation process, including both intrinsic structural parameters
of polymer and experimental conditions [17]

In conclusion, when the strength of the crystal is low, then it will be easier from the energetical viewpoint
to activate dislocation mechanisms rather than to break the amorphous phase. In this case, the deformation
process happens without cavitation. When it is easier to break the amorphous phase because the yield stress
is very much enhanced f.i. at high strain rates or low temperatures, cavities are generated. The voids that
appear are coupled with the crystals and the stress transfer changes, promoting deformation of crystals. The
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relations between the crystal strength and the amorphous phase can be modified by changing the quality of the
amorphous phase (removal of low molecular weights, filling of free volume pores) or the presence of the defects
in the crystalline phase (crystallisation conditions). The molecular weight plays also a role as it influences the
number of entanglements [50], [47], [51].

Let us have now a look at the application of the abovemetionned concepts to two phases of isotactic polypropy-
lene, the crystalline and the meso-phase.

2.2.2.10 Microstructural deformation mechanisms in single crystals

In this study, Cerra et al [52] have analysed the plastic deformation modes of single crystals of polypropylene
under uniaxial strain and the way the crystallites deform under various orientations compared to the draw
direction.

When crystals are moreless oriented in the direction of draw, microcracks developed at low strains and grow
progressively larger as the draw ratio increased, spanned by fibrils of about 5 nm in diameter. The fibril diameter
appeared to be independent of the imposed strain but its length was found to be proportional to the strain.

For crystals oriented at a large angle compared to the draw direction, simple and multiple shear, slip, as well as
buckling appear. The authors compared their results with similar tests carried out on polyethylene, and found
important discrepancies that we detail hereunder.

When the tensile axis is aligned with the a-axis of the crystallographic unit cell, localized cracking and mi-
cronecking occur, with formation of fibrils parallel to the draw direction. The chain is initially aligned with
its c-axis, perpendicular to the lamella growing axis, it appears that, at some critical strain value, localized
plastic deformation occurs by chains unpeeling and changing their molecular orientation. This is basically the
mechanism of fibril formation. The fibre length then increases, in proportion of the applied deformation. No
appreciable thinning of the lamella located at the edges at the fibrillar region was observed in the drawn region
(see figure 2.33). This would mean that, contrary to PE, with crystal lamella thickness remaining the same
and fibrils diameter also (around 5nm), the molecules do not tilt and slip but simply reorient themselves as
indicated previously. Plastic deformation is triggered quite early, probably in regions with preferential presence
of defects. The elastic energy stored in the part of the crystal adjacent to fibrils is released and the remaining
part of the lamella relax to reach a new (temporary) equilibrium.

Another important difference between PE and PP crystals in their response to a deformation is the structure
of the fold domain. PP seems to have only one domain as folds are believed to run only along or close to the
a-axis - see figure 2.33(a). On the contrary, the fact that PE crystals grown from solution have a diamond shape
means that these various folded domains are not parallel, hence will not be strained in the same way in each
domain. Due to this single domain, the strain required to induce plastic flow are very low.
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Figure 2.33: (a) Representation of a possible form of 010 fold packing [53] and (b) electronic microscopy of PP
crystals drawn at 10% along the a-axis; the arrow indicate the drawing direction and the scale is 0.5um [52]

When the a-axis is not aligned with the tensile axis, typically tilted with an angle of 45°, shear appears and
considerable plastic deformation is observed. The shear strain component parallel to the b-axis is large and
various blocks appear to have slipped relative to each other. The apparent slip surfaces seem to be aligned with
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the (110) plane. The slip lines appear to have developed in the already deformed twinned sections on the way
to undergo upper deformation (see figure 2.34).

Figure 2.34: Electronic microscopy of 45° axis-tilted PP crystals drawn at 50%; the arrow indicate the drawing
direction; the scale is 0.5um [52]

2.2.2.11 Microstructural deformation mechanisms in mesomorphic materials

The work of Nitta and Odaka [54] focused on the influence of mesomorphic!® phase on tensile properties,
considering the material as a two phase composite according to Takayanagi model. They fabricate a-crystalline
samples by varying cooling and annealing conditions: quenched at 0°C and then annealed ("crystallitic") samples
that did not show up spherulitic superstructures and quenched at 80°C ("spherulitic") and annealed samples
that showed up spherulitic structures. The mesophase has been considered as liquid-like lateral disorder with

imperfect c-axis. The volume fraction of the various phases was determined thanks to density measurements,
with

pe = 936kg/m3, p, = 854kg/m>, pmeso = 916kg/m? (2.4)
and
E.=45GPa, E, =0,15GPa, E,eso = 5GPa (2.5)
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Figure 2.35: (a) Phase fraction plotted against the annealing temperature of "crystallic" samples and (b)
stress—strain curves measured at 25°C and a cross-head speed of 10 mm/min of "crystallitic" iPP (C40) and

"spherulitic" iPP (S140) having a fixed crystallinity of 68.3 %; the first yield is located approximately where
the curves diverge [54]

15explanations about the mesophase are given at section 2.3
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The evolution of the three phase fractions as a function of annealing temperature is presented at figure 2.35(a)
for the "crystallitic" samples. The figure 2.35(b) illustrate the influence of the mesophase on the yield drop, the
shape being very different, with inverse concavities for "crystallitic - C140" and "spherulitic - S140" samples
annealed at 140°C with the same crystallinity (68.3%). There is no difference in stress—strain curves up to 3% of
deformation, which illustrates the insensitivity to the spherulitic structures. The "crystallitic" sample annealed
at 140°C displays clearly a double yield whereas the "spherultic" sample displays a sharp neck. The necking
appeared at around the second yield peak for C-series samples while the necking of spherulitic iPP samples
was initiated beyond the yield point. The second yield peak was related to the transformation of mesomorphic
phase to a-crystal phase, indicating that the enhancement of the yield stress is a consequent of an increase in
the perfection of the crystalline phase [54], [55]. The first yield has been identified as the point where both
crystallitic and spherultic curves deviate from each other.

The dependencies of the stress—strain curves in mesomorphic iPP (C25) and "crystallitic" iPP (C140) samples on
tensile speeds are summarised in the figure 2.36(a) and (b), respectively. The first yield point is more pronounced
for the mesomorphic sample C25 while the second yield point is more pronounced for C140. Regarding the first,
the dominant factor for the yield is likely to be the pulling-out processes of helical chains from these domains.
The mesophase is indeed composed of loosely organized state of helical chains and the yield process is based
on the plastic flow of helical chains from the mesomorphic domains. Therefore the dependence of the yield
behaviour on elongation speed and temperature may be described by a thermally activated rate process. On
the other hand, in the "crystallitic" C140, the second yield process will be associated with the irreversible
structural re-organization into oriented state.
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Figure 2.36: The tensile speed dependence of the stress—strain curves measured at 25°C for (a) mesomorphic
iPP (C25) and (b) "crystallitic" iPP (C140) samples.

Looking at figure 2.37 that superimpose stress-strain curve and light transmittance for mesomorphic (C25),
"crystallitic" (C140) and "spherulitic" (S140) samples, and taking into account the evolution of Poisson ratio
(not shown), it is observed that the volume expansion occurs during yield deformation for the "spherulitic" iPP
while no excess volume-changes take place during yielding for the "crystallitic" iPP. It was suggested from the
stress-whitening observation that the volume expansion is caused by the formation of micro-voids and crazes.
In any case, the yield stress of the mesomorphic material is much lower that the two other samples.

Finally, Nitta proposed also, with various co-authors, that an intermediary unit structure, the cluster of lamellae,
plays an important role in the yield process [56], [57].
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Figure 2.37: (a) Light transmittance intensity measured under a tensile test 25 °C and a cross-head speed of
10 mm/min for mesomorphic iPP (C25), (b) "crystallitic" iPP (C140), and (c¢) "spherulitic" iPP (S140); no
volume increase was observed for (a) and (b) while volume expansion was present for (c)

2.2.2.12 Microstructure, strain rate, Young modulus and stress at yield

A lot of attempts have been implemented in order to find the microstructural causes explaining, on the one
hand, the positive correlation always observed in many semi-crystalline polymers between the Young modulus,
the yield stress and the crystalline parameters and, on the other hand, the influence of the strain rate on the
Young modulus [34], [55], [58], [59], [60], [61], [62], [63], [64], [65], [66], Auriemma et al in [67]. We review some
of them hereunder.

In their work, Zia et al [20] try also to establish the link between the modulus and the yield stress with
the microstructure. In their approach, they first followed two cooling pathways, quenching and annealing or
isothermal crystallisation; second, by comparing samples with the same level of crystallinities and crystallised at,
or annealed at same temperature, they could demonstrate that the ones crystallised smoothly were constituted
of lamellae of various sizes organised in superstructures (spherulites), leading to well known cross-hatched
structure whereas the ones quenched and annealed were constituted of "nodules" which distribution is rather
narrow, without any superstructure.

The replacement of cross-hatched monoclinic lamellae and spherulitic structure by randomly arranged nodules
leads to the apparition of neck and therefore an important increase in elongation at break. The Young modulus
and stress at yield are lower in the case of the nodular structure. AFM measurements show that the crys-
tals undergo very small deformation, which would be attributed to the reduced mobility of amorphous phase
interlocked in the regions between the cross-hatched lamellae (see [52]). This study demonstrates that the defor-
mation at break is clearly driven by other parameters than crystallinity, confirming the study performed on PE
by Humbert et al [68], [41]. These aspects will be discussed in the next section tackling with stress-transmitters.

Other studies dealing with the influence of the microstructure on the Young modulus have carried out experi-
ments on quenched and annealed film samples tested at various strain rates [69], [60]. It is demonstrated [69]
that the evolution of elastic component of stress at yield and the Young modulus with the annealing temperature
is controlled by the physical cross-linking degree of the amorphous phase induced by the crystalline entities. As
tests are performed at room temperature, the increase of modulus with strain rate comes from the behaviour
of the amorphous phase around its glass transition. Regarding the drawability, it is controlled not only by the
same parameters but also by the degree of perfection of the crystalline entities.

In [60], it is demonstrated that the stress—strain curves in the pre-yield region is independent of the size of
spherulite when the comparison is made at similar crystalline and amorphous layer thicknesses. The initial
modulus and stress depend only weakly on crystallite thickness, and strongly on interlamellar spacing. The
increase in the Young’s modulus and stress level with the degree of crystallinity can be attributed to the
deformation imposed on the thinner interlamellar region because the modulus of amorphous phase is much lower
than that of crystalline phase. Moreover, the tie molecules in the amorphous region where the deformation can
be concentrated play important roles in the tensile deformation.

In Auriemma et al [67], it is shown that the Young modulus decreases with the increasing concentration of
stereo-defects [rr]!'® and that the correlation between the yield stress o, and the crystalline lamellae [. follows
the same trend as illustrated at figure 2.38 for a series of isotactic polypropylenes. This linear relationship
between [. and o, has been observed in many types of popylpropylenes and polyethylenes.

165ee section 2.3.2.3 for explanations on defects
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Figure 2.38: (a) Young modulus as a function of crystallinity index with increasing content of stereo-defects
and (b) relationship between lamellar thickness I, and the yield stress o, (Auriemma et al in [67])

We would like to finish this review with the excellent and recent work of Polinska et al [65], [66] that addresses
the relationship between the Young modulus and the solid state microstructure by investigating the correlation
between the modulus of the interlamellar amorphous phase and the microstructure of the crystalline components.

In the continuation of the researchs of Rozanski and Galeski - see namely [70] -, they developed a "universal"
experimental method able to deform only the interlamellar amorphous layers of semi-crystalline polymers. The
local deformation of the amorphous component was obtained by introducing a swelling agent as illustrated
at figure 2.39(a). Three polyethylene structures (high and low density as well as ethylene-octane copolymer)
were used to set-up the experiment that was also applied to polypropylene. As illustrated at figure 2.39(b), the
distinction between the bulk rubbery amorphous phase and the confined one due to the thickening of the lamellae
together with the change in order of magnitudes of the Young modulus was highlighted. The linear increase
of the amorphous phase modulus, considered as confined, with the increase of crystal thickness is displayed at
figure 2.40 and explained by the activation of the a-relaxation of the polyethylene crystalline lamellae. For a
detailed analysis of this figure, we refer to the article.
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Figure 2.39: (a) Top: interlamellar distance changed thanks to swelling agents and (b) Bottom: evolution of
the elastic modulus magnitude of the amorphous phase depending on its proximity to the crystalline phase [65]
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Figure 2.40: Evolution of the elastic modulus of the interlamellar amorphous phase as a function of the crystal
thickness; left Y-axis: bulk rubbery amorphous phase and right Y-axis: confined amorphous phase [66]

The table 2.4 summarises some of the various structural parameters measured for both types of polyolefins
where it can be seen that the elastic modulus of the amorphous phase ranges around 50MPa in the case of PP.
Jourdan et al [71] found a value of moreless 10MPa for the shear modulus G4 of the amorphous phase that can
be translated into around 30MPa for its Young modulus!?. Nitta and Odaka found on their side (see section
2.2.2.11) a value of the amorphous modulus around 150MPa.

Table 2.4: Selected structural and mechanical parameters for polypropylene, low density polyethylene and
ethylene-octane copolymers reference samples and hexane-swollen systems [65]

local strain of yield

long period  thickness of amorphous ~ amorphous layers stress local stress of amorphous elastic modulus of the interlamellar

(LP) [nm] layers (1) [nm]® &)’ [MPa] layers (o,) [MPa]® amorphous phase [MPa]
PP 13.4 7.8 27.3 50.3 £ 3.5
PP/hexane 14.8 9.2 0.179 183 9.0
LDPE 12.0 7.9 7.6 11.8 +£ 0.9
LDPE/hexane 132 9.1 0.152 58 1.8
EOC 11.4 8.4 4.9 42 + 06
EOC/hexane 13.6 10.6 0.262 3.8 1.1

All in all, Polinska et al summarised the various structural factors allowing to discriminate the respective bulk
amorphous phase and the amorphous phase confined by the crystalline lamellae that impact its stiffness. They
distinguish the factors that will respectively increase and decrease its stiffness. The factors promoting an increase
are:

e high density of stress transmitters'® coming from the intercrystalline tie molecules and an increasing
number of entanglements

e the confinement of the molecular network between stiff crystalline lamellae, especially at the interface
between the phases

e the lack of lateral contraction of the amorphous phase due to the very high aspect ratio of the flat and
rigid crystalline lamellae

The factors promoting a decrase are:

e high density or content of chain ends and other (low weight) molecules present in the intercrystalline
regions or rejected there during the crystallisation process.

It seems finally that the increase of the modulus with the crystallinity could be related to the lower deformation
ability of the amorphous phase that could be coming from the increase of entanglements and tie molecules which
impacts the stiffness of the interlamellar regions.

17The thermomechanical histories of both materials are not the same but we look at order of magnitudes by assuming a Poisson
coefficient of 0.43 and using the relationship for isotropic materials E = 2(1 + v)G.
18See section 2.2.2.13 for more details.
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2.2.2.13 Stress transmitters (ST) definition and measurement

We would like to complete this general overview with a review of an important aspect of the link between
microstructure and mechanical properties that builds on the notion of tie molecules [72], [73], [74], [75], [76],
[77], the stress transmitters. For Humbert, Lame et Vigier [68], the link between crystalline lamellae thickness
and yield which has been extensively studied does not provide any physical explanation. Furthermore, as
some inconsistencies remain, there is a need of clarification of this correlation and a new notion, the stress
transmitters, and a more accurate experimental way to characterize plasticity initiation are proposed.

The discrepancy observed in this important paper between the correlation of the yield stress with crystallinity
on the one side and the poor prediction of the dislocation theory that considers the link between the stress at
yield and the lamellae thickness on the other side has been solved by considering two new notions:

1. the threshold stress that is a signature of the transition of visco-elastic regime to a visco-plastic regime
and

2. the stress transmitters (ST) density viewed as all the network linking two crystal lamellae (i.e. tie
molecules, entanglements, loose loops, etc) as described on figure 2.41 below.

The ST constraints strongly the stress distribution on the lamellae edges. The correlation between the stress at
yield and the crystallinity can be enlightened because the crystallinity involves indirectly the dislocations via
the crystal lamellae thickness and the stress transmitters via the long period.

A new method that correlates the neck width and the Stress Transmitters (ST) density is proposed and enables
to evaluate the ST concentration for each material as close as possible from the initiation of plasticity.

Amorphous phase

Interphase
Crystalline phase

Loose Loop

Tie molecules

Figure 2.41: Crystalline and amorphous lamellae with their stress transmitters [77]

The global approach proposed is to take into account all the physical parameters that are involved in the
initiation of plasticity. Their rationale follows the following sequence:

1. the dislocation model gives a relationship between the critical macroscopic tensile stress o, to shear a
crystalline lamellae and its thickness [, (or the stem length [)

2. usually, the critical shear stress o, is assimilated to the yield stress o, that is traditionally taken at the
maximum of the stress-strain curve o,,.,,. However, at the maximum of the stress-strain curve, other
deformation mechanisms can already be at work or triggered such as cavitation or plastic instability

3. the physical parameters of the dislocation theory based on activation processes, as has been explained in
section 2.2.3 are all evaluated on undeformed micro-structure. This means that the theory makes sense
only for the initiation of the plasticity

4. there is thus a discrepancy between the experimental values taken at the maximum ( 0y,4,) Where the
damaging processes (plastic instability, cavitation if any) can be already at work and the initiation of the
plasticity as described by the dislocation theory

5. there is thus a need to address this discrepancy first at the experimental level by carefully defining the
macroscopic parameter taken from the stress-strain curve that will identify plasticity triggering. This
parameter already exists in metallurgical approaches, defined by the loss of linearity on a true stress-true
strain curve, using a strain parameter (see figure 2.42). In this research, the value of €;;, = 51072 has been
selected in order to get a sufficiently accurate value of oy,. We detail somewhat hereunder the arguments
used to link this stress to the microstructure
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6. the stress transmitters are then defined, and a method is proposed to measure them as well. Taking benefit

from literature experimental results, a relation between the neck width and the ST can be assumed that
we detail also hereunder.

Regarding the threshold stress, taking then benefit of the wide literature using o, two types of curves are

drawn: oy, as a function of crystallinity X, and of the crystalline thickness [. where a linear trend is highlighted
for the former. Using

le pe
X, =—— 2.6
o (2.6)
it is possible to write
l
=K'= 2.
Oth Lp ( 7)

with K’ as a constant. This equation helps to show the dependence of the threshold stress to both the long
period and the crystallisation conditions. Then, the authors assume that crystallisation conditions modify ST
concentration and that ST concentration is in relation with the long period L,. It is indeed observed that
initiation of plasticity appears when a critical local shear stress 7, is reached on a slip plan of a crystallite. This
phenomenon depends on the orientation of the crystallite, the external macroscopic stress oy, and also the local
stress concentration. Indeed, the higher the amount of ST, the lower the stress concentration on the crystalline
lamellae and the lower their influence on the local shear stress i.e. the local increase of 7 is rather smooth

and 7. will be reached later. Consequently, at equivalent crystalline lamellae thickness ., the yield stress value
increases with the concentration of ST.

510°  g,~107 Birue

Figure 2.42: Method of sigma threshold oy, measurement based on the value of e, = 5 1073 [68]
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Figure 2.43: (a) Drawing and natural draw ratio of the PE A; (b) necking of the PE A and the corresponding
photos [68]

A new method to measure ST is then proposed. It relies on the fact that on the one side, it is known from
literature that sharp necking corresponds to important plastic instability during yielding, that, on the other
side, chain topology and crystallisation conditions have an influence on neck shape as well as on the homogeneity
and stability of the deformation, and finally that cavitation takes place during necking and is considered to be
coupled with the plastic instability.

From these results, it is assumed that the lower the concentration of ST, the sharper the neck. The measurement
of the neck width can then be selected as a ST concentration indicator, and it is measured as represented at
figure 2.43. The neck width is thus a physical criterion, measured at the beginning of plasticity and it turns
out that it is more sensitive to ST concentration than previous indicators, allowing more precise measurements.
Thanks to the link established above between oy, and L,, the initiation of the yielding should be predicted with
a good precision taking into account both [, and ST concentration.

2.2.2.14 Conclusion of the review on strain-induced multiscale structural evolutions of crys-
tallised polymers

A lot of difficulties are still present. There is still a lack of unified understanding of the various deformation
mechanisms to explain the crystal phase transition and morphological transformations from a molecular view-
point. In order to progress there, using models at various scales is really a fundamental tool as moreover, the
traditional approach of looking solely at an increase of specific performances is hardly transposed and often
non generalisable from one material to another [17]. From an experimental point of view, various aspects can
be investigated, among other, building referentials of properties out of the traditional approach with standards
and norms, by controlling the solicitation, the geometry of the samples and their solid state microstructure - via
their thermomechanical history and molecular architecture -, and going from the simplest to the most complex.
By doing so, the use of all the mechanical tests toolbox in the range of small and large deformation should be
always underpinned by a micro-macro approach.

2.2.3 Small deformations: microstructural deformation mechanisms as a way to
bridge visco-elastic and yielding behaviour

Before digging in the details of visco-elastic relaxations and yielding processes, we would like bridging these two
limits of the small deformation range thanks to their common underlying microstructure deformation process
viewed as activated processes.

Our focus is on the crystalline phase relaxations.
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2.2.3.1 Activation volume

Digging further into the validity of dislocation model applied to plastic deformation, Lefebvre and Escaig
[78] focused especially on the entropic effects, as the mechanical importance of these effects is a very distinctive
feature of polymers vis-a-vis metals. They reviewed its main features by discussing its experimental relevance
through various polymeric systems (PS, PMMA, PP and various polyesters): frequency of elementary deforma-
tion event, internal stress, activation parameters. Entanglements of the amorphous phase play here a critical
role. The non-elastic deformation of glassy polymers was modelled by the nucleation and growth of localized slip
nuclei or microshear band discs to which they applied a statistical analysis. Calculating the linear dislocation
density, they found a rather low value for PP systems that they explained by the fact that the dislocation-like
defects are assumed to be developed in the intercrystal amorphous phase which should be relatively entangled.
Among the parameters that describe the entanglement barrier, one is related to the chain stiffness, and more
specifically to the chain stem or to the chain persistence length!®. They validated their model namely on PP
and they confirm the important role played by the chain flexibility that controls the activation volume.

2.2.3.2 Dislocation kinetics

In an article dealing with the dislocation approach of plastic deformation in PE and iPP [79], Séguéla tries to
establish a comparison between the dislocation kinetics and actual strain rate of homogeneous plastic deforma-
tion.

Figure 2.44 gives an illustration of dislocation initiation, propagation and exit from a crystalline lamellae as
well as a sketch of the respectively undeformed (before dislocation passage ) and deformed (after dislocation
passage) regions.

In order to show that the activation of mobile conformational defects in the chain stems may fairly match the
ability to develop homogeneous plastic flow or plastic instability, he makes a parallel between the conformational
defects able to activate screw dislocations and those who activate a-relaxation in crystals.

The characteristics of defect thermal activation are shown to have a major influence on dislocation kinetics and
therefore on plastic behaviour. The crystal lamellar thickness, as critical parameter of the plastic flow in the
dislocation model, should especially be taken into account in the dislocation kinetics because its major influence
on the chain twist activation.
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19The persistence length is a basic mechanical property quantifying the bending stiffness of a polymer. This is the maximum
length for which the first and last monomer are correlated.
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Figure 2.44: (a) Illustration of the nucleation and propagation of dislocation from stem to stem: @ initiation,
@ propagation and @ exit of a dislocation (reworked from [79]);(b) mechanism of advancement of a screw
dislocation where the sheared region are the first to undergo the dislocation occurrence [39]

The following mathematical approach is described hereunder. The plastic deformation rate é for a dislocation
governed process is:
é = pbyy (2.8)

where p is the dislocation density, b is the Burgers vector parallel to the chain axis ¢ and vg the dislocation
velocity. For thin crystals lamellae, vy is controlled by the rate of nucleation of the twist defects ahead of
dislocation line, that maintain the forward jump of the dislocation in its glide plane (see figure 2.44).

The velocity can be expressed as:
Vg = avy (2.9)

where v; is the activation frequency of the defect and a the cristallographic axis. By approaching the frequency
v with the crystalline relaxation frequency v, associated precisely with the chain twist activation in the crystals,
it is possible to write:

Uy RV, = Vgexp(R—;) (2.10)

where E, is the apparent activation energy of the relaxation process. In PE, the activation energy was proved
to be independent on the crystal content and morphology as long as the crystal thickness is larger than five
to six monomers, i.e. the defect extension along the chain stem. Hence, the pre-exponential factor vy could
account for crystal thickness dependence of alpha relaxation by assigning it to the migration kinetics of the
defects along the chain stem through the crystal thickness [. The dislocation density can be expressed by:

nlt

- 2.11
?=Tiw (2.11)

with t = w/vg, Ll the crystal area at stake in the mechanism, w the lamellae width, n the number of screw
dislocations of [ length nucleated by time unit and ¢ the lifetime of the dislocation. The maximum number n of
screw dislocations that are nucleated every second from the lateral surface of any crystalline lamella relies on
the number N of chain stems lying there according to :

n =N (2.12)

where N = L/b with b the crystallographic axis in the growth direction L. The dislocation density can be then

written as: ; 1
Vi

N 2.13

P wb  ab ( )
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The dislocation density is independent of the crystalline lamella parameters. The 3/1 helix of polypropylene
undergoes, as already said elsewhere, a threefold rotation combined with a ¢/3 translation parallel to the stem
axis. Assuming a Burgers vector b = ¢/3 = 0.22nm, the calculated dislocation density is

p~0.7 10%m2 (2.14)

The temperature dependence of the a-crystalline relaxation frequency of iPP has been reported by [71] namely
for PP samples annealed at 100°C and 140°C. The activation frequency is v, < 10 %sec™' at room temperature,
leading to a theoretically attainable plastic flow rate é < 10~ %sec™! at this temperature. This means that, under
usual testing rates, i.e around or above 10~4sec™!, this polypropylene will always give rise to heterogeneous
deformation when tested at room temperature. In order to match the theoretical plastic flow with the experi-
mental usual strain rate around ¢ =~ 10~ 3sec™!, the characteristic frequency of the crystalline relaxation should
be around v, < 10~ 2sec™!, which, according to figure 2.45 should occur around 100°C for the PP annealed at
140°C and 65°C for the one annealed at 100°C.
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Figure 2.45: Frequency versus temperature dependency of the crystalline relaxation of PP100 and PP140
according to Jourdan et al [71] cited by Seguela [79]

2.2.3.3 Implementation of Ree-Eyring approach

We would like to finish this bibliographic review with the application of Ree-Eyring model to isotactic polypropy-
lene?’. In this last paper of van Erp et al [62], different molecular architectures (homo- and copolymers of iPP),
additivation and solidification conditions have been tested at various temperatures and strain rates thanks to
tensile quasi-static and creep tests. In the case of polypropylene, they indeed have noted that, while the vast
majority of studies deal with various solidification conditions and micro-structures, only very few investigated
the influence of these variations on a large range of temperatures and strain rates. Accordingly, building namely
on own previous works as well as on those of Roetling [80], Alberola [69], Séguéla [39] and others, they validate
the presence of two deformation mechanisms named I and II in the ranges 107 5sec™! < é < 107 tsec™! and
25°C < T < 110°C on various a-iPP involving mesophase. Cooling conditions were ranging from 0.1°C'sec™*
to 200°C'sec™!. The various material used are presented in table 2.5 below.

20For the full description of this model, see section 2.5 "Small deformations: semi-empirical approaches of viscous flow".
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Table 2.5: Molecular and physical properties of the materials used [62]

Ethylena DMDBS M., M. /M,
Material Code {wt%) (wt%l (kgmol™)
HD234CF iPP-1 O 0 310 3.4
HOD&E0M1CF  iPP-2 O ] 345 4.7
RD20BCF iPP-3 4.9 0 310 3.4
iPP-2 4
DMDBS iPP-4 0 0.7 346 4.7

Te T

rCr Gy
110 158
113 183
98 138

132 165

Tw and T are determined with DSC using a heating and cooling rate of

10°C min '3

The authors have also measured the crystal lamellae thickness as well as the crystallinity. As expected, they

found a relationship illustrated at figure 2.46.
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Figure 2.46: Crystal thickness as a function of crystallinity (determined with SAXS and WAXD) for all PP-
based materials. The line is a prediction assuming a constant amorphous layer thickness

In order to preserve their microstructure, the mesomorphic phase samples were not tested beyond 60°C.

Typical (¢ - o) curves as well as (In¢€ - g,) curves were obtained on iPP-2 cooled at 0.1°C/sec and iPP-1 cooled
at 200°C/sec as illustrated at figure 2.47(a) and (b).

The slope in the high temperature and/or low strain rate regime is representative for the activation volume of
mechanism I, whereas that one in the low temperature and/or high strain rate regime holds for the activation

volume of mechanism I + II.
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Figure 2.47: (a) Samples cooled at 0.1°Csec™! and tested at 23°C-110°C and 10~°sec™! to 10~ tsec™; (b) yield
stress as a function of strain rate for sample cooled at 200°C'sec™! and tested between 23°C and 60°C. Symbols

represent experimental data, and lines are optimal fits using Eyring equation with constant activation volumes
- see table 2.6

It is thus possible as we will see later thanks to equation (2.36) to compute the activation energy E! and
activation volume V; of each mechanism ¢ as seen on table 2.6 below though some precaution have to be taken
when reading the data because of the scattering.

Table 2.6: Ree-Eyring-Parameters for all PP-samples [62]

mechanism i V;(nm?3)  Ei(kJmol™1)

I 14.20 503.7
I 4.44 158.0

The author concludes that the activation volume does not depend on the cooling conditions for a specific
molecular architecture. In fact, as displayed at table 2.6, the activation volume and energy of each mechanism i
do not depend on the microstructure. The only parameter in the Ree-eyring model that translates the nature of
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the solid microstructure is the pre-exponential factor that will be discussed in details at section 2.2.5. As a matter
of fact, the solid state microstructure is assumed to be constituted with a biphasic amorphous and crystalline
phase. The morphology of the solid state can be quantified in terms of crystal thickness and of crystallinity
and the authors find a strong non linear correlation between both. Hence, they argue that it was demonstrated
- see figure 2.46 - that a unique relationship exists for all the considered compositions and microstructures
between these two quantities. They also demonstrate that both crystal thickness and crystallinity decrease with
increasing cooling rate and that crystallinity and crystal thickness of the a-phase is higher compared to the
mesophase.

They try to link therefore the microstructure to the yield kinetics via the pre-exponential factor (which they
name "rate constant") and conclude that the yield kinetics of PP-based materials are satisfactory predicted using
the crystallinity dependent rate constants (see 2.48).
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Figure 2.48: Logarithm of the pre-exponential factors (or rate constants) of processes I and II as a function of
the crystallinity. Symbols represent experiments, and dashed lines are a guide to the eye [62]

The fact that the activation parameters do not depend on the cooling conditions is confirmed by the fact that the
slopes of the quenched iPP-2 and of the same quenched then annealed iPP-2 sample are identical, as illustrated
at figure 2.49 for the tests performed at room temperature. The same holds obviously for all the four structures.
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Figure 2.49: Yield stress of iPP-2 as a function of the strain rate. Symbols represent quenched and annealed
(10min at 100°C) yield stress data, and lines are model predictions using crystallinity index dependent rate
constants [62]
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On the base of the above-mentioned research, the authors carry on an attempt to discuss the two mechanisms
I and IT in terms of crystal slip (mechanism I) and interface crystal-amorphous phase (mechanism IT). They
also discuss the values found for the activation energy. The magnitude of activation energy for mechanism I
E! is higher than the energy required for chain scission, as C — C' covalent bonds energy is in the range of 284
to 368kJmol~! and in any case, such a break is not observed. The value of table 2.6 at E! = 504k.Jmol~?
however does not seem unrealistic as Alberola et al [69] found values of 470k.J/mol ~*.

The mechanism II is, for what it is concerned, put in relation with the a-transition as the literature mentions
that this latter occurs between 80°C and 100°C. The magnitude of activation energy for mechanism 1T EIf =
158kJmol ! is in the range of 146 to 167kJmol~! found in the literature.

To summarize, the authors have covered a interesting range of compositions, microstructures, temperatures
and strain rates. They have shown that two crystallisation regimes are competing, the monoclinic one and
the mesomorphic one. The crystal thickness and crystallinity decrease with increasing cooling rate. These two
regimes are translated into the Eyring formalism where it is shown that on the one hand, the activation volumes
V; and energies E are independent of the microstructure, i.e. the cooling conditions. On the contrary, these
latter are captured in the pre-exponential factor.

2.2.4 Small deformations: visco-elastic behaviour of isotactic polypropylene

It is know from the literature that there are a lot of similitude between mechanical and electrical approaches
to materials in the case of solid-state. Dielectric relaxation spectra and mechanical relaxation spectra display
remarkable consistent measurements and provide very valuable information on the structure of the material,
among other transitions located at the same temperatures [36], [81]. Furthermore, some important method-
ologies such as creep compliance or Cole-Cole diagrams come from theoretical and experimental methodologies
dealing with electrical - or rather dielectrical in the case of polymers - properties, even on apolar ones.

According to [7], [81], isotactic polypropylene is known to have a series of six transitions which are located
respectively around at 19K, 53K, 200K, 273K, 325K and 430K as explained hereunder. The origin of basic
relaxations processes and their general trends are known. However, despite the amount of studies dedicated
to them, the exact molecular origin and the morphological assignment of notably the a-relaxation are still a
matter of discussion because of the variety of results and interpretations proposed by different authors.

About the relaxation around 430K, let us mention that it translates the very beginning of the primary crystals
melting [7]. Let us call, for sake of clarity, the relaxations respectively below 100K (19K and 53K) and at 200K,
273K, 325K 4, v, § and «. Nowadays, a consensus seems to emerge on the molecular origin of the two main
lower temperature relaxations v and 8 though this is not the case for « one as already said.

In dielectric relaxation measurements, the fourth relaxation §, mainly below 100 K, is weak or absent and is
attributed to the hindered rotation of CHg groups. Reported activation energies are about 5 kJ/mol.

The ~-relaxation is located between 150K and 230 K and is usually considered as local motions in the amorphous
phase [82], most probably crankshaft type of [C' — C'Hs] of the backbone chain [7]. The dynamic mechanical
investigation has indicated that the initiation of thermal oxidation is concomitant with a partial vanishing of
the ~-relaxation [81], [83], [84], [82]. In metallocene iPP, an increase of isotacticity results in a broadening of
this relaxation, that partially overlaps with the left-hand side of the glass transition. The activation energies
found for this relaxation vary between 25kJ/mol [81] and a range between 50 and 80kJ/mol for metallocene iPP
[85].

The (-relaxation, located between 250K and 300 K and considered as the glass transition is usually assigned
to the amorphous phase. Some authors [81] propose that the glass transition that is very broad, contains in
reality two peaks, assigned to unconstrained regions of the amorphous phase [so called "mobile amorphous
fraction"] and regions constrained by crystallites [so called "rigid amorphous fraction"] [71]; other authors point
out to the lower transition as the one of amorphous phase rich in atactic chains and the upper one due to
antioxidant contained in the amorphous phase which is rich in isotactic chains [86]. The Williams-Landel-Ferry
(WLF) temperature dependence observed for this relaxation indicates cooperative behaviour related to the glass
transition with the reported activation energies of 350-400 kJ/mol [71], [85].

According to Jourdan et al [71], the S-relaxation, related to the glass-rubber transition of the amorphous
fraction behave in a similar way to that of a wholly amorphous polymer, with two characteristics: a high
rubbery plateau, indicating a cross-linking effect by the crystalline phase, and a strong effect of interfaces in
shear strain. When comparing the shift of respectively a- and S-relaxations with decreasing frequencies, there
is a larger shift of the temperature 7, than Ts. This means that the apparent activation energy is larger for
B than for a. Consequently, the shape of the S-relaxation curve is the more influenced by the presence of the
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a-relaxation as the frequency is decreased; in other words, as the frequency decreases, the maximum value of
tgd increases, i.e., there is a lack of time-temperature superposition.

According to Hoyos et al [87], similarly to the a-relaxation, the temperature and relative intensity at which the
(- and ~y-relaxations occur are strongly related to the molecular architecture of the chains: there exists a critical
value of the isotactic length n;,,2' under which the motions associated to the 5- and y-processes occurring in the
disordered phase are promoted against the motions in the crystals, i.e. the a-process. The associated variations
of T and T, with n;,, suggest that the degree of constraint of the disordered regions play an important role in
the mechanical relaxations. Therefore, the low-T}, crystals, constituted of subsidiary and transverse lamellae??
appear to drive the respective contributions of 5 and 7 to the whole dynamics of the disordered phase.

In general, the a-process appears below the melting temperature and its position varies with many factors such
as the structure, the density, the thermal history, etc..

The origin of this process is controversial in the literature, but it undoubtedly requires the presence of a
crystalline phase. According to [88], the a-relaxation process require the presence of both, the crystalline and
the amorphous phase (MAF as well as RAF), because the deformation of the amorphous interphase layer (or
RAF) takes place by a mechanical movement of the polymer chain. The temperature of the « transition T,
usually increases with the characteristic frequency of solicitation whereas the a-peak becomes broader. The
temperature dependence of this transition follows an Arrhenius-law [89], [90] and the relaxation processes are
exclusively triggered by relaxation processes in the crystalline phase that are mainly discrete, thermally activated
and controlled by defects (see infra). The nucleation and propagation of these defects under thermal activity
allows the deformation to be transferred from the crystalline phase to the amorphous phase via the interface
[71].

It was also demonstrated that the underlying mechanisms are characterized by only a couple of sharp and
defined relaxation times [36], [90], [91], [89], which means also that, under very small strains, the magnitude of
the vibration frequencies are basically in the same range.

The solid state microstructure such as the mesophase or the spherulite size together with the molecular architec-
ture significantly influence the nature and the number of components of the mechanical a-relaxation [92] thanks
to the activation of various molecular mobilities. For instance, the decrease of both the spherulite size and the
crystallite structure perfection leads to the enhancement of the crystallite mobility, resulting in an increased
contribution of the intra-lamellar regions to the a-relaxation [81].

Multiple relaxations of a-process, consisting of two components, was also observed [84], for instance in samples
cristallised from the glassy state. The low-temperature component ["low-T, content"] is mainly attributed to
the stress relaxation of the fraction of the non-crystalline phase containing strained molecules and segments
of molecules belonging to the specific (irregular) arrangement of the surface layer of the crystallites. The
high-temperature component ["high-T,, content"| of the a-relaxation is connected with the viscous slip of the
crystalline elements within the non-crystalline phase [81].

In the study on thermo-oxidation of iPP made by Tiemblo et al [84],[83], the presence of the a-relaxation makes

it possible for crystals to act as radical scavengers and thus stabilise the material at temperatures under 115
°C.

Mansfield and Boyd [93] investigated on their side the dielectric a-relaxation of PE and proposed the propagation
of a twisted defect along the chain in the crystal lattice, resulting in a reorganisation of the crystal surface,
though it is known that the amorphous phase is softened or deformed too. In the case of polypropylene, the
a-process was found to follow an Arrhenius law due to less cooperative motions than in the case of the glass
rubber transition, i.e. S-relaxation. Activation energies of the a-process were found in the range of 135kJ/mol
and 150kJ/mol for metallocene based iPP [85], and 150kJ/mol and 200kJ/mol for ZN based iPP [71].

The influence of the molecular architecture has been studied by Hoyos et al [94], [87]. Recognizing that
helical jumps through the RAF and chain-diffusion within the crystals are responsible for the a-relaxation in
several semi-crystalline polymers such as PE or POM, it has been expected that tactic regularity would play an
important role in iPP for the segment diffusion to take place. This means that chain characteristics (molecular
architecture and molar mass) and morphology (crystalline content and size distribution of the crystals) will
have an influence on this relaxation. Indeed, they control the average length of the isotactic segments able to
be transferred between the crystalline and amorphous phases and some of the inter-chains associations could
inhibit this dynamics by disabling the associated isotactic chain segments.

The authors carried out a research in which the main goal was to use materials of high molecular weight

2lis the length between two isotacticity defects and is expressed in C3Hg monomeric units - see section 2.3.2 for the definition
225ee section 2.3.2
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and short average lengths in the chain. Considering copolymer as a defect, they synthesized three types of
isotactic polypropylene structures, Ziegler-Natta homopolymers, Metallocene homopolymers and copolymers
with varying molecular masses and isotactic lengths. The thermal history was approached in a (relative) way
that would let each structure the same opportunity of ordering from the quenched status, meaning that the
crystallisation temperature were different for each film when quenched from the melt.

In order to evaluate the amount of metastable mesophase, the low-T,,, fraction, an empirical rule was used that
assign this percentage to the area under the heat capacity up to Ty, — 8°C), as illustrated at figure 2.50(a) and
in order to evaluate the viscoelastic behaviour, they used a normalized method to compare the loss modulus
E", by dividing it by the area under the S-relaxation process, i.e. the glass transition, as illustrated at 2.50(b).
Computing the area under each peak, they could define the relative intensity of the transition. Finally, 2.50(c)
displays the normalized loss modulus of various structures.
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Figure 2.50: (a) DSC profile explaining how to calculate the amount of low-T,, fraction on a real sample, (b)
normalized loss modulus curves (open circles: experimental data, continuous line: the fitted curve, dotted lines:
deconvoluted peaks) and (c¢) normalized loss modulus of various structures

It has been known (see infra) that ZN catalyst displays almost zero regio-defects with stereo-defects inhomo-
geneously distributed, whereas metallocenes have both regio and stereo-defects homogeneously spread on the
chain. Furthermore, it has also been possible to compare structures with the same amount and type of defects
but with very different molar masses.

The result of this study states that the isotactic length n,s, plays an important role in the a-relaxation as
illustrated at figure 2.51. It establishes that the total content of interruptions/defects determines the value of
T, - see 2.51(a) - where T, has been drawn as a function of the isotactic length n;s, and that the intensity of
the a-relaxation is mainly controlled by the crystalline distribution, provided that some molecular architecture
requirements are fulfilled, i.e. the isotactic length n;s, is comprised in the range 20-500.
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The correlation between the relative intensity of the a-relaxation and the low-T,, content illustrated by figure
2.51(b) supports the idea that the exchange of isotactic segments are at the basis of the a-relaxation and
identifies the crystalline distribution as the main parameter to be controlled in order to modulate the intensity
of this dynamics. Knowing also that this distribution come from the combination of the thermo-mechanical
history and of the molecular architecture.

20

70 4 30 units 1.'3|;:l units

& l .

75°C

o : -
e oo BOC.
= 6o .+ -
o
50
qnI":'I""I"':'I""I""I""I""I""I""I""I
4] 50 100 450 200 250 300 350 400 450 500
"'I
0.6 4

Relative intensity of o relaxation

15 20 25 30 35 40 45 80 L] 0 65 Fi]
content of low-T,,, crystals {wt.%)

Figure 2.51: (a) Ty, versus n;s, and (b) relative intensity « versus low-T,,, content (open circles: MET, black
circles: ZN, stars: copolymers)

The influence on the a-relaxation of annealing and more generally of the thermo-mechanical history has
been studied by Séguéla et al [39] who has studied a 100um film of iPP homopolymer (likely a ZN, Mw=257kDa)
quenched at 30°C and annealed during 1h at 140°C. The WAXS spectra and the evolution of the DSC traces,
storage modulus E’ and loss factor tgd are presented at figure 2.52.

These graphical representations are quite illustrative examples of the difference between both morphologies:
on the WAXS spectra, the two broad peaks of the mesomorphic phase are well present for the quenched films
and the four peaks of the monoclinic a-form for the annealed ones. For the quenched film, this is translated
on the DSC traces into a small exothermic at 70°C followed by an endothermic peak at around 110°C that
are characteristic to the reorganisation process of the mesophase into a monoclinic one. This latter melts at
165°C (sharp peak). For the annealed one, only one single melting peak is present at 167°C. Finally, regarding
the dynamic and mechanical analyses, the two storage moduli E'(T') are quite similar below the S-relaxation
located around 10°C, that is the glass transition of iPP at 1hz.
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Figure 2.52: a) WAXS spectra, b) DSC traces, ¢) storage modulus and loss factor for respectively for quenched
(black circles) and annealed films (open circles)

Above 10°C, the mobilities in the crystals are progressively activated leading to the a-relaxation. E'(T) drops
faster for the quenched film than for the annealed one because of the weaker elastic interactions in the mesophase
than in the monoclinic one. This is confirmed by the higher tgd level of the quenched sample between 10°C
and 60°C due to higher energy dissipated by the more intense molecular movements. On the contrary, there is
a limited difference in the mobility of the amorphous phase of both films. In the temperature range of 70°C
and 110°C, the moduli start to converge and merge around 110°C. This is relevant to the transformation of the
mesophase in the quenched sample into the monoclinic form thanks to the increasing activation of the molecular
motions in the ordered phase. It can be also observed that the amplitude of the S-relaxation is the same for
both samples, which means that the annealing treatment does not change significantly the amount of amorphous
phase.

The mechanism of the a-relaxation can then be analyzed from the cristallographic viewpoint, via the nucleation
and propagation of screw dislocations.

Chang et al [16] worked on their side on a iPP homopolymer using two processing approaches: isothermal crys-
tallisation from the melt at various temperatures ranging between 90°C and 130°C and quenching in the water at
10°C and annealing at various temperatures ranging between 45°C and 150°C. Reminding that mesophase and

49



ECOLE
u MONS \ﬁ m ﬂ POLYTECHNIQUE
Université de Mons m— o5 Sclences DE BRUXELLES

polymorphs appear when cooling rate goes beyond 20K /sec, and that mesophase starts to melt around 40°C,
they investigated the presence of the sole a-phase form. The expected influence of the annealing temperature
on the long period and on the crystals distribution was measured via SAXS. Using a one dimension correlation
function on the scattering angle data ¢ and supposing that

Ly =1lo+1,+2 (2.15)

with L, the long period, [, the crystal thickness, [, the mobile amorphous phase thickness and I; the thickness
of the intermediate (i.e. rigid amorphous) phase, they were able to determine not only the long period L, but
also the thickness of the RAF phase. Among other results, in the annealing range between 60°C and 90°C,
where the mesophase melts, two relaxations were clearly identified on the loss factor, Ti,, and T,, as displayed
at figure 2.53.
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Figure 2.53: (a) Tangent of the loss factor as a function of temperature for samples quenched and annealed at
75°C for various times up to 6 h; (b) position of the peak of the tgd

They have implemented the model of "continuum of mobility" proposed by Eposito et al [95], which assumes
that polymer chains are strongly coupled between the various phases and that the continuum has a broad stress
distribution. The polymer chains close to the crystals are strongly tied and the relaxation will happen at higher
temperatures. The larger the distance of the polymer chains from the crystalline phase surfaces, the less they
are influenced by the interfacial geometrical constraints and relax at lower temperature. This means that rather
distinguishing RAF and MAF, they consider a smooth transition between those phases.
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Figure 2.54: Relationship between intermediate phase and a-relaxation

The a-relaxation is described following this approach: «;-relaxation at lower temperature could be ascribed to
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the helical jumps of polymer chains neighbouring the amorphous phase and as-relaxation at high temperature
originates from the helical jumps of the polymer chains close to the crystalline phase. A schematic drawing is
presented at figure 2.54.

To summarise, considering the annealing temperature 7, and the activation energy F, :

1. for samples only quenched, polymer chains in the intermediate phase are constrained by crystallites with
a broad size distribution, leading to one a-relaxation peak with E, = 53.4kJ/mol

2. for 60°C' < T, < 105°C, imperfect lamellae melting releases a part of the constraining force and two
a-relaxation peaks are observed, a; and as. Both relaxation peaks shift to higher temperatures as T,
increases. The activation energy of the first mechanism F,; decreases to 35.5 kJ/mol as the intermediate
phase thickness increases from 2.0 to 2.2 nm

3. for T, > 105°C, a new crystalline phase is formed, which enhances the constraining force on the polymer
chains. The «j-relaxation peak is broadened and its position shifts to a higher temperature. Moreover,
the polymer chains between the initial and the newly formed crystalline phase are strongly confined and
as a consequence, the as-relaxation becomes undetectable. The activation energy of the first mechanism
E,; decreases from 23.6 to 13.7 kJ/mol as the intermediate phase thickness increases from 2.3 to 3.0 nm.

This dependence of the activation energy to the thickness of the intermediate phase is illustrated in figure 2.55.
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Figure 2.55: Activation energy as a function of the thickness of the intermediate phase

As a conclusion, a-relaxation depends strongly on the annealing temperature because its behaviour depends
strongly on the confinement force on the polymer chains in the intermediate phase.

We would like to finalise this review with the paper of Syi and Mansfield [38] who examined the possibility to use a
soliton model for the a-relaxation, not applied in many polymers and with some success to dielectric relaxations.
The principle is to consider that the various molecular motions engaged in the relaxation mechanism, such as
rotations and translations, as a particular case of a category of non-linear waves called solitons or solitary wave
and to calculate and solve its motion equations.

Physically, the potential energy exerted by the surrounding crystalline stems on an individual one reflects
the stem symmetry. For example, a complete rotation of the stem through 360° brings it back into its primary
crystallographic position, as it does a translation along the chain axis through its unit-cell crystalline dimension.
Other symmetries are possible in helical systems, namely screwing the helix in or out of the crystal. In the case
of isotactic polypropylene, we know that it consists in a combined 120° rotation and ¢/3 translation, and in any
case, the polymer stem finds itself moved forwards or back by one chemical repeat unit. One could consider
motions within the crystal in which a stem jumps as a combined translation-rotation motion as a rigid rod -
such as illustrated hereunder on figure 2.56. In other words, the motion allows the chain stem involved in the
process to jump from one particular minimum energy position in the lattice to some other symmetry-equivalent
position.
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Figure 2.56: Helical jumps in crystallites [35]

The authors considered solitons producing net rotation and/or translation of crystalline polymer stems in four
polymers. They were able to predict successfully the activation energy of the a-relaxation in both polyethy-
lene and isotactic polypropylene, and to explain its absence in both syndiotactic polypropylene and isotactic
polystyrene. Criteria controlling its absence or presence in any particular polymer crystal have been highlighted
as 1°) the energy barrier opposing motion of each individual repeat unit of the stem, 2°) the elongational stiffness
of the polymer stem and 3°) the number of bonds per repeat unit. They found that the minimum number of
atoms per stem involved for the relaxation to exist is around 25 (see figure 2.57). A more careful comparison
with the experimental results obtained by Hoyos et al would be interesting (see figure 2.51).
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Figure 2.57: Activation energy as a function of the crystal thickness, where N is the number of atoms per stem

2.2.5 Small deformations: semi-empirical approaches of viscous flow

By controlling the conditions of time/frequency and temperature at which the tests will be performed, it is
possible to better understand the influence of those variables on several values and processes, namely the
viscous flow or the triggering of macroscopic plasticity. However, the tests have to be complemented in order to
get a real access to the microscopic mechanisms involved at this stage. Hereunder, we describe two important
theories, based on thermodynamic considerations.

The relation between the frequency f and the temperature T can be obtained from the dependence of the viscosity
on the temperature. This expression is usually valid in a limited range of temperature. However, as we know,
when semi-crystalline polymers are in a macroscopic solid-state, their viscous flow, and especially their yield,
is obviously coupled with their microstructural components, i.e. their phases composition. Understanding how
the respective phases (crystals, amorphous and mesomorphous phases) are interacting within the viscous flow,
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and which one is driving in a given slot of temperature or frequency because of internal molecular relaxations
is not an easy task.

We review hereunder different models, that shed various lights on the behaviour of amorphous and/or semi-
crystalline polymers.

Two models are presented in the following paragraphs, Williams, Landel and Ferry on the one side, and Ree-
Eyring on the other side, the spotlight being put on this latter. In this paragraph, we follow mainly the references
[96], [7] and [97].

First, Williams, Landel and Ferry (WLF') have obtained an equation that links the viscous flow of amor-
phous polymers to the temperature on the basis of the distribution of free volume for temperatures beyond glass
transition. This distribution can be obtained by considering on the one side the probability for a free volume
to have a magnitude larger than a specific value as expressed by Doolittle equation and on the other side the
existence of a minimal free volume that is trapped into the polymer in its glass-like state. Indeed, according to
Doolittle, the probability P for a free volume V; to be larger than a given value Vo can be expressed as

P = Vio/Vs (2.16)
According to WLF, the free volume resulting from the creation of vacancies at temperatures above glass tran-

sition T} is related to a minimal free volume Vy, and to the difference Aa between the thermal coeflicients in

the rubber-like and glass-like domains:
Vi =Vig+ AT —T,) (2.17)

Combining equations (2.16) and (2.17) leads to

Vo
P = — 2.1
“op ( Vig + Aa(T - Tg)) (2:18)

The viscosity 1 being inversely proportional to the probability P leads to the WLF equation
(M) — -Ci(T-Tp)

lo = 2.19
gU(Tg) Cy + (T - To) (2.19)
This equation is also quite often written as:
—C1(T —Ty)
logap(T) = —————~ 2.20

Secondly, the Ree-Eyring theory is a theory of displacement and deformation linking the stress o, the strain
rate € and the temperature T. It was built in two steps and has been widely used for amorphous and semi-
crystalline polymers, and modified since then: first the Eyring theory, then the Ree-Eyring theory as explained
in the next pages.

Eyring has first based its description [98], [99] of the viscous flow by considering the way each segment of
macromolecule has the freedom to move whereas each is prevented to do so because of the binding forces with
other segments of macromolecules. In order to get a segment moving from position (1) to the close equilibrium
position (2), a potential barrier E, has to be overcome and the same amount of energy E, has to be supplied?.

Eyring assumes that the potential barrier is a symmetric one and that equilibrium positions (1) and (2) are
separated by a constant distance A at the temperature T3. The displacement that is required to reach the top

of the potential barrier is therefore % as illustrated at figure 2.58.

When there is no stress applied to the macromolecule (figure 2.58a), the segments move under the influence of
thermal agitation (brownian motion) that leads to diffusion phenomenon. The probability for one segment to

move is:
P — ¢ Ea/kT (2.21)

As the diffusion is totally random and homogeneous in the material no change is observed at the macroscopic
scale.
When a stress is applied, this is no more the case (figure 2.58b).

23it should be highlighted that the height of the potential barrier is usually assimilated to the potential energy and more rarely
to the enthalpy of the system which means that entropy contribution is usually ignored
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Figure 2.58: From left to right: (a) energy barrier between 2 equilibrium position 1 and 2 (with Q = E,) [97]
and (b) influence of a stress on the decrease of the potential barrier in the flow direction [25]

The application of a stress o will cause the apparition of a force vector, which direction will depend on the
direction of the constraint applied to the segment. The work to be performed by the force is considered as equal
to the potential energy. It will be positive or negative and the probabilities for the segment to cross the barrier

become:
Pi_y = e~ (BamWo)/kT (2.22)

Py_yq = ¢ (BatWo)/kT (2.23)

with &k the Boltzmann constant (the perfect gas constant R could also be used) and W, the work performed
by the force when the top of the barrier has been reached.

The deformation of the material is proportional to the difference of displacements (1) — (2) and (2) — (1),
and can be written:

Py =Pio—PFPos (2.24)
o E. . W
— % einh—2
P, = 2exp( kT)Smh T (2.25)

If €p is the shift corresponding to the elementary displacement of the segment from position (1) to position (2),
% the shift needed to reach the top of the potential barrier and Vj the volume associated to the segment, then
the work of the stress ¢ needed to reach the top of the potential barrier, acting on the shift plane of the segment

and aligned with it can be expressed as:
eoVoo
w, = 2% (2.26)
2

The segment vibrates in the bottom of a symmetric potential, though it becomes asymetric when the stress
is applied. If its energy is high enough, it can overcome the potential barrier. At each oscillation, it has the
opportunity to cross the barrier once from left (1) to right (2) and once from right (2) to left (1). Let us consider
Jo as its vibration frequency. The frequency N of displacements excess in the direction of the stress is:

o o E,. . eoVoo
N =2JyP, = 4Jpe( ﬁ)smh 51T (2.27)
The deformation rate ¢ is therefore equal to
€ =¢egN (2.28)
. Ea R GOVOO'
€= 460J06(7k7T)S’th 5k T (2.29)
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This relation can be simplified in 2 extreme cases:

10) if 0 << 2kT/6()V0

sinhx ~ x (2.30)
and 5 Vi
. a\ €0V00
~4 - 2.31
€ == deoJoe(— ) 5 (2.31)
o kT
~ = né 2.32
7 22 Joe(—E JKTYVVy (2:32)
which is the newtonian viscosity and is valid below 7
2°) if 0 >> 2kT /egVp, i.e. close to the yield point,
eﬂi’
sinhx ~ 5 (2.33)
and > v
. a €0 Voo
€~ 260J06(—k—T)e( 9k T ) (2.34)
This relation can still be written as: g
o
— = A*"(In2C¢ + —= 2.
T (In2C¢ + kT) (2.35)

with A* = k/Vy and C' = 1/é.

This equation encloses three adjustable parameters: A*, C and F, and is valid for a large range of
temperatures except in the vicinity of 7.

However, the theory elaborated by Eyring looked at one mechanism only and did not give results good enough
in case of experimental deviations (this was especially the case for amorphous polymers at low temperatures).
Modifying this theory into the well known "Ree-Eyring theory" the two authors involved the possibility
to have deformation as the result of various molecular displacements combined together. In this case, each
mechanism was translated into a different set of parameters, corresponding to each type of associated movement.
Their main result was that the various processes terms are additive in the equation. This means that, assuming
that N processes are involved in the viscous flow occurring at yield point and that each process i is associated
with one relaxation time, it is possible to rewrite the Ree-Eyring equation as [100]:

7

a E
=Y A;(In2Cié + %) (2.36)
n=1

1

kT

with AF = k/V§ and C = 1/¢} the constants of the process i and o >> A:T.

The physical meaning of these parameters can be highlighted by some observations:

1°) in the amorphous polymers, the activation energies E, associated to the secundary transition § are identical
to the one calculated via the dynamic mechanical analysis [101]

2°) in semi-crystalline polymers, the theory works as well in the range of the upper glass transition (corresponding
to the mechanisms in the crystalline phase) and it has been demonstrated that in the presence of a threshold at
high temperatures, the activated volume is similar to the volume of crystalline phase undergoing a fusion when
the yield is reached [100]. An explanation taking into account the entropic aspects of the model is presented in
chapter 4.

2.2.6 Time-temperature superposition or the method of the composite master
curve

It is time now to present briefly the consequences of the dependence on temperature of viscoelastic functions
and more generally of stress-strain curves.

The viscoelastic behaviour of high polymers can be modelled by more or less complex systems of springs and
dashpots. The link between temperature and frequency (i.e. relaxation spectrum) can be obtained from the
evolution of the viscosity with temperature, within a specific range [102].

95



U M O N S m 1 ECOLE
" Université de Mons — 1 ECE,LBYJS)((::;LNJEQSUE

In amorphous polymers, we know that under the glass transition temperature, the backbones of the polymer
chains are immobilized and that none of the large changes in viscoelastic properties with time or frequency
are observed. These tremendous changes appear in the transition zone, between the glass-like and rubber-like
states. This behaviour can be understood qualitatively on the basis of relaxation and retardation times as these
components of the viscoelastic spectra decrease rapidly with increasing temperature.

At low temperature, practically no configurational changes occur under deformation, the dynamic modulus
E'(w) is close to its equilibrium value E, and tand is close to zero. At high temperatures, which correspond to
mechanisms where a large number of molecular motions can occur, the relaxation spectrum H makes an impor-
tant contribution to the relaxation modulus: E’ becomes quite low, whereas E” and tgd increase dramatically.

However, a change in temperature can leave the shape of the relaxation spectrum unaltered, only shifting it
along the time axis.

These specificities trigger the possibility to considerably enlarge the effective time or frequency scale available
for experimental measurements and allow separating time from temperature on which viscoelastic properties
relay. This experimental principle is called "time-temperature superposition" or "thermorheological simplicity"
or method of reduced variables" or "method of composite curve", and should not be confused with the Boltzmann
superposition principle.

2.2.7 Origin of the method of reduced variables

According to Ferry [102], the time-temperature superposition method, though demonstrated first experimen-
tally, can be deduced, depending on the polymer under consideration, either from the dilute-solution theories
for flexible random coils or from the theory for undiluted polymers (i.e. amorphous polymer with a low molec-
ular weight that does not allow for the entanglement coupling to occur). It says schematically that all the
contributions to the dynamic modulus E’ should be proportional to the temperature and the density of the
polymer p, and all relaxation times should have the same temperature dependence. This dependence is very
largely due to changes in the friction coefficient of the monomeric entity of the polymer with temperature.
The effect of shifting from temperature T to Tp is to multiply E’ by Topo/Tp, the density ratio being directly
linked to the thermal expansion, and multiply the frequency scale by a shift factor ar where this latter depends
on the temperature, the monomeric friction coefficient, and mean square end-to-end distance per monomeric
unit. Ferry observe that the proportionality of modulus and the assumption of one single friction coefficient
"are general principles that can be applied without assuming that the form of the time or frequency dependence
follows any prescribed function".

When applied to high polymers, i.e. polymers which the molecular weight is high enough so as to allow
entanglement coupling to appear, the behaviour of the relaxation function has very schematically three main
relaxation areas in its relaxation spectrum H as represented at figure 2.59.
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\_ Transition

Rubbery

H(Y
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Figure 2.59: Schematic drawing of the relaxation spectrum H versus log(t) for an amorphous polymer covering
the glassy state, the Ty, region and the rubbery plateau (inspired from [25] p.66)

In the transition zone, the relevant motions are governed by the monomer friction coefficient. The scheme is
different in the terminal or rubbery zone when the polymer is molten, where the movements are governed by
the friction coefficient of the entangled monomeric chains. The question of knowing if the same shift factor can
be applied in both regions depends ultimately on the dependence of entanglement coupling to temperature. In
the vicinity of the glassy zone, the configurational rearrangements of the polymer chains cannot be anymore
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related to the sliding of flexible chains. Furthermore, when other viscoelastic mechanisms are activated (side
groups f.i.), two types of temperature dependence superposed on each other should be considered.

2.2.8 The shift factor and the Arrhenius equation

The Williams-Landel-Ferry equation has been assumed to be valid for amorphous polymer at temperatures
between T, and T, + 100. For temperatures well below T}, the influence of temperature on the position of
relaxation curves along time scale cannot be described anymore by the WLF-equation, and the relaxation time
is assumed to be following the Boltzmann statistics. This is the so called Arrhenius equation for the shift factor

ar
o Ba L1 (T

with E, the activation energy of the mechanism, R the gas constant and the shift factor being the ratio between
the frequency at the reference temperature 7Ty and the frequency at the considered temperature. This relation
is usually used for secondary transitions of amorphous polymers and for the upper glass transition (i.e. «-
transition) in semi-crystalline polymers. The activation energy can also enclose an entropy factor and is in this
case an enthalpy rather than a potential energy.

(2.37)

In highly crystalline polymers, different mechanisms have different temperature dependence (motions in the
crystal lattice, viscous flow of amorphous regions between crystalline lamellae f.i.). The structure of semi-
crystalline polymers is rather sensitive to changes in temperature and they are linearly viscoelastic only at very
low strain levels. The contribution of relaxation modulus decreases with increasing temperature as in glasses, but
due to crystals, the macroscopic properties encompasses in reality a composite system. " With extensive precise
data, it is possible to analyze separate contributions with different temperatures dependence and determine their
activation energies"[69]. Empirically though, the composite curve is often achieved with vertical and horizontal
shifts for a given viscoelastic function, "but theoretical guides for performing such a manipulation are rather
tenuous "[69]. The numerous measurements performed on semi-crystalline polymers have demonstrated that,
even in the glass transition region, the change of the viscoelastic function does not translate into steep changes
in the slope: the curves are rather flat and broad. As has been examined at section 2.2.4 on the visco-elastic
behaviour of iPP, this may be due to the cross-linking effect and filler action of the crystallites which impose a
reduction in the segmental mobility.

2.2.9 Time-temperature superposition in practice

We have seen that the physical signification of time-temperature superposition means that it is possible to
call for a mechanism either by increasing (or decreasing) the frequency or by decreasing (or increasing) the
temperature. The point is to be cautious and to ensure that identical mechanisms are compared together and
that the microstructure of the material remains constant. These are two pitfalls to be avoided especially when
viscoelastic curves are overlapping when the frequency or the temperature is varied. This is why this kind of
test is carried out at constant temperature and varying frequency, or the dependence to the temperature ramp
of the microstructure is carefully checked.

Practically, applying a shift factor from an isothermal curve measured at Tj to another isothermal curve mea-
sured at T7 will lead to a so called master curve covering a broad range of strain rates or frequencies.

This is illustrated by the figure 2.60.

Master curve

Log w Log arw

Figure 2.60: Building principles of a master curve [103]
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The various relaxation times 7 associated to a specific mechanism depend in the same way on the temperature
according to the equation:

7(To) = az (T, To).7(T) (2.38)
where Tj is the reference temperature and 7 = % Similarly, we can write:

(T = 05 (T, T0). 4 (7) (239)

=

We can thus write a similar expression for the frequencies f(7):

f(To) = ar(T,To) f(T) or arp(T,Tp) = J;(TO) (2.40)

For each master curve, it is therefore possible to define a couple (shifted frequency, viscoelastic property consid-
ered). In the case of figure 2.61 that deals with a single crystal mat of PE, the presence of a single mechanism
can be easily seen, as the loss factor amplitude and shape remain constant across the frequency range.
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Figure 2.61: Isothermal curves of viscous modulus E” as a function of logf for various temperatures [104]
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Figure 2.62: (a) The two a; and as transitions in PE measured with the loss modulus E” as a function of
temperature [104] and (b) the evolution of isothermal tand curves as a function of the frequency in iPP [71]
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However, it is not always so obvious to get this type of curve and usually, several mechanisms are competing,
as illustrated at figure 2.62(a) where two mechanisms are present, o; and «s, the first one being emphasized at
high frequencies or low temperatures and the second one at high temperatures/low frequencies.

The same type of transitions has been studied for iPP (f.i. [71], [80]) though to a really less extend than PE.
This is illustrated in the case of an isotactic polypropylene [71] with similar properties as ours in the figure
2.62(b) and the table 2.63 below.

T
A3l
A3
o =
AMN3
= L)
1413
L 1 1

T T T
A L 1 1
28 3.0 A4  IE/T (K

t°9 {tjhlif“;_!

Maximum Loss Tangent and Apparent Activation Energy

Sample A373 A393 A403 A413 [413
B relaxation
T/K at 275 275 275 275 275
tan 8, 4.7 x 1072 46 x 10 2 4.8 x 1072 7.6 X 1072
(1 Hz)
a relaxation
T/K at 332 337 344 374 392
tan 8., 93 %1072 9.3 x 1072 10.5 x 1072
(0.01 Hz)
AH, 170 170 145 110
(kdJ /mol)

Figure 2.63: Top: Evolution of a7 as a function of % and bottom: summary of activation parameters at various
annealing ("A") and isothermally undercooled ("I") temperatures [71]

Though large similarities in the approach by the respective communities of solid and molten states, there are
also somewhat differences, besides the type of solicitation: whereas the solid state community is used to deal
with large ranges of temperatures and more narrow ranges of frequencies or strain rates, it is the contrary in
the community of the rheologists. Also, storage and viscous modulus E’, E” as well as tgd are the preferred
properties in the solid state, the phase angle § together with G’, G” are used as physical signatures to characterise
the viscosity of the molten state considered. Keeping in mind a very simple type of Kelvin-Voigt, Maxwell or
Zener models, when § is approaching 0°, the material tends towards a pure elastic behaviour, whereas when it
approaches 90°, it tends towards a pure viscous behaviour.

In order to show the mechanics of the master curve building, we follow the explanation given by Kessner et al
in their article [105].

For thermorheological simple materials, i.e. polymers which all the relaxation times depend in the same way
on temperature, the thermorheological behaviour follows equations (2.38) and (2.40). "In order to determine
reliable and comparable activation energies, the evaluation method is crucial” because this quantity is the link
with the molecular structure (or microstructure in the case of the solid state). Some literature uses, besides
the shift factor along the frequencies a shift factor along the moduli. As already said, this has been quite
controversial and in order to circumvent this pitfall, tand(w,Tp) or rather §(w, Tp) is used:

tand(w, Tp) = tand(arw, To) (2.41)

The activation energy E, can be determined as the slope of the phase angle § measured as a function of w at
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different temperatures, and drawn as a function of % according to the following equation:

= emp(%) (2'42)

as illustrated at the figure 2.64 with w the angular frequency.
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Figure 2.64: (a)d as a function of logw for increasing temperatures (bottom-up) and (b) w as a function of #
for increasing § (top-down in the graph) [105]

It can be observed from figure 2.64(a) that when § increases or decrease, related relaxation times increase or
decrease and from (b) that the slope is the same for all the curves, i.e. for all the values of ¢ used in this
experiment.

Once the activation energies has been calculated, it is possible to plot F, as a function of . When it is constant,
it means that the mechanism at stake is "pure", as illustrated at figure 2.65.

According to the authors, this method is very powerful and sensitive to small differences, and its sensitivity can
be exploited in the case of thermorheological complex polymers, if the range of frequencies ([and temperatures])
matches the internal time scales of the mechanisms at stake. We will see in the chapter 4 how this has been
applied in the case of our polymers, and the obstacles that had to be overcome, keeping in mind that the
movements considered in the molten and solid states are not the same.
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Figure 2.65: Activation energy E, as a function of the phase angle § [105]
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2.3 Solid state microstructure of semi-crystalline polymers: applica-
tion to isotactic polypropylene

2.3.1 The structure of the condensed matter: a brief overview

According to Wunderlich [106], when dealing with condensed matter physics, (macro)molecules can be catego-
rized into small and large, rigid and flexible as illustrated in figure 2.66 where the type of polymeric macro-
molecules that we are dealing with in this work are considered as "large" and "flexible molecules".

A Classification Scheme for Molecules

SMALL <1,000 Aloms< LARGE

(often metallie, ionic, (at ieast some
or covalent o-bonding of
network nonlinear
bonding) geometry)
rmay keep RIGID FLEXIBLE
tlﬁl@grltg lose integrity on may keep integrily
srcc:l?dg melling, i.e. on melling, i.e.
quuiu:f, exisls only in the may exist as solid or

and vapor solid state as figuid

change in molecular order. The crystailization and melting
involves a change in order which causes the glass transition.

Figure 2.66: Types of (macro)molecules based on size and flexibility [106]

Semi-crystalline polymers are known to be materials that are composed of various (meta)stable multiphasic
structures with superstructures going from macroscopic scale to nanometers. The figure 2.67(a) illustrates
schematically the nature of the phases and their transitions, based on their molecular structure and motion.
Moving top-down on this figure, and disregarding the gas phase, the phases are referred as solid, crystals and
liquids. The mesophase has a special status and is drawn in blue and in orange on this scheme. According to
[107], the thermodynamic analysis of phases and their changes can be based on the understanding of the glass
transition and of the disordering transitions.

There are various types of solids and various types of mesophases [106], [L08]. The amorphous solids (glass) has
only short-range order. The fully ordered crystal shows long-range, three-dimensional order.

When the temperature is increased, the metastable mesophase can undergo, depending on its nature (glass or
crystal), a glass transition or a melt. In both cases, there is a change in molecular or conformational mobility
(enthalpic process) though in the case of the crystal, order is also lost (entropic process).

The liquid crystals are liquids with a small degree of orientational order, plastic crystals have a large degree of
orientational disorder, and condis crystals a partial or complete conformational disorder?*. The characteristics
of these three mesophases and their mutual links via phase transitions are summarized in figure 2.67(b).

In their solid state, semi-crystalline polymers can be considered as globally metastable, multiphasic systems
with phases ranging from micrometers to nanometers as illustrated at figure 2.68. Because of solidification
conditions will determine the polymer macroscopic solid state structure, it is of utmost importance to understand
the thermodynamic status of the phases, equilibrium or non equilibrium, because depending on it, irreversible
transitions will occur or not during further thermomechanical history. Non-equilibrium states are reached by
hindering the transition to thermodynamically more stable states, characterized by a lower free enthalpy G.

24There are various types of order (or disorder): orientational order refers to the alignment of the crystal with an average orien-
tation; positional order refers to the extent to which the position of an average molecule or group of molecules shows translational
symmetry (see https://uh.edu/ chembi/liquidcrystals.pdf), and conformational disorder refers to a "structural disorder, i.e. any
deviation from the ideal three-dimensional regularity of the crystal structure, resulting from the statistical coexistence within the
crystals of identical configurational units with different conformations" (see IUPAC gold book.)
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Figure 2.68: Effect of different phase dimensions on the properties within the phases [107]

The polymer molecules are usually longer than one 1um, cross the boundaries and decouple at the interfaces
between the various phases, i.e segments of different lengths become independent from each other. This de-
coupling is usually not complete and, according to its level, will have various ranges of influence across the
interfaces (see infra).

Regarding morphologies, crystals can be present as lamellar (single lamellae, hedrites, spherulites, dendrites),
fibrous or nodular structures. The crystals are in most cases much smaller than the molecules. This means that,
during crystallisation, the molecules are forced to form, from crystal nucleation seeds, either extended-chain
crystals, fold-chain lamellae, fringed micelles, or intermediate crystal-forms [18], [109].
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One possible representation of the various phases is presented at figure 2.69 (reworked from [110]).

mesophase glass/liquid
phase

glass/liquid—
phase crystal phase

Figure 2.69: (a) Glass or liquid and mesophase and (b) glass or liquid and crystal phase; the filled blue color
represents the crystal [110]

To understand those systems, it is important to know the crystal structures and the molecular motions. Let us
observe that the field of crystallisation modeling is currently flourishing and old theories revisited [111].

A full thermodynamic description must consider the global, usually non-equilibrium nature of the sample and
separate the different phases contributions. From this viewpoint, polymeric crystals can be characterised by
their melting behaviour and non-crystalline phases by their glass transition T;. When the coupling between
crystalline and non-crystalline phases is weak, i.e. when segments of macromolecules of different lengths can
act as independent components, the crystals are surrounded by an amorphous phases that is mobile and in the
molten state above its T,. It is called the mobile amorphous fraction (MAF). This amorphous phase shows
a broadening of the glass transition at higher temperatures. When the coupling is stronger, non-crystalline
material remain solid at the transition of the bulk-amorphous phase and form a separate rigid-amorphous
nanophase or rigid amorphous fraction, RAF (previously called "amorphous-crystal defect" because of its
close coupling to crystal). The RAF undergoes its glass transition either below, at or even above the melting
temperature and when present, the semi-crystalline polymers consist in a system of three or more type of phases
with their own relaxation characteristics due to the coupling between the phases. From this perspective, a more
general approach of decoupling can be elaborated, that will influence the final material microstructure.

When macromolecules are totally relaxed as in the molten (amorphous) state, they are considered to be in
thermodynamic equilibrium. When the temperature is decreased close to glass transition, the cooperative
large-amplitude movements slow down. Depending on molecular structure, their large amplitude motion can
be constituted with intramolecular conformational movements. In the glassy or crystalline solid state, the
small amplitude thermal motions can be separated into groups of vibrations and skeletal vibrations. The group
vibrations are usually independent of the degree of disorder, and are therefore similar in glasses and crystals.

Figure 2.70 illustrates such types of motions.
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Figure 2.70: Approximate vibrational spectrum of crystalline PE measured with the C, from 0°K to the
beginning of large-amplitude motions [18]
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2.3.2 The molecular structure of polypropylene

2.3.2.1 Polymerisation, chemical structure and tacticity

Polypropylene is part of the polyolefins family, produced by chain-growth polymerisation from the monomer
propylene, i.e. sequential insertions of monomers into the chain thanks to a catalyst, the role of which is to
ensure contact between monomeric molecules and to decrease the needed energy for them to react together.
More specifically, it is a co-ordinated polymerisation, that was developed in the fifties with the Ziegler-Natta
heterogeneous?® catalysis. During a typical polymerization, there are a lot of competing reactions occurring
simultaneously at different rates and orders. It is therefore very important to understand how the polymerisation
conditions influence them and how specific steric or electronic requirements for a given mechanism can raise or
lower the energy of a transition state in order to promote or discourage a desired reaction, or to control how a
monomer is enchained (f.i. its stereo- or regioselectivity?%) [112]. The use of stereoregular catalysts allows the
synthesis of two types of stereoregular polypropylenes, syndiotactic and isotactic [7].

The structure of polypropylene is controlled schematically by (source: private training, 2000):

1. the multiple catalytic sites (nature of the catalyst, co-catalyst (nature, proportion) and stereoregulator
(nature, proportion))

2. the process (batch or continuous, gas or liquid phase, comonomer and/or H2 feed, washing or not of the
resins)

3. the finishing (presence of peroxides and depolymerisation, stripping of the resins when the liquid phase is
used).

The polymerisation itself occurs via a three-step process: activation, thanks to a single site pre- or co-catalyst
complex that is usually an alkyl-Al (with or without C1)?7, initiation thanks to organometallic complexes of
transition metals such as Ti or Zr and propagation thanks to an active center usually anionic that is constituted
by a coordination complex between the monomeric moeity and the transition metal. At the end of propagation,
termination or chain transfer can occur. Chain transfer is a statistical chain event that is not necessarily the
termination of the final polymer chain, as many chain transferred products are reinserted afterwards. In the
case of polypropylene, the reaction is terminated with an Hs. All these steps usually occur simultaneously in
the reactor.

The stereochemistry of a polymerisation reaction is driven by the symmetry and the steric environment of
the metallic centre and the growing polymer chain. The mechanism shown in figure 2.71 is the idealized
enantiomorphic site-controlled enchainment of propylene. The symmetry Cy mentionned on this figure refer to
the symmetry axis, i.e. an axis around which a rotation by 360/n results in a molecule indistinguishable from
the original. This is also called an n-fold rotational axis and abbreviated C,, (Source: Wikipedia).

o p Qi—\ C)@ e

Q.Ingu’_'i — M

—

X @3% QD

enantiomorphic site
control (primary insertion)

Figure 2.71: Chain propagation on a Cy symmetric catalyst via enantiomorphic site control [112]

Polypropylene can exist under three mainly different stereostructures, that depend on catalysis technology
(catalyst and support) and polymerisation conditions, atactic (aPP), syndiotactic (sPP) and isotactic (iPP)

25Catalysis can be classified as homogeneous catalysis, in which only one phase is involved, and heterogeneous catalysis, in which
the reaction occurs at or near an interface between phases. Source: IUPAC gold book

26The stereo polymerisation is a polymerisation in which a polymer molecule is formed from a mixture of stereoisomeric monomer
molecules by incorporation of only one stereoisomeric species. Stereoisomers possess identical constitution, but differ in the ar-
rangement of their atoms in space. The regioselective reaction is one in which one direction of bond making or breaking occurs
preferentially over all other possible directions. Source: UIPAC gold book

27 Alkyls are univalent groups derived from alkanes by removal of a hydrogen atom from any carbon atom Cp, Ha,+1; alkanes are
hydrocarbons having the general formula C), Ha, 12 consisting entirely of hydrogen atoms and saturated carbon atoms. Source:
TUPAC gold book
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as illustrated at figure 2.72. In case of atactic polypropylene, the methyl group [—-CH3] is randomly aligned,
alternating for syndiotactic polypropylene and evenly distributed for isotactic polypropylene [113].

e N aad

isotactic syndiotactic

[T
AAANAA

atactic

Figure 2.72: The three possible tacticity of iPP [112]

As illustrated at figure 2.73, the symmetry of the metallic centre controls also the enantiomorphism of the
catalytic site. In the case of isotactic polypropylene, the symmetry is a Ca-type [112].

E = Enantiosslective; A = non-selective

Sites

AA AA E-E EA E.E
Homotopic Diastereotopic Enantiotopic Diastereotopic Homotopic

—= = = = =
o) ) 2 o

2 = 1 *
Achiral Achiral Prochiral Chiral
/o / %
Atactic syndiotactic Hemi-isotactic isotactic
Polymers

Figure 2.73: Ewen’s symmetry rules [112]

In the heterogeneous Ziegler-Natta process, the complexes are formed at the surface of a crystal having a layer
lattice, e.g. T'iCl3 under its a-form. The reaction goes on through successive additions of monomeric units to
metal-carbon bonds of these complexes by the action of a metal-alkyl [114]. In the Metallocene process, the
role of the surface is played by the aromatic ligand framework [115].

The multi-site nature of ZN systems has as consequence that the polypropylenes produced are complicated mix-
tures of macromolecules with different tacticity [112], [115]. However, the figure 2.74 that shows the correlation
between the degree of isotacticity and DSC metling temperature for isotactic polypropylene suggests that ZN
systems are the most convenient route to high-melting polypropylenes. The degree of isotacticity, expressed in
% pentads or mmmm is defined at section 3.2.3.

On the other hand, metallocenes are suitable catalysts for the production of lower-melting iPP: by tailoring the
aromatic ligand framework and reaction conditions, it is possible to tune the stereoselectivity, so as to produce
homopolymer chains with the desired average length of crystallisable sequences.
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In the ZN catalysis, the same result can be achieved by introducting controlled amounts of a co-monomer
though this is made complicated by the broad distribution of copolymer composition. The way ZN and MET
crystallise is also to be ascribed to the different distribution of stereodefects. It is often said that the v crystalline
form is favored by a low average polymer molecular mass but this is mainly due to the average length of the
crystallisable sequences ranging around 10-30 monomeric units, a condition frequently matched by polypropylene
samples produced with metallocene catalysts (which often happen to be of rather low molecular mass). On
the other hand, Ziegler-Natta polypropylenes normally contain long, almost ideally isotactic sequences forming
predominantly a-type crystal, along with sequences which are practically unable to crystallize [115].
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Figure 2.74: Correlation between degree of isotacticity expressed as % of mmmm pentad and DSC melting
temperature Tm for predominantly isotactic polypropylenes (the upper curve refers to ZN data and the lower
one to metallocene; the interpolating lines are only orientative [115]

The structure of the molecule can be seen at figure 2.75 hereunder.

[CHy=CH — CHs] [~CH,— CH(CH3)—] [~CH(CHs)— CHsy—]
I I I (A) (B)

Figure 2.75: General structure of the monomer where the three carbon atoms are named I, IT and III according

to IUPAC rules. A and B are two stereo-regular structures [115].

The [= CH(CHs3)| moiety is usually named "head" whereas the [C Hy =] moiety is named "tail". Each insertion
is named 1,2 or 2,1 depending on which carbon atom I or II of the incoming monomer is bond to the active
metal, as illustrated at figure 2.77. Alternative notations as primary and secondary are also of common use
[115] - see figure 2.76.

Mt-P + CH;=CH(CH;) = Mt-CH;-CH(CH;)-P 1,2 (primary) insertion

Mi-P + CH(CH;)=CH; = Mt-CH(CH3)-CH,-P 2,1 {secondary) insertion

Figure 2.76: Primary and secondary insertion [115]

Generally speaking, the enchainment of the propylene units is not random and one of the insertion mode is
preferred for electronic or steric reasons. When only one mode occurs, the polymer is said to be stereo-regular
and its structure can be described by one of the structures represented by (A) or (B) on figure 2.75.
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Figure 2.77: Mechanism of secondary insertion 2,1 [115]

2.3.2.2 Symmetries

According to [18], the intramolecular steric hindrance between the methyl groups forces backbone into the helical
structure shown at figure 2.78. This polymer has, as for PE and PB repeating units of two backbone atoms.
The class 2 helix of iPP with its two atoms completes after every third monomer one turn of helix. Accordingly,
the helix is designated as 2*3/1. This configuration is the basic, low-energy conformation in all the polymorphs
of iPP, though the helix symmetry is not part of the crystal symmetry. When talking about symmetries in
the crystalline state, one rather prefer to describe the crystal symmetry with its screw axis notation, which
introduces differences between right-hand side and left-hand side molecules, as only right-hand side rotations
are used in the description of crystal symmetries. The right-handed 2*3/1 helix can be therefore described by
a 31 crystallographic screw axis but it will not be for example the case of the left-handed molecule drawn at
figure 2.78 that will need rotation and additional translation to achieve the same result.

Planar Zigzag (PE}  Crystal Form | Crystal Form Il Crystal Form Il
2*11 2*31 21103 2%41
O

c-axis

0.254 nm

=0650 nm,
=0.756 nm

c-axis
c-axis

=2.105 nm

C-8XIs

Figure 2.78: The four helix types of PE, iPP and iPB as a comparison; monoclinic iPP is the crystal form I
with 2*3/1 helix; every segment is drawn for 12 molecular repeating unit [18];

In its isotactic form, the general conformation of the polypropylene chain is represented at figure 2.79. Another
way to represent individual monomeric units is the modified Fisher projection [115], as shown at figure 2.80.
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Figure 2.79: Conformation of an isotactic chain in the crystal state [114]

)

CHsz
is the symbol standing for ——CH,— CH

Figure 2.80: Top-down: (a) explanation of the symbols and (b) succession of monomeric units [115]

When looking at the configuration of the backbone tertiary carbon atoms, and in particular to those in con-
secutive couples of monomeric units, each of these is said to constitute a steric dyad. The two diads of figure
2.81 corresponding to equal or opposite relative configurations of the stereo-centers (see definition infra), can
be labelled as "meso" abbreviated "m" or racemo, abbreviated "r". An infinite succession of meso diads results
in an isotactic chain whereas an infinite succession of racemo diads results into a syndiotactic chain [115].

] -

m

=
R
Figure 2.81: Diads meso "m" and racemo "r" [115]

2.3.2.3 Defects

According to [11], the regular insertion of monomers in the growing chain and therefore their more or less
high regularity can be altered by the presence of defects. Let us define stereo centers as atoms bearing several
groups whose identities are such that an interchange of two of the groups produces a stereo isomer. The carbon
atom carrying the subsitutent (the methyl group) is a stereogenic center and the molecular structure of the
polypropylene is described in terms of meso or racemo enchained neighbouring susbtituants. The regular manner
that the stereo centers form the chain in their successive configuration results in a more or less overall ordered
molecule, the tacticity.

Isotactic polypropylene displays two main types of defects in the chain, regio-error and stereo-error. Defects
are enchained into a polymer during its all life-time, and can occur, f.i. via the mis-insertion of a monomer, as
illustrated at figure 2.82.

68



U M O N S \ﬁ m ﬂ IE’%(I)}EECHNIQUE

Université de Mons DE BRUXELLES
(Fegosrortz ]

Figure 2.82: Schematic drawing of regio- and stereo-error defects [112]

Stereo-errors could be for instance the result of wrong incorporation of a monomer in the growing chain. Figure
2.83 displays the various possible stereo-defects.
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Figure 2.83: Formation of stereo-error defects [112]

In real polypropylene chains, a certain amount of regiodefects are always present. In most cases, these are
isolated monomeric units with an enchainment that is opposite to the predominant one (head-to-head/tail-to-
tail arrangements) as represented at figures 2.84 and 2.85.

-[CH,-CH(CH3)]-CH,-CH(CHj3)-CH(CH3)-CH,-[CH,-CH(CH3) ;-

Figure 2.84: Regio-error defect such as head-to-head/tail-to-tail arrangement [115]
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Figure 2.85: Regio-defects formation [112]

From '*C-NMR spectra, it is possible to access the configuration of five neighbouring methyls named "pentad".
Ten different configurations exist that are presented at figure 2.86.
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Figure 2.86: Pentads [115]

Defects in the backbone break the regularity of the chain in the similar way as the addition of a comonomer
[112]. This has an impact on the crystallisation parameters. Moreover, defects are not randomly or equally
distributed. They impact directly the average pure isotactic length n;,,, i.e. the crystallizable sequence between
defects as illustrated at figure 2.87.

\\)\J\)\/‘\/L)\A)\)\/
Wm

Average length of iPP segment Ny,

Figure 2.87: Average length n;,, of iPP isotactic sequences [112]
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Single-site catalysts such as metallocene typically distribute their defect in an homogeneous way all along the
polymeric chain, whereas multi-sites Ziegler-Natta catalysts rather gather them in blocks with very long isotactic
segments in between. The consequence is that single-site catalysts have rather short isotactic segments n;5, and
tend to crystallise in the vy-crystal form.

According to [116], "the relationship between defect concentrations and mechanical (as well as thermal) proper-
ties is quite dependent on the extent of incorporation of defects into the crystalline regions. One of the principal
mechanisms by which properties are thus modified involves changes that occur in the crystalline phase of the
polymer. At the level of the unit cell, changes in defect concentrations can alter the level of crystallinity as well
as the thickness and melting point. A key piece of information for understanding the role that each kind of
defect plays in property modification is the break down of defects between the crystalline and the noncrystalline
regions" [117].

According to [11] and [118§]

1. the influence on the melting of the regio-defect is much larger than stereo-defects, resulting in a strong
linear decrease in melting points as function of the amount of defects

2. the influence of stereo-defects is independent of the presence of regio-defects
3. it is more difficult to incorporate a regio-defect in the crystal lattice than a stereo-defect

4. the excess free energy to incorporate a stereo-defect into the crystal phase is lower for S-phase than for
a-phase, resulting in higher number of defects in S-phase

5. looking at the different crystal phases and types of defects, exclusion of the defects, especially regio-defects,
from the crystal phase cannot account alone for the reduction of T}, and a certain number of them must
be present in the crystalline lamellae as non-equilibrium defects [10], [116]. Indeed, for a lamella to evolve
laterally, the flux of energy associated to the large amount of chains transport and answering the crystallite
formation needs, involves a significant amount of chain bending or folding that leads to dissipating free
energy. Because the energy penalty of regio-defects, when inserted into a crystal lattice, would be large
and the surrounding stacked layers strongly suppresses chain diffusion, the chain cannot fold back easily,
or be inserted into the crystal lattice. Therefore long chain containing defects will remain for a longer time
in the melt. Upon formation of the initial crystals (c-phase), there will be an increase in concentration of
chain entanglements and defects in the melt. A certain number of regio-defects must be partitioned into
crystal lattice as non-equilibrium defects. Stereo-defects on their side are not rejected from the crystal

6. this is illustrated at figure 2.88 which is a schematic representation of the two limiting cases of polymer
crystallisation including defects: total exclusion (left) and uniform inclusion (right) according to Sanchez

et al theory [118].
/% ) 0

v I, ﬁi

Figure 2.88: Two limiting cases of polymer crystallisation in presence of defects - see text [11]

2.3.3 The solid state microstructure of iPP

We will now review the structure of the isotactic polypropylene at the phase levels (a few tenths of nm) and to
a less extend at the spherulite level (a few tenths of pm).

2.3.3.1 Structure and morphology of iPP: polymorphism analysis

Due to its molecular structure, isotactic polypropylene has a large range of microstructures, mainly due to
original combination of helices with different hands and/or original packing schemes combined with specific
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molecular weight, degree of isotacticity, presence of defects and thermal treatment of the samples.

The shape of the macromolecules is intrinsically anisotropic, and this favors parallel packing in the crystalline
states. Two typical modes of crystal nucleation are illustrated at figure 2.89: one is the chain-folding configura-
tion named intramolecular crystal nucleation for a parallel alignement of consecutive chain segments, and the
other is the fringed-micelle configuration named intermolecular crystal nucleation where the entangled chains in
small local domains adopt regular packing where nearby chain segments are parallel to each other [119], [111].
We think that, according to the type of crystallisation conditions and molecular architecture, the intramolecular
crystal nucleation of figure 2.89(a) will promote the crystalline phase and the intermolecular nucleation of figure
2.89(b)is likely to promote the mesophase.

Figure 2.89: (a) Fold chain lamellae from intramolecular crystal nucleation and (b) fringed micelles from inter-
molecular crystal nucleation; the blue color represents the crystal [119]

Once crystallised, isotactic polypropylene crystals display thus a high capacity to induce epitaxial crystallisation
with their chain axes titled at large angles relative to the helical axis direction. One of the most striking
phenomenon [120] is certainly the homoepitaxy?® with a 80° angle as will be illustrated at figure 2.93.

The polymorphism of the iPP allows also transitions between different crystalline forms that can be triggered
either by different thermal treatments but also by mechanical stress. A very extensive bibliography has been
devoted to this wide realm which analysis goes beyond the scope of this PhD, but not of this research (among
others [67], [18], [117], [121], [69], [122], [16], [19], [10], [123], [20]).

In this section, we present the main aspects of polymorphism in iPP from the perspective of the undeformed
structure and with a focus on a-phase. Whereas we will address the influence of thermal treatments, the
influence of the mechanical stress on the microstructure has been tackled in section 2.2.2 sqq.
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Figure 2.90: (a) iPP chain in its crystalline form [11] and (b) right and left handed three-fold minimum energy
conformations; [CHs] in red, [CH] in green and [C'Hs] in white [120] - see text for numbers and triangles
signification and further explanation

28epitaxy "refers to a type of crystal growth or material deposition in which new crystalline layers are formed with one or more
well-defined orientations with respect to the crystalline seed layer"; "homoepitaxy is a kind of epitaxy performed with only one
material, in which a crystalline film is grown on a substrate or film of the same material" - see Wikipedia

72



ECOLE
POLYTECHNIQUE
DE BRUXELLES

UMONS

Université de Mons m ﬂ
The isotactic polypropylene crystallises according to four main types of phases, the monoclinic a-crystals, the
triclinic S-crystals, the orthorhombic y-crystals and the mesophase which components are condis crystals (see
2.3.1 for definition).

The chain conformation of iPP in the crystalline state is constituted by two enantiomers: right-handed and
left-handed three fold helices with a periodicity of 6.5 angstrom as illustrated at figure 2.90. Oun figure 2.90(a),
the triangle tops are approximately located at the vertices of methyl groups and the numbers refer to the height
of the backbone carbons [11]. On figure 2.90(b) the right (R) and left (L) handed three-fold minimum energy
conformations are illustrated and for each conformation, the orientation (up or down) is given. Numbers refer
in this case to the height of the methyl groups in sixths of the c-axis with [C'H3] groups in red, [CH] in green
and [C'Hs] in white [120].

Isotactic polypropylene exhibit different crystallographic structures and morphologies as a function of crys-
tallisation conditions: cooling the melt at low or moderate rates results in monoclinic a-crystals. The 2*3/1
helix are aligned parallel to the cristallographic c-axis and left-handed and right-handed helices achieve closest
packing as nearest neighbours.

2.3.3.2 The crystalline phases of iPP
The a-phase of iPP

The a-crystals are the most widely encountered structure of crystals of iPP. It is described as an alternation,
in the b-axis direction, of layers parallel to the ac-plane and composed only of left-handed (L) or right-handed
(R) helices. The position of the methyl groups for both enantiomers is "up" or "down". The terms "a", "b"
and "c" refer to the dimensions of the unit cell. The figure 2.91 gives an illustration where each monochnlc cell
has been highlighted by a rectangular grid.
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Figure 2.91: Mode of packing of right- and left- handed chains of iPP viewed along c-axis [120]

The characteristics of a-phase monoclinic cell are summarized in the table below taken from reference [18].
Figure 2.92 illustrates how lamellae are growing along the a* direction, where a* is aligned to the crystal and
We holds for b-axis.

b (nm)
2.096

Tn(°C)
187.5

AH (kJ/mol)
8.7

p(g/cm3)
0.946

¢ (nm)
0.65

B
99.62

a (nm)

0.665

Major defects are caused by helix segments of wrong handedness followed by up and/or down defects creating
disorder in the inclination of the methyl groups of neighbouring chains. Two limiting phase exist, i.e. a
metastable aj-phase and a stable as-phase.
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Figure 2.92: Lamellar-growth direction [124]

The superstructure of melt-grown monoclinic crystals is the spherulite with lamellae displaying unique branch-
ing. Epitaxial growth of daughter lamellae leads to the well known "cross-hatching" structure, where spherulites
contain both radially and tangentially oriented lamellae [18], as illustrated at figure 2.93.

daughter lamella

mother lamella

Ny
B ]\
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o G“L of - phase
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daughter lamellae

9

mother lamella

mother lamella

Figure 2.93: Lamellar branching and epitaxial relationship in iPP (left:[67] and right:[120])

More generally, Tijima and Strébl [125] have demonstrated that iPP, when forming the a-phase under isothermal
crystallisation, is governed by the same general laws for crystallisation and melting as syndiotactic polypropylene:
there are two separate laws governing melting and crystallisation.

According to the Gibbs-Thomson theory, the thickness of lamellar crystallites I. is inversely proportional to
the supercooling below a temperature T2° = 191°C' + 3°C. This temperature is located a few degrees above
the equilibrium melting point 7> of the sample. This means that the formation of the lamellae occurs via
the formation of a well-defined initial form which then becomes stabilized into the final lamellar crystallites.
They identified three kinds of lamellae: 1°) the dominant crystallites growing in the radial direction , 2°) what
they name "subsidiary" crystallites, also oriented along the radius of the spherulites, forming subsequently by
insertion, and 3°) crystallites oriented with their surfaces in the transverse direction, producing ultimately the
cross-hatched morphology. These transverse crystallites have the lowest stability, then the subsidiary lamellae
then the primary ones. The two first categories are consistent with the proposal that lamellae are in reality
constituted with "layers", as illustrated at figure 2.94.
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Figure 2.94: Schematic representation of a possible form of 010 fold packing [53]

Observing both subsidiary and primary lamellae (and likely transverse ones) have the same thickness, they
found that the initial structure present there can be described as a planar array of crystal blocks, that stabilize
during crystallisation by a fusion into continuous layers [126], yielding in some cases granular structures, as
illustrated at figure 2.95.

o

lamellar crystal granular crystal layer mesomorphic layer

+— +—

solidification by

block i
ock merging a structural transition

Figure 2.95: Pathway followed in the growth of polymer crystallites [127]

The figures 2.96 and 2.97 illustrate respectively how radial (R-) and tangential (T-) lamellae are built up and
how it looks like in the microscope. Crystallisation begins thus from a melt that is already pre-ordered and
has fixed achievable crystallinities. Observing that crystal thicknesses are not affected by the presence of co-
units in stereodefects, they speculate on the possibility that this exclusion operates already in the pre-ordered
layers present in the melt, because defects produce a bend and therefore cannot be part of a straightened chain
sequence.

(0]



UMONS {p .

Université de Mons

ECOLE
1 POLYTECHNIQUE
DE BRUXELLES

loosa boop or cilia

@ _ (a)

:u-. growth front

i

—_
Relamella Ve

dittusion

direction Ye
g 2 dim, nucleus
T gefect

thin film J

(b} m S A
R-lamella I|n I;n T;;
A i“@?(f\{\:; f;[),;q f
; R Y
‘\

,./
»

defect (opposite Insertion) new stacked layers

Figure 2.96: Left: (a) two-dimensional a-form spherulite showing an edge-on lamella; (b) onset of a T-lamella
growing epitaxially on the side surface of an R-lamella. Right: formation process of a T-lamella; (a) a nucleus
formed on the growth front of a lamella grows via a pulling-in of loose loops or cilia, (b) the pulling-in stops by
pinning due to a defect in molecule or the stacking of layers on the nucleus, (c¢) epitaxial nucleation of the loop
on the side surface (010) of an R-lamella which forms a T-lamella [128]

- K

-
m
e

Figure 2.97: a) and b) Typical lamellar morphology in iPP spherulites observed by transmission electron
microscopy. R and T indicate R-lamella and T-lamella, respectively. The radial direction corresponds to the a*
direction of an a-form unit cell; the scale bar is 0.2 pm [128]

The pB-phase of iPP

The S-phase is a rather cumbersome crystalline phase. The S-crystals of iPP are observed under specific
crystallisation conditions such as orientation of the melt (shear), temperature gradient or nucleating agent. The
growth rate of S-crystals is higher than the a-crystals in a wide range of temperatures between ca. 105 to 140°C.
This is attributed to a lower surface free-energy penalty on the top of molecular stems at the (110) growth face,
i.e. secondary nucleation sites. The primary nucleation rate of -phase is lower than that of a-crystals and can
be fostered only by addition of 3-phase nucleating agents [19], though under above-mentioned undercooling?

29undercooling AT is defined as the difference AT = T, — T. between T}, the melting temperature and 7. the crystallisation
temperature
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temperatures, it can be triggered without any additive [48]. The S-phase has a trigonal unit-cell as illustrated at
figure 2.98. In some cases, its packing can be pseudo-hexagonal. This phase may also re-crystallise to a-phase
upon heating, and does not display cross-hatch structure [11], [19].

The main characteristics of S-crystals are presented in the table below [11].

a(nm) b (nm) c¢ (um) B(°) T,(°C) AH(kJ/mol) p(g/cm3)
1.1 1.1 0.65 120 177 5 -

.....................

.......................

Figure 2.98: Trigonal packing of beta iPP [120]

The ~-phase of iPP

The orthorhombic v-crystals are observed quite often in combination with the a-phase. This structure is
obtained in samples crystallising under high pressure and in presence of degraded, low molecular weights. A
high amount of y-phase was obtained under atmospheric pressure in systems with a low level of tacticity or with
metallocene catalysis [11]. This can be namely explained by the fact that these crystals develop preferentially
in presence of defects which limit isotactic sequences. The unit cell has adjacent bilayers of chain segments with
a very important relative tilt angle of 81°. Vis-a-vis the basal plane, chains are oriented with an angle of 40°
normal to the plane of the lamella [18], [120]. This configuration is illustrated at figures 2.93 and 2.99.
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Figure 2.99: a) Sketch of gamma-crystal [120] and b) configuration of o and 7 lamellae [11]

The main characteristics of y-crystals are presented in the table below [11].

a(nm) b (nm) c¢(um) F(°) T,(°C) AH(kJ/mol) p (g/cm3)
0.85 0.993 4.241 - 187.2 6.1 -
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Figure 2.100: Packing of gamma orthorhombic cell along ab plane [120]

Before addressing the various aspects of the mesophase in iPP, it is useful to mention already some features
related to the cristallographic analysis of the o and ~y crystalline phases obtained from Wide Angle RX scattering
(WAXS). Figure 2.101 illustrates the evolution of WAXS spectres (left) of different metallocene iPP with various
amounts of « and ~y crystalline phases together with (right) the crystallographic planes (dashed lines).
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Figure 2.101: Cristallographic planes of « and ~ phases for a series of metallocene iPP [67]

2.3.3.3 Morphology description of the mesophase in iPP

The morphology of the crystals in semi-crystalline polymers is controlled by the chemical architecture of the
macromolecules and the conditions of crystallisation.

As explained in [19], there is nowadays a consensus on the fact that the mesophase of iPP is a condis glass
that is hindered to convert into a fully ordered crystal according to Ostwald’s step rule by cooling below its T},
during its formation. Ostwald’s rule states that, during the formation of polymorphs, the less stable polymorph
crystallises first. The mesophase contains bundles of 2% 3 helices that are parallel and terminated in direction of
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the chain axis by helix reversal and other conformational defects. However, despite this disordered configuration,
long-range positional and orientational order exist between the helix segments and is metastable below its T
about 70°C. Heating the mesophase above results in re-crystallisation into the a-phase. The mesophase -crystal
conversion engages only intramolecular removal of local, non-equilibrium helix defects and small improvements
in crystal symmetry. Its enthalpy is therefore very small. Its density ranges around 0.920 g/cm3, between the
density of the crystal at 0.9405g/cm3 and of the amorphous phase at 0.8665g/cm3.

In order to understand the mesophase structure, two thermal routes starting from the melt can be taken and
compared, as illustrated at figure 2.102. We will find this type of approaches on a regular basis along our review.

Crystlallization via mesophase Conventional melt-crystallization
=)
L3
,,,,, Tm . _g §
2 monoclinic nodular crystals monoclinic lamellae
'§ | non-spherulitic superstructure | | spherulitic superstructure
8 | |
-g control of crystal size,
@ _g’ perfection, crystallinity
o
g 2+
& g
v S
T v
mesophase monoclinic linic | Il
nodular domains | nodular crystals |- 298K - mom;c ::ful?t?;e ae
non-spherulitic non-spherulitic P
Crystallization Conventional
via mesophase melt-crystallization
460 K (T 0)
o A control of A control of
c crystal size, e crystal size,
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o Y crystaliinity S Y crystallinity
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non-spherulitic | non-spherulitic ek

Figure 2.102: Two illustrations of the same pathway of crystallisation of iPP: crystallisation via the mesophase
(left) results in formation of nodular crystals and non spherulitic structure; conventional melt-crystallisation
(right) leads to the formation of lamellae and spherulites [20], [121]

The crystallisation can occur via rapid cooling (left) and result in nodular mesophase domains or nodular
crystals or from the melt (right) and result in monoclinic lamellae.

Temperature ranges and cooling-rate ranges that host the conversion of melt to mesophase are presented
schematically at figure 2.103.
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Figure 2.103: Thermal and time conditions of mesophase formation; the size of AFM images is 1pm x 1um [20],
[121]
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Figure 2.104: Temperature XR scattering for analysis of mesophase-crystal phase transition. The mesophase
was heated from 25°C at 2°C/min and converted into o monoclinic crystals at about 80°C [121]

The AFM photographs illustrate the homogeneous nucleation process leading to the nodular structure as well
as the heterogeneous nucleation range leading to the combination of lamellae and nodules in the intermediate
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range of temperatures. The WAXS spectrum of figure 2.104 present the evolution of the peaks between 25°C
and 115°C.

Let us highlight that, in some cases, it seems that, even for high temperatures (above 130°C), some mesophase
is still present and not all of it does transform into monoclinic crystals ([129], [123], [69]). To summarize, iPP
has an incredible capacity to create networked structures thanks to the mobility of its helix and its groups.
Thermal analysis shows that in a number of cases, a shoulder coexist with the main melting peak in the heat
capacity curve. It has been attributed to two causes: either, when the microstructure is composed of mother
and daughter lamellae, the shoulder is associated to the melting of thinner tangential daughter lamellae and
the mean peak corresponds to the fusion of radial thicker crystalline lamellae. Or, the shoulder is related to a
~-phase that can convert into an a-phase, especially in presence of a large amount of regio and stereo-defects.
In this case together with a decrease of crystallisation temperature, the number of tangential lamellae increases
[130].

2.3.3.4 The mesophase in practice

Let us illustrate those phenomenon on the base of the data from Zia et al [109].

The figure 2.105 presents from left to right AFM images of (a) iPP melt-crystallised at 22°C/sec to 20°C and
(b) annealed to 120°C; (c) the same iPP melt-crystallised at 1050°C/sec to 20°C and (d) annealed at 140°C
(right).

Figure 2.105: (a) iPP melt-crystallised at 22°C/sec to 20°C and (b) annealed to 120°C; (c) the same iPP melt-
crystallised at 1050°C/sec to 20°C and (d) annealed at 140°C; the size of AFM images is 1um x 1pm [109]

The associated evolution of nodular sizes as a function of annealing temperature for samples melt-crystallised
at various speeds is presented in figure 2.106.
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Figure 2.106: (a) Nodule size as a function of annealing temperature and (b) heat flow rate as a function of T on
heating lamellae and nodular crystals. The upper two curves show the approach of the annealing temperature
and the lower two curves represent the final melting after annealing and cooling to ambient temperature [109]
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The melting/recrystallisation of mesophase nodules leads to a variety of lamellae on the genesis of the process
illustrated at figure 2.107.
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Figure 2.107: Temperature XR scattering for analysis of mesophase-crystal phase transition. The mesophase
was heated from 25°C at 2°C/min and converted into ov monoclinic crystals at about 80°C [109]

Finally, the table below displays the crystal shape, size, structure and superstructure of the same melt-
crystallised iPP as a function of the rate of cooling.

Crystal shape, crystal size, crystal structure and superstructure of melt-crystal-
lized iPP as a function of the rate of cooling

Cooling rate Crystal Crystal Crystal Superstructure

(Ks™) shape dimension (nm) structure

6—50 Lamellar Lamellae Monoclinic Spherulitic

nodular  thickness: mesomorphic  bimodal size

10—15, nodule distribution
size: 20

80—1050 Nodular 20, slightly Mesomorphic Non-spherulitic
decreasing weakly
with increasing birefringent
cooling rate

Figure 2.108: Crystal shape, size, structure and superstructure of the same melt-crystallised iPP as a function
of the rate of cooling [109]

The transformation of mesomorphic phase into monoclinic is also illustrated at figure 2.109.

To summarize, mesophase and especially conformationally disordered crystal structures exhibit long range
positional and orientational order between the helix segments. These structures are metastable and transform
spontaneously into stable crystalline structures upon annealing above a certain temperature, located around
80°C for the iPP. The different temperature ranges for the transitions should be linked to molecular mobility of
the molecular chains, that trigger rearrangements of chain conformation and packing of the unit cell to a more
energetically favorable state. In iPP, chain mobility is achieved within the mesophase when the glass transition
of condis glass is reached around 70°C [19].
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Figure 2.109: Phase transition from mesophase crystals to monoclinic crystals [131]

2.3.3.5 The amorphous phase

Since the pioneering studies of Wunderlich et al [106], [108], [107], presented at section 2.3.1, the amorphous
phase has attracted less attention than the crystalline or the mesophase, though it is not yet fully understood
[132]. The intrinsic properties of that phase in relation with the chain topology have nevertheless a big impact
on the macroscopic properties. The way the amorphous phase is organised has an influence on the various
phases of the material. Various types of chains are involved in the interlamellar amorphous regions, as already
illustrated at figures 2.41, 2.88 or 2.96.

Figure 2.110 displays for instance the random coil crystallisation from the molten state in the case of two
situations, where the assumption has been made that the chain topology is preserved.
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Figure 2.110: Chain random coil in the melt followed by two situations after crystallisation: (a) random coil
and its gyration radius Rg, (b) model of Huang and Brown [73] where the gyration radius spans 2L, + [, and
(c¢) model where the gyration radius spans I, + 1/2, [46]
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A more detailed, though not exhaustive, explanation is displayed at figure 2.111 in the case of PE. The letters
A to F refer to various components of the interlamellar molecular network: (A) tight fold, (B) statistical loop,
(C) loose chain end, (D) free chain, (E) tie chain, (F) trapped entanglement involving two statistical loops [133]
referred as "entanglement link" in the figure 2.110.

Figure 2.111: Possible shapes of polymer chains entering the amorphous region between two crystalline layers;
for explanation on the letters, see text [133]

From a mechanical point of view, another description of the amorphous phase has also been attempted by
Nikolov et al [34] in the frame of a micro-macro approach of small deformation in HDPE. In this case, this
phase was modelled at room temperature assuming it was constituted by small domains of liquid crystal-like
structures as represented at figure 2.112. Indeed, the polymer chains in the amorphous phase are subjected to
severe constraints from the lamellae and are situated in extremely thin layers with thickness of the order of
8-10 nm, i.e only one order of magnitude of the persistence length that is evaluated to be 1 nm for PE and 2.38
nm for iPP [124]. As most of the molecules are anchored in lamellae, chain ends are situated mostly on the
lamellae surfaces and entanglements are quite stable defects. In these conditions, the domains are assumed to
slide on each other, resulting in the shearing of the amorphous phase. As a result, the viscoelastic stress in the
amorphous layers is due to the resistance of polymer molecules to distortion during deformation rather than to
their stretching and reptation as in the melt.

lamella

VY VYT YY
0000080

amorphous
layer

lamella

Figure 2.112: Microstructure of the amorphous layer with the domains for HDPE [34]

This approach could be supported by the research of Rungswang et al [124] that monitored by SAXS the
evolution of crystalline lamellae of two isotactic polypropylenes during crystallisation. These authors identified
that polymer chains aggregate into denser domains prior to crystallisation, and these can be considered as
nucleation sites. These domains are induced by the parallel interaction of ordered chain segments and are
formed when these segments length exceed the critical value of the persistence length. As time passes and as
illustrated at figure 2.113, the chains fold and form stacks of lamellae, though one has to keep in mind that not
all the domains will transform into lamellae and could then remain in the solidifying polymer as mesophase.

84



ECOLE
UM ONS \ﬁ . m ﬂ POLYTECHNIQUE
Université de Mons m— o5 Sclences DE BRUXELLES

Isolated Domain of
Short Helices

Helix Chain

Correlation Length

©

Figure 2.113: Steps of evolution from the random coil during crystallisation with the apparition of elusive dense
isolated domains; the correlation length found from the SAXS measurement gives an idea of the average distance
between neighbouring domains [124]

Nikolov et al proposed also that in semi-crystalline polymers, each crystalline lamella should be wrapped with
a surface layer (membrane) of intermediate phase that ensures the link between the crystalline and amorphous
phases. This scheme is in fact displayed at figure 2.114 where Rungswang speaks about a transition zone whereas
referring to the section 2.3.1, this link has been ascribed to the RAF that is covalently bounded with the crystal
lamellae. It is thus quite tempting to define the intermediate layer as the RAF, though the exact structure and
location of this latter has still to be better understood [134].

Figure 2.114: Crystalline lamellae with a transition zone between the crystalline and amorphous phase [124]

It is worth to highlight that the notions of mobile and rigid amorphous fractions have been developed by
Wunderlich et al by adopting a thermodynamic approach [106], [108], [107], [18], meaning that thermal analysis
was the main tool used. Since then, several authors have tried to identify by other complementary techniques
such as modulated DSC, DMTA or various spectroscopies (FTIR, SAXS, WAXS, RAMAN) its real structure
and topology and how it is influenced by the mesophase (see chapter 5 for more details and for instance [21],
11351, [64]).

A scheme presenting the evolution of the mesophase and of the two amorphous phases is displayed at figure 2.115
where the crystalline and meso- phases are drawn in blue, the RAF in green and the MAF in yellow. Authors
explain that [21] as RAF is covalently coupled with the mesophase and MAF, its conformation regularity is
higher for the segments neighbouring the mesophase than those nearby the MAF. When the temperature ranges
between 20°C and 60°C, the mesophase is preserved, the RAF segments close to the MAF undergo their glass
transition and therefore transfer chains to the MAF. Meanwhile, the RAF segments that are more regular and
close to the mesophase are also preserved. Via this mechanism, the RAF amount (thickness) decreases whereas
the MAF amount (thickness) increases while the global amount of amorphous phase remain constant. Then,
as temperature increases further (between 60°C and 120°C), the RAF segments close to the mesophase form
a-nuclei by adjusting their chirality and/or moving their position, allowing the chains in the mesophase to form
an a-crystal. When the temperature goes beyond 120°C, the number n of the helical sequences of consecutive
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monomers present in the crystal increase from 8 < n < 13 to n > 13 and those ones in the amorphous phase
decrease from n < 4 to shorter ones (see chapter 5 for detailed explanation).

acrystal wd

RAE = A A

MAF

(d) perfection of a crystal (160 °C) (¢) meso-o. transition (120 °C)

Figure 2.115: Microstructural changes in the meso- to a-crystal phase transformation process; the crystalline
and meso- phases are drawn in blue, the RAF in green and the MAF in yellow [124]

Kida and Yamagushi [64] on their side prepared samples of iPP with various fractions of rigid amorphous
phase. Using various spectroscopies as well as DSC, they found that the RAF increased, suggesting that it
is not located at the interface with the crystalline lamellaec. Rather, they observed that the RAF increased
linearly with n for 12 < n < 14. Therefore, they assigned the RAF to helical sequences ranging between 12
and 14 monomers mainly included as defects in the crystalline lamellae because n = 12 is the minimum number
requested of monomer units for helical sequences to crystallise. These defects are excluded from the crystal
above the visco-elastic « temperature. As a consequence, RAF exhibits the opposite behaviour of MAF during
the annealing process, supporting the observations of Jiang et al [21] mentioned above.

All in all, and also referring to section 2.2.2.12, the analysis of the amorphous phase and of its coupling with the
other phases shows that an important aspect to be considered for a further investigation of their visco-elastic
and mechanical properties should be how far the confinement operated by primary crystalline lamellae and
crystalline lamellae resulting from the transformation of the mesophase plays a role.

2.4 A specific type of chemical aging: the thermo-oxidation of isotac-
tic polypropylene

The thermo-oxidation of polyolefins has been studied for a while by various techniques with the aim to un-
derstanding its kinetics, the mechanisms of reaction in relation with the microstructure and its impact on the
properties [136], [137], [6], [14], [138], [139], [140], [94], [141]. The oxidation rate of these polymers is strongly
dependent on the chemical structure, the thermo-mechanical history of the sample and the oxidation conditions.
It is not the purpose to perform here a detailed review of the literature dealing with this topic, rather to mention
some of the important and main characteristic features, as thermo-oxidation had to be taken into account in
the experimental part of this research as we shall see later in chapter 3.

Polypropylene can undergo degradation under heat and light and in presence of oxygen, which has an impact
on its usage properties. The stability of polypropylene depends on trace amounts of impurities such as hy-
droperoxides, carbonyl and contamination such as catalyst residues and metallic compounds [136], [6]. The
oxidation of polyolefins is an heterogeneous phenomenon which kinetics is complex, because it is not only due
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to the semi-crystalline nature of the polymer and in the case of polypropylene, to its level of isotacticity, but
also due its density as well as the geometry of the sample involved in the oxidation [142],[137].

For many years, the crystalline phase was considered not to be affected, because of the very low mobility of the
chains that exclude oxygen from this phase. However it has also been demonstrated that oxidative degradation
has an effect on crystal phase characteristics. The dramatic changes in the DSC curves have then been explained
as an effect coming from the oxidation of crystal surface [138] while density and crystallinity increase at the
beginning of degradation and this has been related to chain scission, which is the main driving force leading
to rearrangement of chains formerly unable or prevented to move [14]. These slight variations in the iPP crys-
talline content have been found during oxidation induction time as well as first stages of oxidation. It has
been evidenced that this deals not only with the apparition of an increase amount of "low-T;,, crystals" formed
by annealing and chain scission processes and subsequent disappearance at the beginning of auto-acceleration,
"high-T,,, crystals" are also involved [138]. The terms "low-T,, crystals" and "high-T,, crystals" refer respec-
tively to crystals well below or close to the melting temperature (see also section 2.2.4).

To summarise, the initiation step seems to come from chain shortening in disordered regions of the crystalline
interphase (or RAF) whereas the propagation step seems to be linked to the crystal phase itself and the problem
is to understand if the ordered regions integrate chain segments from the amorphous phase or undergo a true
modification of the crystalline phase because of physicochemical processes (annealing, oxygenated groups build-
up and chain scission) [14].

The chain scission leading to degradation has been described in figure 2.116.

RANDOM CHAIN
SCISSION

!

DECREASE OF
MOLAR MASS

CHEMICRYSTALLIZATION

DECREASE OF TIE
MACROMOLECULE
CONCENTRATION

DECREASE OF
INTERLAMELLAR SPACING

EMBRITLLEMENT

Figure 2.116: Scheme of possible causal chains for degradation-induced embrittlement due to chain scission [139]

The effect of content and quality of isotacticity defects together with the associated average isotactic length
on the induction time t;,4 and on the activation energy Eéﬁ; °% of the thermo-oxidation impact significantly at
an average isotactic length of 30 propylene units. This is explained by the changes induced in the crystalline
interphase, i.e. by the local dynamics of the (macro)molecules that are closely linked to the initial stage of the
thermo-oxidation and can be characterized by the DMTA gamma relaxation. Above 30 units, the insertion of
isotacticity defects decreases the thermal stability of the material. By contrast, below this number, the insertion
of defects cause both the activation energy of the mechanism and the stability to increase. The relative intensity
of the iPP sub-T} relaxation can be used to identify the induction time of the degradation process, with the
induction time measured at the moment at which the oxygen uptake reflects the ability of individual chains to
accumulate hydroperoxydes [140].

In general, thermo-degradation processes are identified via a toolbox of techniques, among which DSC, DMTA
and FTIR are the most popular. The figure 2.117 gives a good summary of the analyzed components. The
detailed explanation of each peak is given hereunder.

The literature reports an increase of several peaks associated to the thermo-oxidation of iPP. This latter is char-
acterized by hydroxyl [OH] groups, carbonyl [C=0] groups and unsaturated [C=C] groups, i.e. H-bonded hy-
droxyl (hydroperoxides) groups centered around 3400cm ~!, multiple carbonyl peaks centered around 1720cm !
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or internal standard such as 1166cm ™! or 2721ecm™!. The relative area between this latter and the carbonyl
peak is used as carbonyl index to assess the degree of degradation.

A
)\.,-'\,J /\\/\,\\/w,- :r(\l//\ 720hn

|
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Wavenumber {(cm')
TABLE 3. FTIR absorbance band assignments.
Wavenumber (cm 1) Vibrational modes and microstructure
3800-3050 Range for hydroxyl functional groups [15]
1900-1600 Range for carbonyl functional groups [15]
1646 C=C, vinyl groups [8]
1638 C=C, vinyl groups [8]
997 C—C stretching, CH,, CH; rocking, helical
(o crystalline) [16]
973 C—C stretching, CH,, CHj3 rocking,
amorphous [16]
841 C—C stretching, CH;, CH; rocking, helical

(o crystalline and mesophase) [16]

Figure 2.117: (a) FTIR peaks associated with thermo-oxydation of iPP (hydroxyl: 3800 — 3050cm ™1, carbonyl:
1900 — 1600cm ~!, unsaturated groups as of 1600cm ="' and crystal region: 1000 — 850cm ™! [136] and (b) table
summarizing the related molecular motions [6]

1711em?

Normalised Absorbance
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T T
1800 1750 1700 1650 1600

Figure 2.118: FTIR peak evolution as a function of annealing time of (left) carbonyl [138] and (right) a) region
for hydroxyl groups, b) region for carbonyl groups and c¢) region for crystallinity [6]

Furthermore, the more the material is damaged, the more the peak increases, as illustrated for instance at figure
2.118 for the carbonyl, with an iPP virgin and then aged at various times.
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2.5 Conclusion

Isotactic polypropylene is a very cumbersome material, being composed in its solid state of various phases
themselves organised into hierarchical structures, and undergoing influences from time, temperature, deforma-
tion, physical and/or chemical ageing. These components depend themselves on the crystallisation conditions
and thermo-mechanical history and on the chemical structure. In this state-of-the-art, we have reviewed the
various models and theories tackling these various dimensions, emphasizing the link between the microscopic
and the macroscopic scales via the various deformation and relaxation processes occurring at small deformation
in relation with the type of catalysis technology used.

The main aspects are highlighted hereunder.

With regards to the molecular relaxations, the multiphasic composition of the iPP is translated into multi peak
relaxations in the visco-elastic spectra. The molecular movements occurring in these various phases are strongly
coupled to each other above the glass transition where two components have been identified: a lower and upper
relaxation, named «; and a4 assigned to the nucleation and propagation of dislocations in the crystalline phase
and their subsequent strain transfer to the amorphous phase, making the interface between phases, i.e. the rigid
amorphous fraction, a critical layer the role of which has to be understood. When there is only one a-peak,
the influence of the molecular structure can be seen via the shift of T, between the values of a1 and as, i.e.
To1 < Ty < The. The same type of observation can be made by analysing the influence of frequency because
depending on its magnitude the position of these vary as well and one or several peaks can appear.

The influence of the catalyst, namely the role of defects and defects distribution - with the molecular mass being
otherwise equal - on the crystalline and the amorphous phase has been highlighted via the isotactic length n;s,
that is a relevant parameter to describe what is happening at the interfaces. Ideally, this parameter should be
put in relation to a certain extent to the stress transmitters. The crystalline phase is more prone to trap the
stereo-defects which tend to be distributed over the higher masses in ZN catalyst. The regio-defects, evenly
distributed on the chain in the metallocene catalysts, are likely to be rejected in the amorphous phase. These
features have an impact on the crystalline thickness, the melting temperature, the number and quality of stress
transmitters as well as the global visco-elastic behaviour of the amorphous phase.

At similar chemical structures, the influence of the thermo-mechanical history has been highlighted by the
presence of various phases: a crystalline phase that is in the vast majority of cases an a-phase. These crystals
are seen as nodes between the amorphous layers and have thus, depending on their geometry, a more less
substantial impact on their global viscoelasticity and structure. The mesophase composed itself of nodules of
condis crystals, MAF and RAF undergoes a glass transition and a solid/solid transformation into an a-phase
above 80°C-100°C. Depending on the solidification/ageing or annealing conditions, the crystalline phase can
be therefore constituted with parent, subsidiary and transverse lamellae, the two latters likely resulting from
the mesophase transformation. In this case, the resulting solid state microstructure could be considered as a
tri- or a quadri-phasic system, embedding various crystalline lamellae, RAF and MAF and more indirectly the
stress transmitters. There is thus a real need to understand how far these various components are interacting
mutually and transfer helical sequences to each other at their interfaces , and especially how their evolution
with the annealing temperature and namely the apparition of subsidiary and/or transverse lamellae confines
further the amorphous phase in general.

With regard to the deformation mechanisms of plasticity, the same type of molecular events than those found in
the visco-elastic relaxations, i.e. the nucleation and propagation of dislocation, explain the presence of a double
yield that has been proved to be associated to the two a-relaxations: the first yield around 5-15% associated
to the homogeneous slip of crystalline lamellae and to the upper relaxation as, and the second yield around
20-30% associated to the heterogeneous slip or shear and the neck apparition as well as to the lower relaxation
ay. It is known that there is a competition between the plastic flow and the cavitation process, and that the
heterogeneous slip mechanism is coupled at the microscopic level with the creation and coalescence of voids.
From a statistical viewpoint, the influence of polydispersity on the global crystalline microstructure is maybe an
element that should also be taken into account. In particular, it is possible that shorter chains and their chain
ends play an important role in the creation of local inhomogeneities and defects promoting imperfect crystals
more prone to be fragmented. One may also wonder about the possibility to get different dislocation kinetics
in relation with different crystal thicknesses. The distribution of molecular weights would play here the same
as strain rate or temperature. This competition has thus to be clarified in order to understand what are the
respective kinetics and thermodynamics of the two processes.

One way to address this issue is to look at these mechanisms as activated ones. In order to do that, Ree-Eyring
theory is a useful approach, having also its counterpart for mechanisms linked to fracture (Zhurkov theory) that
we did not address in this review.
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The Ree-Eyring theory allows to identify the various mechanisms of yielding at stake in the material, and to
calculate activation parameters such as energy and volume. It makes also the link between the micro- and the
macroscale via a term that reflects the frequency at which the order or disorder changes under the influence of
the stress and of the temperature, and is directly related to the solid state of the considered material.

In the visco-elastic range, we have seen that the building of a master curve is one way to widen the access
to a broad range of temperatures and times, as long as - and this is critical - we are comparing identical
mechanisms. The procedure coming from methodologies used in rheology helping to make visible very small
structural variations while ensuring to compare the same phenomena is an interesting tool to be considered to
study a solid state where many phases and therefore many mechanisms are interacting together, and possibly
overlapping.

Finally, the thermo-oxidation topic was also quickly overviewed because this process is important when working
over long periods and at high temperatures. It is important to ensure that the microstructure remains the same
and that no degradation occurs during the whole experiment.

In conclusion, thanks to the underlying common dislocation mechanisms, first, the two limits of the small
deformation range can be put in relation with each other, and the various activation parameters identified
and compared, and second those can be put in relation with the chemistry and the thermo-mechanical history
behind, especially the role of defects, of condis and RAF and of stress transmitters.
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3.1 Introduction

As explained in chapter 2, iPP has a particularly complex solid state structure, that undergoes changes of its
solid state microstructure under aging, thermo-oxidation or annealing [136], [137], [6], [14], [138], [139], [140],
[94], [141]. There was thus a need to understand the evolution of our materials in order to find the most adapted
stabilisation conditions.

Polypropylene can undergo degradation under heat and light and in presence of oxygen, which has an impact
on its usage properties. The stability of polypropylene depends on trace amounts of impurities such as hy-
droperoxides, carbonyl and contamination such as catalyst residues and metallic compounds [136], [6]. The
oxidation of polyolefins is an heterogeneous phenomenon which kinetics is complex, because it is not only due
to the semi-crystalline nature of the polymer and in the case of polypropylene, to its level of isotacticity, but
also to its density as well as the geometry of the sample involved in the oxidation [142],[137].

Oxidative degradation has an effect on both crystal and amorphous phases characteristics, as illustrated for
instance by dramatic changes in the DSC curves [138]. Density and crystallinity increase also at the beginning of
degradation and this has been related to chain scission, which is the main driving force leading to rearrangement
of chains formerly unable or prevented to move [14]. The initiation step seems to come from chain shortening in
disordered regions of the crystalline interphase (or RAF) whereas the propagation step seems to be linked to the
crystal phase itself and the problem is to understand if the ordered regions integrate chain segments from the
amorphous phase or undergo a true modification of the crystalline phase because of physicochemical processes
(annealing, oxygenated groups build-up and chain scission) [14].

In general, thermo-degradation processes are identified via a toolbox of techniques, among which DSC, DMTA
and FTIR are the most popular. In this latter case, the literature reports an increase with damage of sev-
eral peaks, such as hydroxyl [OH], carbonyl [C=0] and unsaturated [C=C] groups, i.e. H-bonded hydroxyl
(hydroperoxides) groups centered around 3400cm ™!, multiple carbonyl peaks centered around 1720cm~! or
internal standard such as 1166¢cm ™! or 2721em 1.

In this chapter, we will present the results obtained on the characterisation of the solid state microstructure for
the two campaigns carried out on the materials. We have looked especially at the aging or annealing time and
temperature conditions at which the various structures have stabilised without undergoing degradation. We
have also checked their crystalline form and measured first mechanical properties at room temperature.

3.2 DMaterials and sample preparation

The use of industrial grades has allowed mitigating all possible variations due to the chemical structure and a
very special care was taken to mitigate the irreducible scattering coming from cooling conditions and laboratory
experiments by controlling at best its origin (film and possible degradation, test or signal). When, due to
technical problems, two equipment’s were used for one type of test, the alignment between the results was always
checked and discrepancies analysed. We have also used the same samples to perform first non destructive tests
such as FTIR or RX and then destructive tests such as DSC or tensile tests. When this was not possible, we
have tried to set samples as close as possible of removal locations that were duly recorded.

3.2.1 Materials

The materials used in this research are grades of isotactic polypropylene provided by TotalEnergies. They are
all pelletised homopolymers, without any additives but those required for stabilisation and process.

The characteristics of the materials are presented at table 3.7. The products were selected with a view to
allowing easy comparison of the molecular structures, namely two different catalysis platforms with two types
of non-uniformity (polydispersity) index, the metallocene catalysis displaying a narrow distribution of molecular
weights M,,/M,, compared to Ziegler-Natta. Ziegler-Natta catalyst (ZN) is known to have only stereo-defects,
whereas metallocenes (MET) have both stereo- and regio-defects [112], [115].
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Table 3.7: Characteristics of the various homopolymers used in this study. "ZN" states for "Ziegler-Natta"
catalyst and "MET" for "Metallocene" catalyst. The isotactic index is given by the percentage of pentads
[mmmm]|; * values coming from Ps considered as similar to P

Product P1 P2 P3 P4 P5 P6
Catalyst ZN ZN ZN ZN MET MET
MFI(g/10min) 4 12 25 25 25 15
M, (Da) 54 100 42500 32400 45600 52800 64 600
My,(Da) 333 000 251000 185 000 186 000 157 000 187 000
M. (Da) 1130 000 1210000 562 000 418 000 294 000 356 000
M, /M, 6.2 5.9 5.7 4.1 3 2.9
Tn(°C) 163 163 163 163 150,3 151
[mmmm](%) 97,5 / 97 / 99.2 99.2*
[mm] (%) 98.5 / 98.1 / 99.5  99.5°
(] (%) 1.03 / 1.2 / 0.3 0.3*
regio — irregular](%) / / / / 0.9 0.9*

3.2.2 Samples preparation

All the films have been moulded using two Carver presses and one mould. The average thickness of the films
was around 300 um though a range between 200um and 400um was observed. The details can be found in the
supporting information - see section 3.6.1.

Two campaigns have been organised, one dedicated to the processing influence and a second to the molecular
architecture influence. In the first campaign, the films of P, were prepared according to three cooling conditions:
quenched (called "P;;1"), quenched and annealed 8h at 130°C (called "Pi2"), undercooled isothermally 8h at
130°C (called "Py3"). The cooling rate for the quench was estimated to be around 20°C/sec. The temperature
for the annealing and undercooling was identified from isothermal crystallisation performed by DSC between
110°C and 150°C with either 10°C or 5°C steps. The second campaign tackled all the products with only the
quenched conditions, from P;; to Pg;.

3.3 Microstructure: characterisation methods

In this section, we describe the various characterisation methods of the microstructure used in general for this
research. As will be explained later, DSC has been used mainly to establish the relevant time and temperature
conditions to get a stabilised structure whereas FTIR and SEC have been used to analyse the degradation
aspects. RX (SAXS, WAXS) methods have allowed to identify the crystalline structure of our materials.
Finally, quasi-static tests have allowed to complete this overview of the solid microstructure characterisation.

3.3.1 DSC

The DSC traces were recorded with two different apparatus because of some technical issues, a TA Q200 and
TA Q2000. All the tests were run at 10°C/min. The heating and cooling phases were ranging between 15°C
and 230°C and the material was kept during 5 minutes at 230°C before cooling.

As primary tests used to identify stabilised microstructure, DSC traces were analysed by taking into account
the thermomechanical history and the testing equipment (physical conditions and signal treatment).

3.3.2 FTIR

The FTIR measurements were performed with a Bruker Tensor 27 Standard equipment. Spectra were recorded
using 64 scans at a resolution of 2em~! between 4000 and 600 cm~! at ambient temperature under air. Spectra
were then normalised thanks to the software Opus®).

3.3.3 RX

Wide-angle X-ray scattering (WAXS) experiments were carried out owing to a Xeuss (XENOCS) SAXS-WAXS
equipment using the CuK,, radiation (A = 1.54A). The WAXS patterns were collected on a Pilatus 100k detector
(Dectris). Intensity files were computed from the 2D WAXS patterns using the Foxtrot@®) software. Standard
corrections (dark subtraction, empty beam correction...) were applied before performing any treatment to
obtained patterns. Average diffractograms were calculated from the normalized intensity profiles .
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SAXS measurements were performed on the same equipment with a different set-up.

3.3.4 SEC

Size exclusion chromatography (SEC) allows determining the molecular average weights in measuring their
number average M,,, weight average M,, and z average M,. Is is usually realised at high temperature (145°C).
It was measured on Pj in order to check the possible presence of some degradation due to annealing conditions,
characterised by a shift of the high molecular weight tail towards the left due to macromolecular chains break.

3.3.5 Mechanical tests

A tensile machine Zwick-Roell Z 2.5 with a load cell of 500N was used to run tests at room temperature and
measure the Young modulus and the yield stress on the films under standard conditions i.e. 1%/min for the
Young modulus and 50% /min for the yield. No extensometer was used and the deformation was calculated from
the crosshead displacement. The distance between clamps was 25.4mm. The Young modulus was calculated
with a linear regression in the range (0.05%-0.25%) and the yield was taken at the maximum of the stress-strain
curve. Both measures were made on the same sample by switching the strain rate/crosshead speed at 0.25%,
at the end of the strain range for modulus calculation.

The samples were stamped with a dogbone ISO527 1BA/ASTM D638-V shape.

3.4 Results and discussion

The type of study run in this research constrained us to work with stabilised microstructures because isotactic
polypropylene is known to undergo physical ageing and thermo-oxidation [138], [136], [139]. This phenomenon
was indeed observed as the press used to manufacture the films was not running under inert atmosphere and the
formulation of the products was not overstabilised. As the cooling conditions were providing films not entirely
homogeneous and reproducible, the location at which the samples were removed was duly recorded.

The type of crystalline structure targeted was the a-crystal form. It was characterised in order to check the
possible presence of other phases, namely due to catalytic support, annealing or degradation.

3.4.1 First campaign: analysis of P;;, P, and P;3 evolution

The films were aged and/or annealed at 100°C, 120°C and 140°C. The annealing temperatures were selected on
the base of two main aspects: on the one side, the literature tackling the general phenomenon of physical aging
and its kinetics in polypropylene [7], [8], [97], [25]; on the other side, the need to implement quasi-static tests at
higher temperatures in order to accelerate the various physical processes occurring under those conditions and
ensure that the test time would not go beyond 10% of the total annealing time.

At room temperature, the stay was lasting a few weeks. For the annealing conditions, the films were staying
in the oven during up to 350hours. At these temperatures, the literature reports a structural transition of the
metastable domains into a stable crystalline form. The crystalline phase can then be constituted by primary,
subsidiary and transverse crystalline lamellae and a “low-T,,, crystal content” is defined as the content involving
subsidiary and transverse lamellae [39], [18], [107], [143], [144], [121], [145], [19]. This “low-T,,, crystal content”
or "secondary crystal population" is identified as a shoulder on DSC traces [83], [87], [138], [109] and has also
a specific signature on WAXS spectra [11], [121], [69].

The degradation observed on the films has been assumed to come from thermo-oxidation processes: it starts from
the film edges, challenging the processing conditions, because if the mould is not totally filled, thermo-oxidation
can easily be triggered there. The literature reports that thermo-oxidative process starts in the amorphous
phase, and/or when a v-phase crystals is present [138], [136], [140], [94], [139].

3.4.1.1 DSC traces

The method developed to ensure the most robust calculation of thermal quantities (enthalpies, crystallinity)
uses the temperature derivative of the heat flow and is based on local extrema, that are physical signatures of
processes occurring during the sample heating, as represented at figure 3.119. Though derivative is a very old
and traditional approach to signal treatment, we could not find any trace in the reviewed literature.

As we will see in the discussion, this method has allowed us 1°) detecting physical similarities in the DSC
traces of all the products before the main melting peak, 2°) highlighting in the expected range of temperature
the remaining presence of mesophase even after an annealing above 130 °C' [129], [123], [69] and/or a-crystals
resulting from its transformation [18], [20], [121]. The figure 3.119 displays the first minimum at (a) 52°C' and
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(b) 48 °C that corresponds to the onset of disordering of the condis and/or RAF reorganisation process. The
second minimum at 81 °C' (almost not visible on (b)) is characteristic of the achievement of this process and
the beginning of the mesophase transformation into a-crystals that is completed around 120°C [19].

0.0 \ 0.002
0.2 N \ 0.001
04 X
. M - 0.000
06 Mg, \ 185°C 5
R ! \ - 0001 g
2 .08 =
B f k0002 3
3 104 | 3
i | b
% - -0003
& A2 £
f-0004
14 o
16 - -0.005
18 | - -0.006
2.0 -0.007
0 200 250
Exo Up Temperature (°C) Universal V4 4A
imits of enthalpy calculation
limits of entha alcul r
1 1
; ' 0.0
I I \ 1 s
\ | 155°C 1o 1
N B N H L 02
+— J23g | \_, 0.001
1 — N A L 04
! \ [\
1 _ L
4 i VL e g 0000 L g
1 \ b4 S
' \ I 184°C 2 T 5
| AN 5 ~ o
i \ “ ' S o001 0 2
| 1 3 =
| ! o I
. T -0.002 - E
2 1.2 o
| S 1
10 ( & 0003 14
i T+ -16
-1 | -0.004 +
J - -18
165°C
' T T - -2.0
0 150 200 250
Exo Up Temperature (°C) Universal V4

Figure 3.119: (a) Local minima of the temperature derivate of heat flow on P;; aged at room temperature; (b)
limits identified for the calculation of the enthalpy on P;; annealed 4 days at 140°C. Colour code: heat flow in
green, 1st derivative in blue, base line and calculation limits in red, enthalpy (integral of heat flow) in pink

According to [83], the typical double endotherm shown by DSC reflects the great complexity of iPP crystal-
lization behaviour (see figure 3.119(b)). As it is composed with several endotherms, it should be deconvoluted
in two or even three peaks corresponding to the successive melting of transverse, subsidiary and main par-
ent lamella. In order to circumvent issues linked to deconvolution [10], [125], the low-T,, content was rather
calculated in an empirical way [83] from the relative area spanning the beginning of DSC diagram and the
temperature T, — 8°C, i.e. the area under the low-temperature shoulder.

The enthalpies, crystallinities and low-T;,, content have been computed for all the samples (aged or annealed).
Only a few are presented below. Figure 3.120 displays examples of the trend for each quantity. The enthalpy
of a perfect a-crystal has been taken as 207 J/g [125], [42].

The analysis of the whole set of data gives some global trends.

Regarding the melting temperature T}, , we have to discriminate between 140°C and the other ageing or annealing
temperatures:

1. under ageing at 23°C and beyond 100h, P;; melting temperature stabilises around 166°C; under annealing
at 100°C and 120°C and also beyond 100h, it stabilises around 165°C; as for Pj3, beyond 100h and under
both ageing and annealing at 100°C and 120°C, it stabilises around 165°C. P35 sees its melting temperature
increase from 169°C under ageing at ambient temperature to 170°C under annealing at 100°C and 120°C

2. under annealing at 140°C, P;; and P, are stabilised around 166°C below 150h; after they start degrading.
P35 temperature increases slightly to reach 171°C.
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Regarding enthalpies of fusion:

Annealing time (hours)

1. under ageing at ambient temperature, Py2 and P;3 enthalpy of fusion around 115J /g behave quite similarly
whereas Py; starts lower (below 100 J/g) but increases and seems to catch up asymptotically at ageing
times higher than 1000 hours.

2. under annealing (100°C, 120°C and 140°C; only 140°C is displayed), Pi2 behaves more like P;; with an
increasing enthalpy that reaches 120 J/g between 100h and 150h and converges towards the level of Pi3.
Beyond 150h, the samples are degraded.
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Regarding the fraction of low-T;,, content:

Annealing time (hours)

1. under ageing at ambient temperature, P2 and P;; behave quite similarly around 0.35 whereas P;3 is at
0.45. These values seem to remain constant, even beyond 1000h
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2. under annealing (100°C, 120°C and 140°C; only 140°C is displayed), P12 and Pi; behave also similarly,
decreasing from 0.35 to 0.3 until degradation beyond 150h. The level of Pj3 remains constant at 0.45;
there is thus no difference between ageing and annealing from that point of view.
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Figure 3.120: Evolution of the melting temperatures, enthalpies and low T,,,-content with aging or annealing
time of Py1, P12, P13 at two different temperatures

The results and their trends obtained are summarised in the table 3.8 below.

Table 3.8: Summary of stabilisation conditions. All quantities are approximated values

Product | ageing T time annealing T time T AH Xe low-T,,, content
°C (hours) °C (hours) | °C | J/g
Py 23 > 1000 / / 166 | > 100 | > 0.48 0.35
Py / / 140 100-150 | 166 120 0.58 0.3
Py 23 > 1000 / / 165 115 0.55 0.35
Py / / 140 100-150 | 166 120 0.58 0.3
Pi3 23 > 1000 / / 169 115 0.55 0.45
Py / / 140 <150 | 171 120 0.58 0.45

It can be observed that regarding the global crystallinity, P;o behaves as Pj3 whereas for the low-T,,, content, it
is similar to Pj1, indicating that the subsidiary and transverse lamellae could be similar between both products.

3.4.1.2 SAXS and WAXS measurements

SAXS and WAXS have been performed on samples aged at 23°C and various times. Two different manufactured
films have been used in the case of the quenched sample P;; to check reproducibility. The crystallinities have
been taken from the DSC results obtained on other samples.
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Table 3.9: Summary of crystallinity x., long period L,, crystalline lamellae /. and amorphous phase [, thick-
nesses

Product Xe L, P le la
(age at measure) nm nm nm
Py, (576h) 047 134 089 6 7.4

Py (672h) 047 131 0.89 59 7.2
P;5(408h) 0.53 179 090 9.1 88
P13(960h) 056 21.6 0.90 11.6 10

In the case of the SAXS experiments, the long period L, has been measured (see figure 3.121(a)), which
allows finding the crystal thickness . by introducing in the calculation the respective crystalline and amorphous
densities taken as p. = 0.95 and p, = 0.85 [42]. Some of the results are listed in the table 3.9 and figure 3.121
below. The way to compute these values is available in the supporting information section 3.6.2.
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Figure 3.121: (a) SAXS intensity Iq?> = f(q) on P11 (pink), P2 (green) and Pj3 (blue) and (b) long period
(solid line), amorphous (dashed-dotted line) and crystalline (dotted line) thickness as a function of crystallinity

The ranking of crystal thickness for the products aged at room temperature is as expected [11], [42], [146], [147]
i.e. lower for quenched samples, in-between for quenched and annealed samples and higher for isothermally
undercooled samples. For P;5 and P;3, the thicknesses of both crystalline and amorphous phases increase with
annealing, namely because of the thermal expansion [21], though not at the same rate.
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In the case of WAXS experiments, the spectra have been compared with the literature standards of iPP (see
supporting information for the three polymorphs 3.6.3).

WAXS experiments have been performed on the three products, Pi;;, Pi» and Pi3, on films kept at room
temperature during several hundred of hours and on films annealed at 140°C.
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Figure 3.122: Deconvolution of WAXS-patterns of P1, Pi2 and P35 after a stay at room temperature of several
hundred of hours. Crystallographic planes have been indicated

According to the literature [18], [69], [148], [135] cooling below 100°C/sec or isothermal crystallisation at temper-
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atures higher than 60°C typically leads to formation of the thermodynamically stable o form. As the quenching
conditions adopted for Py are around 20°C/sec, we expect thus to find either only a-form, or a mix of o~ and
~- forms.

Figure 3.122 shows the three spectra of (a) Pi1, (b) Pi2 and (c) Pi3 after a stay at room temperature of several
hundred of hours with the deconvoluted peaks. Pi; is in pink, Pj5 in green and P;3 in blue.

Figure 3.123 presents the WAXS patterns of Pj; and Pi3 after respectively a stay at room temperature during
17 days (solid line) and at 140°C during 4 days (dotted lines).

Whereas the spectra of P;; and P are quite similar and characteristic of an a-form, the spectrum of Pi3
displays an intense peak at (040), as well as a small peak at (117), leading to the conclusion that there is a
mix of a- and -forms, the a-form being prevailing. The presence of a small S-peak for the P;; aged during
17 days and Pj3 annealed at 140°C during 4 days indicate that even under quite traditional cooling conditions,
such a crystalline form can be found, though in quite small quantities.

P1_1and P1_3 aged 17 days at Tamb and annealed 4 days at 140°C

(040),, P1_1 4days@140°C

0,018 (110), . .
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Figure 3.123: WAXS-patterns of Pi; (in pink) and P53 (in blue). Solid lines for a stay at room temperature
during 17 days and dotted lines for a stay at 140°C during 4 days; crystallographic planes have been indicated

We can conclude that:

1. the long period increases and the scattering peak sharpens as the crystallinity increases, which means that
the distribution of crystals becomes narrow and the crystals more perfects;

2. the evolution of the amorphous and crystalline thicknesses is different. The crystalline thickness increases
faster than the amorphous one; this latter remains constant or even decreases with crystallinity

3. due to thermal expansion, the amorphous phase is more significant for P;3 than P;; but it is difficult at
this stage to extrapolate on the ratio between its various components (MAF, RAF); the same holds for
the mesophase

4. the crystalline form is mainly an a-form; a small portion of 8- and y-forms can be observed in some
circumstances.

3.4.2 Controlling degradation

The degradation by thermo-oxidation can be highlighted via combined experiments of DSC, FTIR, RX and
SEC. The picture of the figure 3.124 below displays such a phenomenon (left top corner) on a film of Pi;
annealed during four days at 140°C.
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1

Figure 3.124: Film of P;; annealed during 4 days at 140°C. The top left corner of the film is degraded

3.4.2.1 Influence of degradation on DSC traces

The figure 3.125 displays a few tests where the differences between non degraded and degraded samples taken
on Pp; films are visible, according to their location. The samples aged during five days at ambient temperature
are drawn with dashed lines and the ones annealed during four days at 140°C with solid lines. It can be clearly
observed that the samples located at the edges have a broadened melting peak shifted to the lower temperatures.
This is confirmed by other samples not presented here.
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Figure 3.125: Samples of Pj; aged during 5 days at room temperature (dashed lines) and annealed during 4
days at 140°C (solid lines). Edge and centre locations have been labelled

The heat flow of respectively aged and annealed samples of the isothermal cooled product Pi3 have been
superimposed. Some of the annealed samples have been totally degraded, as they were located at the edge of
the film and display even a second crystallisation at higher temperature - see figure 3.126.

SAXS measurements have allowed calculating the crystalline and amorphous thicknesses. At the figure 3.127,
the damaged zone is visible because of having a lower melting enthalpy and therefore a lower crystallinity while
constant long period.
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Figure 3.126: Heat flow of isothermal cooled P53 samples aged 5 days at room temperature and annealed 4 days
at 140°C (some are totally degraded). Line code: samples aged in solid lines, samples annealed in dashed lines

Long period, crystal and amorphous phase thicknesses for P1_1 (sane and degraded)
(Lp = squares, Ic = triangles, la = losanges)
25,00

P1_1 4days@140°C
(sane)

20,00 D .

15,00

nm

10,00

> <o
*>

OLong period Lp

5,00
P1_1 4days@140°C

ACrystal thicki s
(degraded) rystal thickness Ic

©Amorphous thickness la

0,45 05 0,55 0.6 0,65
Crystallinity

Figure 3.127: Long period L, amorphous [/, and crystalline /. thickness as a function of crystallinity for annealed
sane and degraded samples. The damaged sample has been identified as being the less crystalline. Only Py is
presented here for readability. Legend: square = L, , losange = [, and triangle = [.. Empty marks hold for
degraded sample

It is possible to conclude that:

1. the influence of the degradation on the melting peak temperature T, (parent lamellac) depends on the
aging or annealing temperature. At room temperature, the location of the sample on the film is a first
order parameter compared to the cooling conditions whereas at 140°C, the cooling conditions are the first
order parameter compared to the location;

2. degradation leads to lower T,,, more intense heat flow in the peak and even to the apparition of a second
melting peak;

3. the hypothesis of higher degradation at the edges (trapped in the frame, free edges due to mould not
totally filled) is confirmed.

3.4.2.2 FTIR

According to literature [138], [136], the thermo-oxidation of isotactic polypropylene can be monitored thanks
to the same chemical species involved in degradation, i.e. hydroxyl groups OH, carbonyl C=0 and unsaturated
C=C groups as illustrated at figure 3.128.

Usually, the following peaks are considered for these species: the H-bonded hydroxyl groups are centred around
a broad peak at 3400cm ™!, the multiple carbonyl peaks centred around 1720cm ™! and the unsaturated peaks
existing in the range 1650 — 850cm ~1[149].
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In the literature [136], [138], FTIR signals are normalised according to internal standards such as 1166cm ™1
or 2721em ™!, in order to compare the curves. The evolution of the carbonyl peak as a function of the anneal-
ing/degradation time is presented at figure 3.128(a) and (b).

Rather than studying the evolution in time of FTIR peaks to monitor degradation as in the literature, we have
preferred a different approach, looking at their evolution in the space in relation to the big or small distance
with a degraded stain. We have selected the peak at 2721cm ™! as reference.
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Figure 3.128: Time evolution of IR peaks under annealing: (a) peaks ranges according to the considered species
and (b) time evolution of the peak at 1721cm ™1 [136], [138]; the peak is indicated by the red circle; (c) spatial
evolution of the peak at 1722cm ™! for the isothermally undercooled product P;3 after a stay at 140°C and when
approaching a degraded stain

The figure 3.128(c) displays the results for Pi3 after a stay at 140°C at locations closer and closer of a stain.
The increase of the peak at 1722cm ™! is very visible as the distance decreases. On the stain, the intensity of
the peak reaches 30 arbitrary units, confirming the literature (see figure 3.128(a) and (b), [136], [138]).

Having identified the peak’s intensity levels characterising degradation, we carried out an arbitrary large number
of measurements to test whether the film was sound, and used these results to guide moreless the sampling for
the other characterisation methods.
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3.4.2.3 SEC measurements

The SEC measurements were implemented via GPC on Pj; and Py3 purposely degraded samples (5 days at
140°C) with a view to identifying possible changes in the molecular weights distribution, especially in the range
of high molecular weights. All the samples were taken close to IR measures. Table 3.10 hereunder displays the
results where the ages are expressed in days and the samples aged at 23°C provide the reference.

In the low molecular weights, there is a slight difference AM,, ~ 1580 —2510. The difference is more pronounced
in the higher molecular weights. More globally, in the case of Py, there is 5 % variation of M,,, a 5 % variation
of M,,/M,,, and a bigger variation of M. In the case of Pj3, no variation was observed.

Table 3.10: Modification of the molecular weight distribution for severe annealing conditions. Aging at 23°C is
the reference

‘ Py 6d@23°C' Py 5d@140°C  Pi3 6d@23°C Pz 5d@140°C' P53 5d@140°C

M, 52700 52600 52500 53200 52600

M, 338000 322800 334300 337400 332200

M, 1165500 1077900 1146200 1159900 1128000
M, /M, 6.4 6.1 6.4 6.3 6.3
M. /M, 3.4 3.3 3.4 3.4 3.4

The accuracy of M, is the highest with 3 to 5 %, the accuracy of M, /M, is around 5 to 10 %. The PP
degradation is radicalar and results in a decrease of high molecular weights, the probability to find radicals on
long chains being higher due to the fact that there are more carbons per chain and that the probability to create
a radical is basically the same for each carbon.

M, will be the most impacted, though it is also the less accurate. The second parameter that signs the
degradation (and is related to M,, and M,,) is the narrowing of the molecular weights distribution (M,,/M,,
M,/M,,). We see that Py is the most changed, though the amount is quite low. Ultimately, no significant
impact could be detected.

3.4.3 Stabilisation conditions for the microstructure evolution

The balance between stabilisation and degradation resulted in final conditions of 3 days spent at 135°C, that
we name "standard conditions".

These final conditions put ZN and MET iPP below respectively approximately 30°C and 20°C of their melting
temperature. The mechanical tests to be implemented should not last beyond ideally 7h to 10h, in order to
have a ratio between the test time and the annealing time of around 10-15%.

3.4.4 Second campaign: validation of the standard conditions for P, to Fy;
Another campaign has been performed to confirm those results on all the quenched products, Py; to Pg;.

Some of the results are presented hereunder at figure 3.129, selected among the three main experimental tech-
niques. As of here, the colour code for the products will remain the same throughout the whole thesis: P is
red, P»; is yellow or blue cyan, P3; is magenta, P4y is black, Ps; is green and FPg; is blue.

The evolution of the melting temperature with the annealing time is presented at figure 3.129(a). As expected,
the two levels of temperatures related to the catalyst used are visible. The melting temperature should be
independent on the annealing time [7]. This is confirmed by their small variation between 164°C and 167°C for
the ZN iPP and 154°C-155°C for the MET iPP, and by comparing the evolution of melting temperature for all
products respectively annealed up to 4 days and aged up to 8 days.

The SAXS and WAXS patterns have also been recorded, in order to obtain the long period as well as check the
type of crystalline phase, as displayed at 3.129(b) and (c) and table 5.22.
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Figure 3.129: (a) Evolution with annealing time at 135°C of the melting temperatures of P11 to Ps1, (b) SAXS
spectrum for Pj; to Pg; annealed during 3 days at 135°C for ZN and 140°C for metallocenes and (c¢) WAXS

pattern for the same products
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Table 3.11: Crystalline and amorphous quantities for Pi; to Ps; annealed 3 days at 135°C (ZN) and 140°C
(MET)

Product Xe low-T), L, le lg catalyst
nm nm nm

Py 054 036 1945 9.84 9.61 ZN
Py 0.55 0.39 1825 9.43 882  ZN
Py 054 036 1841 927 9.14  ZN
Py 052 037 1841 894 947  ZN
Ps; 051 035 17.04 811 893 MET
Ps 047 034 17.04 7.48 956 MET

From those results, it can be concluded that all the product display a crystalline a-phase and that the crys-
tallinity and the long period L, of metallocene resins is lower than the one of the Ziegler-Natta, with the
presence of regio-defects that decrease the thickness of the crystalline lamellae but not that of the amorphous
phase in the case of metallocenes.

3.4.5 Mechanical tests at T,,,,: Young modulus and yield

The figure 133 of chapter 4 displays the tensile curves and some zooms on small deformations for all the products
aged at room temperature (Pj1) or annealed at 135°C (Py; to Ps1) and gathered by catalytic support.

The evolution of the stress and tensile modulus with crystallinity and crystalline thickness is also displayed at
figure 3.130 and table 3.12 below.

Table 3.12: Young modulus E at 1%/min (1.6710 *sec™!) and yield stress o, at 50%/min (8.310 3sec™!)
measured at room temperature for Pi; to Ps; annealed 3 days at 135°C (ZN) and 140°C (MET)

Product E s.d. (1o) oy s.d. (1o) catalyst
(MPa) (MPa) (MPa) (MPa)
Py 1985 + 288 374 + 0.5 ZN
Py 1866 + 234 38.4 +2 ZN
P35 1942 + 473 379 + 0.7 ZN
Py 1676 4+ 122 384 406 ZN
P 1764 + 156 37.7 + 0.5 MET
Fs1 1556 + 16 37 +1 MET

Sigma max (50%/min & 25°C) vs crystallinity
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Young modulus (1%/min & 25°C) vs crystallinity
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Figure 3.130: (a) Stress at max as a function of crystallinity of P11 to Ps; at 25°C and 50%min ! (8.310 3sec™1),
(b) Young modulus as a function of crystallinity at 25°C and 1%min~—! (1.6710"*sec™!) and (c) Young modulus
as a function of crystal thickness at 25°C and 1%min~! (1.6710*sec™1)

The table gives only a general trend, as the scattering was quite high especially on the module value. Whereas
Py and P3; behave in a similar way, P3; and Pg; are definitely different. The link between the mechanical
properties and the main microstructure parameters is discussed below.

3.4.6 Discussion

For the first campaign, the quenching conditions are supposed to ensure an a-phase accompanied by a metastable
condis phase. The former crystallises in monoclinic lamellae of 10-15nm thick. The latter solidifies in lamellar
"nodules" of around 20 nm that undergo large reorganisation into crystalline a-phase as temperature increases
and under annealing above 80°C-100°C [39], [18], [107], [143], [144], [121], [145], [19]. In this case, the crystalline
phase can be constituted, besides the primary lamellae, of subsidiary and transverse easily recognisable as a
shoulder on DSC traces, the “low-T,, crystal content” or "secondary crystal population" [83], [87], [138], [109].

Such a shoulder is visible at figure 3.119(b) before the main melting peak for P;; annealed at 140°C. More
generally, quenched samples P;; and quenched and annealed samples P;o displayed similar a-form crystalline
content and similar secondary crystals, as their low-T), content is in the range 0.3-0.35 for both, and does
not depend on the annealing time spent at 140°C. Only the size of the crystalline lamellae increases under the
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different cooling conditions with the next ranking for I.: Pj; < P2 < Pi3. In some cases, the crystalline nodules
resulting from the mesophase transformation can coalesce into «a lamellae of 40-50nm under annealing around
135°C-140°C [109], though this is not what was observed from the SAXS experiments.

The undercooling conditions at 130°C for P35 are supposed to ensure an a-phase constituted by conventional
crystalline lamellae and spherolites, with a possible cross-hatched structure [20], [126], [19]. The significantly
higher value of the low-T}, content at 0.45 for P;5 advocates in that sense though this was not verified.

From the viewpoint of the crystalline forms composition, the undercooled sample P;3 has a different crystallo-
graphic signature, and is composed of a mix of a- and - forms whereas P;; and Pj5 show pure a-phase form.
In some circumstances linked to aging or annealing, a small S-peak can even be present. Small amounts of -
and ~y-crystal forms could be related to the very tiny fraction of mesomorphic material that seem to be still
present as displayed by the DSC derivative curves or by the presence of stereo-defects trapped in the crystalline
lamellae [11], [87] as no clear chain scission was observed via SEC measurements. The literature shows that the
presence of stereo-defects in the crystals could promote the apparition of these crystalline forms (regio-defects
are usually rejected in the amorphous phase). This could be an explanation to such small phenomenon in a ZN
product that does not exhibit regio-defects [150].

From the SAXS measurements, it was observed that the long period increases and the scattering peak sharpens
as the crystallinity increases, which means that the distribution of crystals becomes narrow and the crystals
more thicker and perfect. Moreover, the evolution of the amorphous and crystalline thicknesses is different,
as can be seen at figure 3.121(b). The crystalline thickness increases faster than the amorphous one; this
latter remains moreless constant or even decreases with crystallinity (not shown). This could come from the
contribution of the mesophase transformation into a-crystals for Pj5 and from the thickening of the traditional
lamellae together with their higher perfection for the undercooled Pi3 [18]. Due to thermal expansion [21], the
amorphous phase is more significant for P53 than Pj; but it is difficult at this stage to extrapolate on the ratio
between its various components (MAF, RAF); the same holds for the mesophase. The long period does not
seem to be impacted by the degradation, contrary to crystallinity.

The quasi-static tests performed on the three products show that their modulus are ranked according to their
crystalline thickness and crystallinity. The shape of the tensile curve combined with the DSC curves where no
shoulder is detected are characteristic of a substantial mesophase presence [54].

Finally, the thermo-oxidation phenomenon studied under different processing conditions and afterwards ageing
and annealing times was demonstrated to occur at the edges, though not at the same intensity. A minimum in
the enthalpy after 2 to 2,5 days was observed likely to result from the competition between reorganisation of
the mesomorphic phase and degradation. A finer analysis of the DSC trace demonstrates that the melting peak
becomes more intense, shift to lower temperatures and changes of shape with increasing degradation whereas the
minimum around 50°C at which the metastable mesophase starts its transition is also impacted (not discussed
here). This is confirmed by literature (see for example [14]).

The study on the first campaign resulted in defining a good balance between stabilisation and degradation and
resulted in final conditions of 3 days spent at 135°C that was applied to all the six quenched products, P;; to
Pﬁl.

These final conditions put ZN and MET iPP below respectively approximately 30°C and 20°C their melting
temperature.

The mechanical tests were implemented with the view to not lasting beyond ideally 7h to 10h, in order to have
a ratio between the test time and the annealing time of around 10-15%.

Regarding the second campaign, the crystalline a-form was confirmed by WAXS for all the products (see figure
3.129) and the analysis of the DSC traces, namely the derivative of the heat flow led to the conclusion that some
mesophase fraction could have subsisted after the thermal treatment, though the exact amount was not verified
at this stage [129], [123], [69]. The presence of nodules was not checked either. The amount of amorphous phase
remains substantial, looking at the crystallinity, and the RAF is likely to play a role [21].

For what concerns the link between the modulus, the yield and the microstructure, the literature shows that it
is not trivial at all.

With the type of processing conditions adopted, and given that a rather narrow distribution of the nodules
promote the apparition of neck and the increase of elongation at break [20], it is obvious that the deformation
at yield and break is driven by other parameters than just crystallinity [68], [41]. Crystallinity in reality
involves two aspects: on the one side and indirectly, the dislocations via the crystal lamellae thickness (see infra
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for detailed discussion) and, on the other side, the stress transmitters (ST) via the long period, the ST being
viewed as the whole network linking two crystal lamellae (i.e. tie molecules, entanglements, loose loops, etc)
[68]. As the modulus of the amorphous phase is much lower than that of the crystalline phase, the transfer
of stress will strongly depend on the quality of the interlamellar space and on the thickness of the lamellae,
especially the thinner ones [41]. The stress distribution on the crystals is greatly influenced by the number of
tie molecules and more generally by stress transmitters. At equivalent crystalline lamellae thickness [.., the yield
stress value increases with the concentration of ST that is directly influenced by the molecular weight [60].

Several articles points also to the role played by the amorphous phase behaviour under increasing strain rate
and below or above its glass transition to explain the increase of the yield stress and the Young modulus [69],
[60].

Our own results are coherent with this analysis, as we can observe a global increase of the modulus with the
crystallinity and with the crystalline thickness. The same holds for the yield stress - see figure 3.130(a). It is
difficult to push further the comparison, as the type and number of defects are quite different between ZN and
MET, and whereas the literature shows such an influence [67], we have not a sufficient base of products for
relevant comparison.

The microstructural data of Py, P3; and Pg; have been summarised at table 3.13. The microstructure has
been characterised with DSC, SAXS, NMR and quasi-static tensile measurements. More especially, the Young
modulus E has been measured at 1%min ="' (1.67 10~%sec™!) and the yield stress at 50%min~! (8.3 10 3sec™1),
both at Tymp. The isotactic length n;s, was calculated from NMR data according to [87], [151] and expressed
in monomeric moeities C3Hg and in nm in order to assess the number of stacks 2I. 4+ [, spanned by n;s,. All
these calculations are available in the supporting information 3.6.4. The NMR values for Ps; have been taken
from Ps; data, both being considered as similar from that viewpoint.

Table 3.13: Summary of the results obtained on samples of Pj1, P3; and Py, annealed at 135°C during 3 days;
the values marked with * come from Ps; considered as similar to Pg; - see text for detailed explanations

Product - Catalyst ‘ Py - ZN ‘ P3 - ZN ‘ Py, - MET
T (°C), Xes low = Try | 166.5 0.54 0.36 | 165.7 0.54 0.36 | 1555 047 0.34
Ly, ey lo(nm) 194 98 96 |184 93 91 |17 75 96
Niso(#C3Hg), Niso(nim) | 190 124 | 164 106 | 178" 116*
2+ lo(nm), #(2l. +1,) 29.3 423 | 27.7 3.85 | 24.5* 4.72*
11 Myso

E (MPa), o, (MPa) | 1985 37.4 | 1942 37.9 | 1556 37

The analysis of the microstructural parameters shows that ZN and MET behave in a different way, as conse-
quence of the difference in molecular weights but also in type, amount and distribution of defects.

Regarding the comparison between the ZN products, tables 3.7 and 3.13 show that P;; and Ps; have approxi-
mately the same level of isotacticity (table 3.7), crystallinity, and low-T,, crystal content (table 3.13.

On the contrary, the distribution of molecular weight is narrower for Ps; and it has more shorter chains. Its
long period is smaller than that of P;1, with smaller crystalline and amorphous thicknesses and a higher global
amount of stereo-defects (not shown) resulting in smaller isotactic length. As a consequence of these different
observations, one isotactic length will span a smaller number of 2/, + [, for P3; than for P;;. Furthermore,
as the crystallinity and the low-T;, content are the same, this means that there are more thinner crystalline
lamellae.

We know also that there is a direct influence of the molecular weight on the crystal thickness and amorphous
phase via the scaling relationship between the random coil dimension R, in the molten state and the crystallite
thickness in the solid state [77]. We can thus expect for P that lower M, will lead to a smaller amount of ST
under the same thermo-mechanical history.

When comparing ZN and MET, we see that despite a molecular weight quite close of each other, P3; and
Ps1 do not behave in the same way. P has the lowest crystalline thickness and crystallinity among the
three products, but an amorphous layer equal to that one of P;;. This is likely to be due to the narrower
polydispersity index that, compared to P31, promotes higher molecular weights less prone to crystallise, and to
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the presence of homogeneously distributed regio-defects that are hardly incorporated into the crystal phase, as
already mentioned earlier [150].

Both facts could explain the intermediary level of MET compared to ZN for the isotactic length. The lower
amount of low-T,,, content of FPs; is hard to explain as it means that there are less subsidiary and transverse
lamellae proportionally in this material than in the two other products. We could assign this observation among
other to the very high isotacticity level that promotes on the average more perfect primary crystalline lamellae
combined with a proportionally more important amorphous phase, as the crystallinity of MET is lower and the
ratio between [, and [, is also smaller than for ZN. In any case, the possible co-existence of an initial structure
after quenching composed of crystalline nodules and conventional monoclinic lamellae the size of which would
increase after annealing has to be checked, as well as the existence of cross-hatched texture and spherulites
[109], [19]. Complementary to that, a small fraction of mesomorphic phase not transformed into the monoclinic
a-phase crystalline nodules could persist despite the annealing treatment. The presence of defects could also
prevent the mesophase or the RAF to transform into subsidiary lamellae.

A smaller value of the stack length 2I. + [, combined with a lower amount of shorter chains could result, at a
given molecular mass, in a higher probability to create stress transmitters and a higher probability to tie several
stacks. This latter hypothesis being confirmed by the larger number of these stacks in the isotactic length n;,
as seen at table 3.13. This explanation seems to be relevant, as highlighted by the shape of the tensile yield
drop, narrower than for the ZN products, and the pronounced neck without any whitening (see chapter 4).

3.5 Conclusion

In this study, we have first analysed the influence of cooling conditions on one chemical structure, P;, with the
view to establishing appropriate conditions for the stabilisation of the microstructure of our products, while
avoiding degradation and ensuring that the time spent under mechanical tests in temperature would not exceed
10-15% of the annealing time.

Due to not that big differences between the products, at least for standard thermal and mechanical tests, we
have taken into account all possible causes for scattering coming from the equipments, the materials, the process
and the tests.

A special method has been developed to handle DSC traces that uses the temperature derivative of the heat flow
and is based on local extrema, that are physical signatures of processes occurring during the sample heating. It
has allowed us first detecting similarities in the DSC traces of all the products before the main melting peak,
and secondly highlighting in the expected range of temperature the remaining presence of mesophase and/or
a-crystals resulting from its transformation even after an annealing above 130 °C.

The analysis has shown that the evolution of microstructural parameters of these materials evolves according to
the literature: the long period increases with a decreasing temperature ramp, the crystalline thickness evolving
very rapidly compared to the amorphous phase, meaning that the ratio between [./l, increases accordingly
despite thermal expansion. The quenched and annealed product Pjs presents similarities with the quenched
product P;; and with the undercooled product Pi3: its low-T;, content is similar to P;; and does not depend
on the annealing time spent at 140°C, its crystallinity is similar to P;3 and its WAXS crystallographic signature
has characteristics from both.

In all cases, degradation is prevailing at the edges, and occurs at any of the temperatures considered. Under
promoted degradation conditions, it appears that the crystallinity decreases, but the long period of the samples
remains constant.

The balance between stabilisation and degradation resulted in final conditions of 3 days spent at 135°C that
were validated on the second campaign.

Regarding the second campaign, it was shown that the Young modulus and, to somewhat less extent yield
stress, were evolving with the crystallinity and the crystalline thickness according to literature, and this can
be assigned respectively to the stress transmitters and to the dislocations: the Young modulus decreases with
decreasing crystallinity, crystalline thickness and long period, or similarly, it decreases with a decreasing ratio
between the crystalline and amorphous phase.

The isotactic length was also computed and put in relation with the stacks 2I. + [, of the literature on tie
molecules and stress transmitters. It was shown that the difference between ZN products came mainly from
the molecular weights and molecular weight distribution, acting on the thickness of amorphous and crystalline
phases. The difference between ZN and MET was ascribed to the MET ability producing a smaller lamellae
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thickness combined with a important amorphous layer, i.e. a smaller ratio between the crystalline phase and
the amorphous phase likely coming from the presence of defects at similar molecular weight. This resulted in
the highest amount of 2[. + [, stacks spanned by the MET isotactic length.
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3.6 Supporting information

We want to highlight that, whenever possible and because of the need to mitigate all possible causes of scattering
in the results, we have used the same samples to perform first non destructive tests such as FTIR or RX and
then destructive tests such as DSC or tensile tests. When this was not possible, we have tried to draw samples
as close as possible of removal locations that were duly recorded.

3.6.1 Samples preparation

For the first campaign, the mould was constituted of two stainless steel blades each coated with a PTFE film,
one aluminium 500um thick A4 format frame, two PTFE sheets and two PI films. The frame was sandwiched
between first the PI films, then the PTFE sheets and finally the stainless steel blades. For the second type of
films, the PTFE was removed and the PI was put in direct contact with the blades. The moulding conditions
were modified because of presence of large ripples in the films provoked by the sudden immersion in the cold
water and subsequent shrinking of the hot steel.

The quenched films were the most difficult to fabricate in a reproducible way with the available equipment. The
pellets were molten at 230°C and maintained at 0.5bars during three minutes after their complete melt. After
that, degassing was carried out as quick as possible by applying successively 3, 5 and 9 bars. The film was then
maintained during one minute at 10 bars and then removed from the press.

1. for the quenched films P;: after removal, the mould was placed on a support kept at ambient temperature
allowing four clamps to be placed at each corner. It was then immersed in a water bath at 10°C where
a temperature gauge had been put in order to monitor the time needed for solidification. Due to the
time needed to fix the clamps, the temperature of the mould when dropped in the water was estimated
to be around 200°C; the complete solidification was reached after maximum 10 sec. The cooling rate was
around 20 °C/sec. After solidification, the film was removed from the mould, gently dried and kept in the
lab at room temperature in the darkness. Quenching in the water presented a lot of issues and several
procedures have been tried, none of them being totally satisfactory as will be explained later

2. for the quenched and annealed films P;5: the procedure to quench the film was the same than P;q; once
solidified, the film was then placed again in the press and remained at 130°C during eight hours under
five bars

3. for the film undercooled isothermally at 130°C Pi3: the procedure was slightly different. After three
minutes maintain, it was removed from the first press and put in a second press at 130°C under five bars
during eight hours. The mould was then removed from this second equipment and the film quenched in
the air. At the moment of the mould opening, the film was undergoing a rapid final crystallisation process.

3.6.2 Calculation of crystalline and amorphous thicknesses from density, DSC
traces and SAXS measurements

It is possible to calculate the density of the material and the thicknesses of the crystalline lamellae and of the
amorphous layer with the data and models presented hereunder.

Calculation of the material density

The literature indicates [42] values for the density of a pure monoclinic crystal and a pure amorphous phase.
These are obtained usually by extrapolating the data to a crystallinity of 1 or 0.

Density of pure crystalline phase: p. = 0.95

Density of amorphous phase: p, = 0.85

DSC measurements provide the values of the crystallinity percentage x. and the enthalpy of the perfect crystal,
207J/g [125], [42]. Combined with the densities of the amorphous and crystalline phase, and with the long
period, it is possible to calculate the material density p with the equations below.

AH
c = — 3.43
Xe = 5om (3.43)
1 xe 1-xe
o Xe 2T Xe (3.44)

P Pe Pa
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Calculation of crystalline thickness from SAXS

Small angle scattering X-ray allows measuring a scattering angle 20 with a wavelength A in order to obtain a
scattering vector ¢q. Thanks to the value of the scattering vector at its maximal intensity gqz, it is possible to
obtain the long period L,, the thickness of the amorphous layer [, and the thickness of the crystalline phase ..

2
q= Xsin@ (3.45)

2
L= LI (3.46)
I, = LppﬁXC (3.47)

3.6.3 Crystallographic planes of iPP obtained by WAXS spectra

The crystallographic planes of the main crystalline form of iPP are presented at figure 3.131 hereunder.

(hkD)o | (REDa | (RED, | d (A) | 2002 = 1.544)
(111) | 6.39 13.83 a)
(110) 6.26 14.11
(113) | 5.86 15.08
(300) 5.5 16.06 _
(040) (08) | 5.24 16.86 s
(130) 4.78 18.59 %‘ by
(117) | 4.38 20.19 8
(111) (311) | (202) | 417 21.21 B
(13T)/(041) (026) | 4.05 21.84 o
(206) | 3.63 24.38
(150)/(060) 3.51 25.23
(00 12) | 3.47 25.52
(200) 3.98 27.01 6 8 10 12 14 16 18 20

Scattering angle (28)

Figure 3.131: (a) Crystallographic planes for iPP polymorphs as measured by WAXS at A = 1 and recalculated
at A = 1.54 from [11]. Main planes are in bold; (b) WAXS-patterns of pure o, 8 and 7-phase, indicated by a,
b, and c, respectively (in this graph, A = 1) [11]

3.6.4 Calculation of microstructure parameters
Calculation of the volume of the iPP a-crystalline monoclinic unit cell

The dimensions of the a-crystalline monoclinic unit cell are the following [11]: a=0.665nm, b=2.096nm,
¢=0.65nm, 5=99.62°

The volume of the unit cell is therefore:
V = a.b.c.sinf = 0.89 nm? (3.48)

Calculation of the volume occupied by one group CH,

The a-crystalline monoclinic unit cell is composed of 3 monomers along the c-axis i.e. 9 C'H entities. There
are 4 chains in the ab-plane. The unit cell is composed of 9 x 4 = 36 C 4 72 H. The weight of the unit cell is
equal to the weight of 36C' Hs i.e. 504 Daltons

Combining the result of equation (3.48) with the number of CHs in one unit cell, the volume occupied by a
C' H5 becomes:

0.89/36 = 0.0248 nm? (3.49)
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Calculation of the amount of C'H; groups in the activation volume

It is quite easy, from equation (3.49) to get the amount of C'H; in the activation volume. For instance, for Py,
Vo=3.58 nm?
3.58/0.0248 = 144 CH, (3.50)

Let us remark that we have not taken into account the tie molecules and other stress transmitters in these
calculations.
Calculation of the amount of CH; groups in Ly, [.,1,,2l. + 1,

Having the value of Ly, [, 14, 2l; + l,, these quantities are divided by the value of the c-axis. For instance, for
Py, Lp=19.4nm, [.=9.84nm, [,=9.61 nm, 2I. + 1, = 29.29nm

L,/0.65 =19.4/0.65 = 29.8 CH, (3.51)
1./0.65 = 9.84/0.65 = 15.1 C'H, (3.52)
1,/0.65 = 9.61/0.65 = 14.8 CH, (3.53)
2. + 1, = 29.29/0.65 = 45 CH, (3.54)

Calculation of the isotactic length n;s, in amount of C3Hg monomeric units, in nm and in
amount of 2/, + 1,

Niso is the isotactic length i.e. the average distance between two interruptions (defaults) and depends on the
catalytic system. It is obtained from NMR measures according to the following equation [83], [87], [151]:

[mm] + 0.5[mr + maz]

Niso = 05[7’)’113] (355)
[mz] = [mr] for ZN (3.56)
[mx] = [mr] + [regio — irregular PPP] for MET (3.57)

It is easy to convert this length into nm and number of C3Hg monomeric units as they are aligned with the
c-axis.

For instance, for P,

[mr] = 1.03, [mm] =98.5 and n;s, = 190 C5Hg units (3.58)
190 C3Hg . 0.65 nm = 124 nm (3.59)
124 nm/29.29 nm = 4.23 2l. + 1, in nis (3.60)

For instance, for Ps; (in place of Pgy),

[mr] = 0.3, [mm] =99.5 [mx] = [mm]+ 0.9, and n;s, = 178 C3Hg units (3.61)
178 C3Hg . 0.65 nm =116 nm (3.62)
116 nm/24.52 nm = 4.72 2l. + 1, in nis (3.63)
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4.1 Introduction

Polypropylene is a very widely used commodity polymer. Its global market size is evaluated to be around EUR
113.30 billion in 2022 and is expected to expand at a compound annual growth rate (CAGR) of 4.7% from 2023
to 2030. The growth of the market is mainly driven by end-use industries such as automotive, packaging, and
building & construction. In these markets, homopolymer is the largest segment and accounted for a market
share of over 80% [4], [5]. The main applications find themselves in injection moulding, film extrusion, fiber
production or thermoplastic elastomers [1] where the requested properties are in the range of short to mid-term
characteristic times.

Due to the applications needs, some of them have been extensively studied: crystallization, stiffness, short term
impact resistance (with adiabic heating) or brittle/ductile transition, fracture, aging or degradation to name
just a few [6], [7], [8], [9], [10], [11], [12], [13], [14].

In the field of long term properties and viscoelastic analysis [115], [112], polypropylene has suffered from its close
relation with polyethylene as the results obtained for this latter were usually simply transposed in a traditional
scheme of analogy though without comprehensive verification.

The result is that not that many papers have tackled the existence of two yielding processes (also called double
yield phenomenon) for iPP during mechanical tests [39], [57], [152] and scarcely investigated their longer term
evolution and their link with the underlying microstructure.

Understanding therefore the underlying deformation mechanisms occurring with time ranging between hours
and a few months would be an interesting way to support the development of new structures for long-term
applications.

Regarding its microstructure in the solid state, isotactic polypropylene is one of the most complex semi-
crystalline polymers, due to the flexibility of its helix macromolecular chain, the presence of several types of
defects and the influence of the solidification circumstances [107], [18], [67]. It exhibits different crystallographic
structures and morphologies depending on processing and crystallisation conditions®. The most common form
is the monoclinic a-crystals. The B-phase is a rather cumbersome crystalline phase and is observed under spe-
cific crystallisation conditions such as orientation of the melt (shear), temperature gradient or nucleating agent.
The orthorhombic «-crystals are observed quite often in combination with the a-phase. This phase is obtained
in samples crystallising under high pressure and in presence of degraded, low molecular weights, at atmospheric
pressure with metallocene catalysis or by introducing comonomers such as ethylene [7], [11], [120].

The mesophase of iPP is a conformationaly disordered glass or crystal (condis glass or crystal) that is hindered
to convert into a fully ordered crystal by cooling it below its T, [18]. The amorphous phase is also reported to
be constituted by a mobile amorphous fraction (MAF) and a rigid amorphous fraction (RAF) [135], [18] that
play a critical role in terms of mobility [21].

The molecular architecture and synthesis technology have both an important influence. Two routes exist
currently to synthetise this polymer, Ziegler-Natta and metallocene catalysts. Defects in the backbone break
the regularity of the chain in the similar way as the addition of a comonomer [112], which obviously has an
impact on the crystallisation parameters. They influence directly the average pure isotactic length, i.e. the
crystallizable sequence between two distinct configurations. Single-site catalysts such as metallocene typically
distribute their defects in a homogeneous way all along the polymeric chain, whereas multi-sites Ziegler-Natta
catalysis rather gather them in blocks with very long isotactic segments in between. The consequence is that
single-site catalysts have rather short isotactic segments and tend to crystallise in the y-crystal form [1].

In the solid state, isotactic polypropylene, as thermoplastic polymers in general, is known to be far from
thermodynamic equilibrium and to undergo an evolution of its (micro)structure with time and temperature,
such as under physical ageing or annealing, or with strain. Its microstructure is particularly sensitive to these
factors due to its metastable mesophase constituted mainly of condis [107], [108], able to undergo a transition
above a certain temperature towards an a-crystalline monoclinic form and/or different co-existing crystalline
polymorphs [67], [18], [117], [121], [69], [122], [16], [19], [10], [123], [20]. The different temperature ranges
for these transitions should be linked to the mobility of the macromolecules that triggers rearrangements of
chain conformation and packing of the unit cell to a more energetically favorable state, generating long range
positional and orientational order between the helix segments. In iPP, chain mobility is achieved within the
mesophase when the glass transition of condis glass is reached at 70°C-80°C [19].

iPP is also sensitive to degradation by thermo-oxidation. As a consequence, establishing a good compromise be-
tween the stabilisation of the microstructure and its degradation due to process influence and thermo-mechanical
history is a key pillar for a study investigating the long-term properties via accelerated tests.

30We mention here only the most usual ones. For further information, see f.i. [7], [L1] or see chapter 2
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Regarding micro-macro approaches and numeric models in general, a set of predictive models, covering the
whole range of deformation has been developed for product design and development, in order to answer more
rapid cycles or replace traditional materials such as metals in an increasing number of applications. Because
there is no unified theory encompassing the whole material’s behaviour, predicting in a robust way the response
of polymeric parts of a complex structure until their macroscopic and/or massive failure remains still a challenge
that results in a situation where the local failure criteria, the damaging and the behaviour laws are not integrated
and their choice remains somehow arbitrary [153|, [154], [27], [23]. Understanding the respective influences of
each scale in a micro-macro approach means to integrate the material behaviour at each scale, from nanometric
constituents (mobile and rigid amorphous phase, metastable mesomorphic phase and crystalline polymorphs)
and under increasing strains to macroscopic design scales, from small deformation to large ones, from visco-
elasticity to microscopic or macroscopic failure [15], [154], [155], [156], [157].

We would also like to draw the attention to an important vocabulary aspect: the very term failure itself can
encompass in this context various situations and have different meanings if it is used at the macroscopic or the
microscopic level: the wultimate failure refers clearly to the massive though nanoscopic rupture of the material
covalent bonds whereas the macroscopic "ductile" failure refers to moment where a more or less complex part
is no more usable because it has locally crossed the yield and shifted to irreversible plastic deformations. The
meaning of the word "failure" will thus be clarified later in this text by the context in which it is introduced
[23], [27], [24], [25], [26].

On this global scene, and despite tremendous progresses performed since last decades in computing method-
ologies and applications, as well as in nanotechnology-based equipments and analytical theories [154], the
understanding of plasticity processes of iPP’s complex multi-scale multi-hierarchical micro-structure is far from
being completed [17], [153].

Establishing thus a good understanding of the processes occurring at the nano- to microscopic scale from a
physical viewpoint and in relation with the molecular architecture is critical to feed models and develop new
chemical structures with predicted and controlled properties.

We have therefore analysed the impact of various molecular structures and thermo-mechanical histories on their
quasi-static behaviour under small deformation using various Ziegler-Natta and Metallocene catalyst-based iPP.
We have especially zoomed in on their drop shape at various temperatures and low strain rates, and made the
link with the macroscopic deformation mechanisms with a special care to the competition between plasticising
and cavitation phenomena.

In order to do so, we have assumed that the cavitation phenomena were triggered beyond the first yield, i.e.
the maximum of the stress-strain curves, and used the very well known Ree-Eyring theory to model plastic flow
and its dependence to long characteristic times.

4.2 Materials, samples preparation and characterisation

The materials and samples preparation have been detailed at chapter 3, as well as the characterisation methods
of the microstructure.

Regarding mechanical tests, two tensile machines were used to confirm the presence of the double yield at room
temperature, the second one being used also for the tests in temperature with an oven and a camera. Samples
with a dogbones ISO527 1BA/ASTM D638-V shape were stamped and distance between clamps was fixed at
25.4mm.

A comparison between the results of the two equipment’s was carried out. The whole set-up and the procedure
to remove films’ samples are provided in the supporting information 4.6.1.

A series of Matlab® home made programs have been written and implemented on the experimental set-up to
treat the relevant signals. Some details are available in the supporting information at section 4.6.2.

4.3 Results and discussion

As explained in the introduction, the objective of the mechanical tensile tests is to demonstrate the presence
of two deformation mechanisms in the long-term plasticising behaviour of isotactic polypropylene on a series of
different molecular homopolymer structures coming from two catalysts.

Regarding the microstructure, standard conditions (see chapter 3), i.e. 3 days spent at 135°C, have been applied
to all the six quenched products, P;; to Pg;. The crystalline a-form has been confirmed by WAXS for all of
them and the analysis of the DSC traces, namely the derivative of the heat flow has led to the conclusion
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that some mesophase fraction could have subsisted after the thermal treatment, though the exact amount was
not verified at this stage [129], [123], [69]. The presence of nodules was not checked either. The amount of
amorphous phase remains substantial, looking at the crystallinity, and the RAF is likely to play a role [21].

Mid- to long-term characteristic times means, from the viewpoint of mechanical properties and Ree-Eyring
model (that we will discuss later), to carry out quasi-static and possibly creep tests. Fortunately, it is possible
to exploit both by working with some remarkable points such as €, and o, taken at the maximum of the quasi-
static stress-strain curve or such as the inflexion point €,(t,) and its strain rate €,(t,) measured in a creep test.
Deformation processes are indeed the same ones, as was demonstrated by Bauwens et al [158], [159]. In our
case, it was possible to go down to quite low strain rates with quasi-static tests only, and there was therefore
no need to implement creep tests3!.

The signature of two plastic deformation mechanisms in the stress-strain curve is the presence of a double yield
that is characterised in the quasi-static tests by the presence in the yield drop of a convex shaped shoulder,
where the neck or plastic instability is triggered, and in the creep tests by the stabilisation of the deformation
during the time evolution. The necking is triggered just before failure in this case. Such a drop shape can be
put in relation with the presence of mesophase or RAF [54] as we will see later.

We would like to draw the attention that the subscript "y" has been replaced in our graphs by the subscript
"max". Though the presence of a pure plasticising process is our hypothesis, these subscripts will remain by
precaution as long as we have not confirmed that the first local maximum is associated only to that mechanism,

without involving cavitation. In the remaining part of this study, we will use omaz, €mar and €pmaz.

4.3.1 Preliminary mechanical tests experiments

Before installing the set-up with the camera, a preliminary round of tests was carried out at room temperature
on samples of the two campaigns, respectively aged at T,,;, and annealed under standard conditions. The strain
was obtained from the crosshead displacement.

Tests were performed at Ty, and 50%min~! (8.3 1073sec™!) on Pi; to Ps; samples in order to confirm the
presence of a double yield in the stress-strain curves. All products displayed a shoulder in the yield drop and
differed from each other vis-a-vis the presence or not of a neck propagation plateau and a strain hardening, as
well as the way the failure occurred.

Figure 4.132 displays the double yield for all the products aged at room temperature (P;1) or annealed at 135°C
(P11 to Ps1) and gathered by catalytic support.

As of now, the colour code remains the same for all the products throughout the whole study: Pi; in red, Py
in yellow or cyan blue, P31 in magenta, P4; in black, Ps; in green and Fg; in blue.
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31it appears that many traditional weighted creep equipments have been dismantled for many years in academics.
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Figure 4.132: From left to right and top to bottom: stress-strain curves taken at 23°C and 50%min !

(8.31073sec™!) of (a) P11 aged at room temperature (whole curve) and (b) zoom; (c) ZN products Pi; to
P,y annealed at 135°C (whole curve) and (d) zoom; (¢) MET products Ps; and Pg; annealed at 135°C (zoom)
and (f) zoom. The strain was measured with the crosshead displacement; the gauge length was 25.4mm. Colour
code: see text

For almost all the products, the shape of the yield drop was convex. This shape is of fundamental importance
to identify the existence of a double yield (and more generally the shape of the whole curve up to the plateau
though this will not be discussed). The presence of convex or concave curvature in the drop will be examined
at section 4.3.2.

4.3.2 Quasi-static tensile tests at 25°C, 69°C and 128°C at 5 different strain rates

The isotactic polypropylene is known to have its a-relaxation starting around 40°C-50°C and ending between
80°C and 120°C depending on its structure [71], [94], [36]. As the hypothesis is that the a-relaxation is responsible
of the yielding processes, this means that the presence of a double yielding mechanism could be detected in
that temperature range if the strain rates are selected in a relevant frame [69], [39]. In order to emphasize each
mechanism, it was decided to make tensile tests on Piy, P31 and Ps; at temperatures lower than-, in the middle
of- and above this crystalline transition temperature i.e. at 25°C, 69°C and 128°C, as illustrated at figure 4.133.

Five different strain rates were applied as test conditions, as illustrated at table 4.14. The strain rates of the
central and right columns are the same in two different units.
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Figure 4.133: Evolution with the temperature of tgd curves of Pj; to Ps; annealed at 135°C and tested at
0.1sec™!; the colour code has been explained; the vertical dotted lines at 25°C or 28°C, 69°C and 128°C allow
to identify on the viscoelastic spectra if the tensile tests carried out at these temperatures are located before,
in the middle or after the crystalline relaxation

Table 4.14: Quasi-static tensile test strain rates at 25°C, 69°C and 128°C; the strain rates are shown in two
different units

Temperature Strain rate Strain rate
°C Y%omin~—! 10 5sec™!
25 0.1, 0.5, 1, 5, 10 | 1.67, 8.35, 16.7, 83.5 , 167
69 0.1,0.5, 1,5, 10 | 1.67, 8.35, 16.7, 83.5 , 167
128 0.1, 1 1.67, 16.7

The nominal strain, strain rate and width were measured directly by the camera which allowed to monitor
the various changes undergone by the sample response while taking photos. The machine was piloted with the
constant speed of the crosshead and the sample gauge length was 9.5mm. Figure 4.134 illustrates the changes
occurring during the test, with three different regimes (take care of the different scales).
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Figure 4.134: Strain as measured by the camera versus strain rate for Ps; sample n°3. Regime I = "elastic",

regime II= accelerated (including max of stress-strain curve), regime III = stabilised ("plateau")

120



ECOLE
u M O N S \" m ﬂ POLYTECHNIQUE
Université de Mons — DE BRUXELLES

The three regimes can be identified by sudden changes in the curve "strain as a function of strain rate". The
first regime (I) is characteristic of a small (though not infinitesimal) deformation portion, where the strain
increases as strain rate remain constant; in regime II strain increases with strain rate and the maximum of the
stress-strain curve is found in that portion; the regime (III) corresponds to the stabilisation of the strain rate
as the strain increases further. This can be linked to the presence of a necking as will be explained at the next
paragraph. Not all the three regimes are always present. Figure 4.134(b) is a zoom of figure 4.134(a).

The presence of a double yield was confirmed. The arrows highlight it on some of the stress-strain curves
displayed at figure 4.135 where we have gathered the results obtained on Fg; at one of the five strain rates
(1%min~"' (1.67 10~ *sec™!)) and at the three temperatures considered (25°C, 69°C and 128°C). Two samples
have been tested for each temperature. The position of the second yield can be obtained by calculating the
minimum of the first derivative of the stress-strain curve in that range, i.e the inflexion point.

Pe, — strain rate = 1%/min - 3 temperatures
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Figure 4.135: Stress-strain curves at 25°C, 69°C and 128°C and 1%min~1 (1.67 10 *sec™!) of Ps; annealed
at 135°C during 3 days; two samples have been tested at each temperature; the first (maximum) and second
(shoulder) yield are approximately indicated with arrows on the curves at 25°C and 69°C; the second yield can
be obtained with good precision by taking the inflexion point

As the scattering of the curves was sometimes important, reduced stress-strain curves were drawn, that are
presented in figure 4.136. The reduction was obtained by dividing respectively the strain and the stress by their
value at the maximum of the stress-strain curve, €4 and o,,qz-
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Figure 4.136: Reduced stress-strain curves of annealed samples: (a) Pg; measured at 25°C, 69°C and 128°C and
0.1%min=! (1.67 10~ %sec™!), (b) P;; measured at 69°C and the 5 strain rates of table 4.14 and (c) Py , P3;
and Ps; measured at 69°C and 0.1%min=1 (1.67 10~ 5sec™1)
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Figure 4.136 allows to compare the behaviour under (a) varying temperatures at one strain rate, (b) varying
strain rates at one temperature and (c) different products at one temperature and one strain rate. In figure
4.136(a) and (b), two different levels can be observed for the neck propagation plateau. The temperature (figure
4.136(a)) is clearly a first order factor compared to the strain rate (figure 4.136(b)). As the lower plateau is
related to higher temperature (or lower strain rates), a deepening of the yield drop is consequently observed.

When comparing the products together on figure 4.136(c), we see that Ps; and Pi; have respectively the most
narrow and broad drop32. This phenomenon can be related to the type of plasticising undergone by each
product. The curvature of all the samples displayed at figure 4.136 is convex, but not all the testing conditions
resulted in such type of shape.

4.3.3 Observed macroscopic deformation mechanisms

In this section, we comment on the macroscopic deformation mechanisms observed during the tests. We somehow
make the link with the microscopic mechanisms presented in the introduction, reminding that the macroscopic
process can be the result of microscopic competitions. We also would like to draw attention, and we will remind
it in the explanations, to the fact that our comments relate to the observations made well beyond the maximum
of the curve and very often after the necking.

Several macroscopic deformation mechanisms have been observed at the macroscopic level during the tests, dif-
fuse and pronounced necking, microcracking, themselves associated or not with shear banding, stress whitening
or microcracking [17], [48], [160] and leading to various macroscopic failure modes. We remind here that the
term "failure" can have different significations, as explained in the introduction. In this case, we consider that
the failure corresponds to the end of the test i.e. the sample failure, which is what we observe optically here.
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Figure 4.137: Top: Stress-strain curve (in blue) of annealed Fs; measured at 69°C and 10%/min (1.67
1073sec™t); from left to right, the left-Y axis corresponds to the stress (in blue) and the right-Y axis cor-
responds to the strain rate (in grey); the numbers 1, 2 and 3 correspond to the same number on each picture.
Bottom: pictures taken respectively (1) at the maximum of the stress-strain curve, (2) at the beginning of
regime III, (3) at the end of the test; the two latters have been identified manually

At figure 4.137, we have displayed the remarkable points of the stress-strain curve (in blue) that were linked
to the picture taken at that very moment with the camera during the test. The principle was to identify (1)

32we refer to the definition of the drop height and width given at section 2.2.1 though the measurement of the width is not trivial

as explained in [68]
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the maximum of the stress-strain curve (1% yield), (2) the beginning of the regime III (see figure 4.134) where
the strain rate has stabilised just after necking (27 yield) and (3) the plateau, considered as the end of the test.
While the first yield has been obtained by calculating the maximum of the curve, the two other quantities have
been assessed manually from the graphs, as they do not intervene from a quantitative viewpoint at this stage
in our approach.

The figure 4.138 below summarises the macroscopic failure modes observed during the whole campaign of tests.
From left to right: (a) pronounced or heterogeneous necking, (b) diffused or homogeneous necking with tedious
whitening (c) pronounced necking with stress whitening, (d) microcracks (at low T/high speed) and cracks (at
high T/low speed), (e) heterogeneous necking with shear banding, (f) necking with microcracks and whitening.
Usually, whitening is associated to cavitation, though not always [161].

Heterogeneous Homogeneous Striction, Microcracks Heterog. necking,  Necking, mic.cracks,
necking necking Whitening shear banding whitening

P6_1, sample 15 P1_1, sample 11 P6_1, sample 9 P3_1, v=0_1%/min, P6_1, v=0,1%/min, P3_1, sample 2
v=1%/min, T=69°C  v=1%/min, T=69°C  v=5%/min, T=25°C  T=128°C T=69°C v=0_5%/min, T=25°C

(@) (b) (c) (d) (e) (f)

Figure 4.138: A summary of macroscopic failure modes observed during the whole campaign of tests. The small
black spot in the right middle of the stretched white zone on picture (f) is a hole

Some of these mechanisms can be related to plasticity processes such as (a) pronounced or (b) diffused necking
eventually (e) accompanied by shear banding triggered by small defects created at the sample edges during its
removal. This type of mechanism corresponds to different shapes of the stress-strain curves that display always
convex curvature in the whole or partial zone of drop. When cavitation/whitening is present, and depending
on its magnitude, parts of the curve can be concave in the zone beyond the maximum of the stress-strain curve
and the plateau (if any).

The pronounced necking is directly related to a very visible shoulder in the drop, as illustrated by figure 4.135,
that appears after the diffuse neck.

The question of the diffused necking is more tricky because an homogeneous yield at the macroscopic level can
hide a set of various processes at the microscopic scale. In our case, it can be accompanied or not by very light
whitening, such as in figure 4.138(b), and it has a very smooth and broad drop as illustrated at figure 4.136(b).
These shapes are related in the literature to the double yield, therefore we name them first (homogeneous)
and second (heterogeneous) yield [17], [153], [34], [162], [163], [164], [78], [55], [54], [68], [160], letting open the
question of the coherence between microscopic and macroscopic observations.

On the other side, when whitening occurs, and this can happen quite early in the test, it generally means that
a cavitation phenomenon has been triggered, with cavities tall enough to cross the light wavelength [48], [54],
[70], [47], [51], [50].

The question is now to understand when does plasticity be triggered. At this stage, it is not clear for some
materials if the maximum of the stress-strain curve is only linked to plasticity or to the competing processes of
yielding and cavitation and a finer analysis should be performed. In this research, we assume that only plasticity
occurs at the very maximum, and that cavitation processes are triggered beyond, at least at 25°C and 69°C.

Intermediary results obtained via SAXS and WAXS on samples deformed respectively beyond the first and
second yield - not presented here - have shown that, between the two yields, cavities oriented perpendicularly to
the drawing direction (depending on the product) can be present, and that their size can reach around 1um. At
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that moment, the long period still exists, which is no more the case beyond the second yield. On the contrary,
WAXS reveal the same a-pattern for deformed and not deformed samples.

We'll have a final look at microcracking considered as a competition between yielding and cavitation. At 128°C,
microcracking mechanism is activated in all cases in competition with a moreless pronounced yielding depending
on product.

4.3.4 Deformation mechanisms as activated processes

The results of the tensile tests realised at the three temperatures are presented at figures 4.139 and 4.140.
The evolution of o, /T (figure 4.139) and of €4, (figure 4.140) with l0gé nq. is shown. The strain rate has
been taken at the maximum of the stress-strain curve as it is not constant during the test. The black lines
highlighting the areas of the different processes have been drawn to support visually the eye. The empty symbols
have different meanings: in the case of Pj;, the symbols with inside crosses refer to tests carried out at room
temperature on the Zwick (see section 4.2 and supporting information); in the case of Psq, the empty squares
refer to samples tested at 28°C; in the case of Py1, the solid squares and empty diamonds refer respectively to
films manufactured at two different moments (under the same standard conditions).

When we look at the graphical representations for each product, we can see where the various deformation
processes are located. We need to keep in mind that these mechanisms are observed beyond the second yield
point (if any). Whereas P;; displays either a competition between plasticising and cavitation or only smooth
necking excepted at high strain rates where the pronounced necking becomes predominant, FPg; displays a
very broad domain where only necking occurs without any whitening, which is a characteristic of pure plastic
behaviour.

From the curves of figure 4.139, and reminding that we are currently discussing the processes occurring at the
maximum of the tensile curve (and not at the end of the test), it can be seen that on the one side, at 25°C
and 69°C, there is one mechanism for P;; and Pg; and two for P3; as they display respectively one and two
slopes in their Ree-Eyring diagram. On the other side, at 128°C, the mechanism is clearly different for the three
products.
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Figure 4.139: Evolution in a semi-logarithmic representation of opmax/T" as a function of logé,,q. presented for
(a) Pi1, (b) P31 and (c) Pg at three temperatures each, together with the type of deformation mechanism
observed at the end of the test, so beyond the second yield; black lines delineating the different areas for failure
mechanisms are a visual support for the eye; see text for the explanation of the different symbols

This is confirmed when looking at the trends of €,,,, presented at figure 4.140 and table 4.15. If there was
only plastic flow, €,,4, would increase with increasing temperature and/or decreasing strain rate. The strain at
128°C for Pg; increases with the decreasing strain rate (see figure 4.140(c)) and, given the type of deformation
mechanism observed, is likely due to a strong competition between a dominant yielding and cavitation. As ex-
pected, at this temperature, the strain at maximum of the P;; and Ps; decreases as microcracking is dominant

(see section 4.3.3).
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At figure 4.141, the non-linear evolution of 0,4, and €,,4, as a function of the temperature and for two strain

rates confirms this observation.
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Figure 4.141: Evolution of 0,4, (left Y-axis) and €4, (right Y-axis) as a function of temperature for é = 1.67
107%sec™t (0.1%/min) and 1.67 10~*sec™! (1%/min) for the three products (a) Pi1, (b) Ps1, (c) Ps1; the solid
and empty symbols refer respectively to the stress and the strain at the maximum, as indicated with the arrows

Table 4.15: Evolution of €,,,, as a function of logé,.. for the three products. The trend is indicated for each
temperature and increasing strain rates. The sign "+" means that €,,,, increases with increasing strain rate,
"=" means that €,,,, remains constant with increasing strain rates and "-" means that €,,,, decreases with
increasing strain rates

Product | T (°C) trend | T (°C) trend | T (°C) trend

Py 25 + 69 = 128 .
Py, 25 + 69 - 128 ]
Py, 25 + 69 - 128 v

The interpretation of the second slope of P3; visible on figure 4.139(b) is unclear for the moment. Indeed, we
have assumed that at the maximum of the stress-strain curve, which is the location where the data are taken,
only plasticity is active and not (yet) cavitation that occurs afterwards. From that viewpoint, the second slope
could be considered as a second mechanism. However, it does not say if this latter is an homogeneous one, and
on the contrary, it seems it is not the case. Indeed, the careful examination of the evolution of the strain beyond
€maz, the shape of the stress-strain curve in the yield drop and the subsequent pictures advocate rather for a
competition between yield and cavitation; the sample also displays a pronounced neck together with an intense
whitening. A more in-depth analysis of the microstructure during an in-situ test should ideally be performed
in order to understand the kinetics of each mechanism.

The microscopic mechanism behind the macroscopic necking phenomenon is known to be due to the nucleation
and propagation of screw dislocations in the crystalline lamellae in response to the applied stress [17], [163],
[164]. First, when the temperature is high (i.e. above a-relaxation) or the strain rate low, the local kinetics
of the propagation accommodate the macroscopic strain rate allowing the stems to tilt though not modifying
the global crystal structure, leading ultimately to microscopic fine slipping and macroscopic homogeneous yield.
This mechanism is characterised by a high activation volume. Second, when the temperature is low (below the
a-relaxation) or the strain rate high, the macroscopic strain rate become too high for the dislocations nucleate
and propagate, the lamellae are fragmented into crystalline mosaic blocks leading to microscopic heterogeneous
(coarse) and localised slipping, through defective interfaces within the lamellae or through the occurrence of
partial dislocations involving the build-up of stacking faults. This results into a macroscopic heterogeneous
yield with pronounced neck. The activation volume is then low, characterising a reduced ability for thermal
nucleation of dislocations. Microcracks are then likely to occur [39], [152].

This phenomenon is exactly what can be observed at figure 4.137 where the strain rate increases with the strain
and stabilise when the necking appears, around 22%, at the shoulder of the stress-strain curve for that example.

According to equation (4.65) - see section 4.3.5 -, it is then possible to calculate the different activated process
constants. The mathematical procedure to calculate these quantities is illustrated at figure 4.142 for P;; and
detailed in the annex (see section 4.5) together with their values (see table 4.19). In figure 4.142(a) the slope
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and intercept of product P;; measured in this example at 69°C are calculated with a linear regression; the
respective values obtained and their link with the activation constants are given on the graph itself together
with the regression coefficient 72 with 72 = 0.94. Figure 4.142(b) displays the two slope calculated at the two
temperatures (25°C and 69°C) for P;;. Given the values of their error bars, these slopes are considered to be
similar enough and their average is calculated. Let us remind here indeed that the activation energy can only
be calculated for the same mechanism, this feature being translated by the fact that the slopes are identical.
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Figure 4.142: (a) Calculation by linear regression of the slope and intercept of product P;; measured at 69°C;
(b) illustration of how the activation energy can be obtained from two series of tests carried out at 25°C and 69°C
for Py if the deformation mechanisms are considered as identical; I; and Iy are the intercepts at respectively
T1= 25°C and T5=69°C; the formula to calculate the activation energy E, is also indicated - see text for detailed
explanation

All the activation quantities are presented at table 4.16 where error bars have been removed because their
magnitude is considered as small enough and it improves the readability of the table.
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Table 4.16: Activation energy, volumes and time constant for the three products between 25°C and 69°C. The
type of catalysis is indicated (ZN= Ziegler-Natta, MET=Metallocene) together with the molecular weight and
non-uniformity (or polydispersity) index I; error bars have not been displayed for readability

Product E, Vo C logioC M, I=M,/M, Catalyst
kJ/mole nm3 sec kDa
Py 128 3.6 15e36  -155 333 6.2 ZN
P31 101 2.7 1.23 =29 -12.5 185 5.7 ZN
Pg1 183 50 824 % -22.5 187 2.9 MET

These results show several features:
1. the activation volumes and energy are in the range of the literature [39], [80], [165]

2. the values for ZN products are clearly, according to the few articles mentioning such calculations, associated
to heterogeneous yielding mechanism

3. the two ZN resins activation quantities rank according to their molecular masses
4. the activation volume and energy of MET product is bigger than the ones of ZN products

5. the comparison between the two ZN and MET products with almost identical molecular masses shows
that the activation volume and energy of MET Py, is almost twice the one of product ZN Ps;

6. from equation (4.65), the values associated to C give an idea of the vibration time of the molecular units
involved in the process. Values of such parameters, hard to find in the literature, seem to be in its range
[80].

We get therefore the following ranking of mechanism activation quantities.

Ps1 > P11 > Py (4.64)

4.3.5 Discussion

During the presentation of the results, we have adopted a macroscopic perspective to make the link between the
the yield drop, the deformation mechanisms and the activation quantities of the Ree-Eyring model. We review
now the most common deformation mechanisms in semi-crystalline polymers under increasing strain from the
viewpoint of the micro-macro approach [161], [17] or see chapter 2.

When considering a tensile curve, the whole deformation process consists of several stages with different micro-
mechanisms involved in each stage. Generally speaking, the plastic deformation initiates at yield point where
the crystal lamellae experience crystallographic events like slips and interlamellar shear, then the crystallites
fragment into lamellae blocks connected by oriented amorphous chains with the strain increasing. Finally,
at large strain, the lamellar crystals change into fibrillar ones, allowing a significant hardening effect if chain
disentanglement is not involved. In tensile deformation mode, the polymer may also cavitate during the whole
stretching process.

The most current deformation mechanisms are [161]: cavitation, homogeneous and heterogeneous shear, ther-
mally activated dislocations, solid/solid transformations (crystal/crystal, disordered/ordered), crystallisation
under tension.

It is possible to look at these deformation mechanisms by hierarchical spatial scale, looking first at the crystal
and defects, then at amorphous phase, then at the lamellae, then at the spherulite level. We refer to chapter 2
for such a review. We mention here just a few [161].

The crystalline phase can be the locus of shear, crystal twin, phase transformation, fragmentation, melting/
recrystallisation.

The amorphous phase, made of a mobile amorphous fraction (MAF) and a rigid amorphous fraction (RAF), can
be the region where lamellae slip or separation takes place. Generally, slip occurs under compression or shear
and separation under tension [22]. Cavitation also takes place in the amorphous phase under tensile solicitation
because of the negative hydrostatic pressure or, on the long term, by coalescence of microvoiding under for
example chain disentanglement or relaxation.
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The rigid amorphous phase at the interface of the amorphous and crystalline phase, and the mesophase, so
critical in iPP, can both undergo a solid/solid transformation either via a glass transition, or via the trans-
formation of mesophase into a-monoclinic crystals. These mechanisms occur via nucleation and diffusion of
screw dislocations that proceed by helical jumps of polymer chains and lead to the relaxation of the constrained
chains and helical sequences transfer between the phases. Usually [36], [92], the viscoelastic a-relaxation is
considered as two-folded, with a lower- and upper-temperature component related to the jumps of polymer
chains neighbouring respectively the amorphous phase and the crystals, and allowing crystal viscous slip for the
second.

The glass transition of the isotactic polypropylene is considered to be the glass transition of the MAF.

All these mechanisms can compete together. All in all, the critical deformation mechanisms may depend on a
set of variables and factors linked to the material microstructure and test conditions, and follow irreversible or
reversible paths, leading to changes in conformations or packing, when the stress is released.

Let us focus more specifically on the viscous flow and plasticity processes.

In this case, one of the most widely known and used is the Ree-Eyring theory of chain segment displacement.
This theory considers the stress o, the strain rate ¢ and the temperature T to be linked via an activation process.
It has been widely used for amorphous and semi-crystalline polymers [96], [166], [100], [80]. It describes the
viscous flow by considering the way each segment of macromolecules has the freedom to move whereas each is
prevented to do so because of the binding forces with other macromolecular segments [98], [99]. In presence
of several deformation mechanisms, each one is associated with one relaxation time and the link between the
different quantities is expressed as [100]:

== E A7 (In2Cé + = 4.
2 (In2C;é % ) (4.65)

with AF = k/V§ and C; = 1/¢} the constants of the yield process i and o >> A:T.

V¢ is the activation volume of the mechanism i and C; is the vibration time of the i** molecular stem involved
in the displacement and located at the bottom of its potential well of height E.

In the theory, é} is proportional to the rate of jump of the segment considered between two equilibrium positions
in the absence of a stress and under thermal activity. The jump rate can be written as:

%

Jump rate = ééemp(—ﬁ) (4.66)

At equilibrium, € ~ forward jump ~ backwards jump. This diffusion process gives rise to a macroscopically
permanent deformation when some directions are favored, for example under the action of a stress.

However, the Ree-Eyring model is unable, as such, to account for the polymer structure, and there is a need to
rewrite equation (4.65) as a function of the Gibbs function AG* = AH® — TAS? of the yield process i instead
of the activation energy, with AH? = E!. This allows to introduce an entropy term AS? that is a measure of
the change in structural disorder of the molecular segment taking place when it jumps over the barrier E¢. The
parameter ¢5 can be then expressed by the equation (4.67) below ([165], J.C. Bauwens in [25]), where v/} is the
vibration frequency of the segment at the bottom of its potential well.

This approach has been applied to analyse the physical aging process, and it was assumed that the aging has
an impact on the flexibility of the macromolecules.

(4.67)

We suggest to transpose it to the case where, rather than analysing various annealing times of the same chemical
structure, we analyse various chemical structures at one annealing time. This assumption can be supported
by the fact that the same molecular motions seem to be involved in the yield behaviour and physical aging in
amorphous polymers (J.C. Bauwens in [25]).
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In this case, we can develop the equation (4.65) for a set of different molecular architectures P,; where n =
1 to 6:

In _ AF (In2C; ¢ Pan 4.68
T = i,n(n i,n€+ kT) (4.68)

where C; , =1/ éé’n contains the information on the structural disorder of the product.

This equation allows thus binding semi-empirically the microstructural quantities to the macroscopic mechanical
properties. This model has not been so often studied for isotactic polypropylene [62], [42], [39], [79], [71].

To dig in deeper in the plasticising phenomena, in presence of a double yielding process two types of mechanisms
have been identified. First, an interlamellar fine slip that results via crystal slip into the tilting of the chain axis
and preserve the lamellae integrity; this leads to a homogeneous shear. Secondly, an intralamellar coarse slip
with unchanged chain axis orientation that leads to the fragmentation of the lamellae into mosaic blocks and
to heterogeneous shear. Both are accompanied by interlamellar shear of the amorphous (RAF, MAF) phase.
The heterogeneous slip is ascribed to the lower visco-elastic a-relaxation and the homogeneous to the upper one
[163], [164].

As mentioned earlier, the yield process is interpreted as a mechanism of nucleation and propagation of the dislo-
cations in the crystalline lamellae, and as such, as an activated process, (contrary to the melting /recrystallisation
explanation). The free energy barrier for the nucleation from the lateral crystal face of a pure screw dislocation
parallel to the chain axis is directly proportional to the lamellar thickness as demonstrated by Darras et al
[167]. The lower the crystalline thickness, the lower the barrier. These researchers remark that the corollary
to thermal activation of dislocation is the fact that the activation volume should be very large because a great
number of cooperating atoms is required and that the sole role of the amorphous phase is to transfer the stress
to the crystal, whatever its proportion.

We think however that, even if the energy requested to trigger dislocation nucleation does not depend on the
proportion of amorphous phase, it does not say anything about its local stiffness and the resulting stress (or
strain) transfer.

Lefebvre and Escaig [78] calculated the dislocation density in various semi-crystalline polymers and highlighted
the role of the entangled intercrystal amorphous phase. As it is related to the chain stiffness, and more specifi-
cally to the chain stem or to the chain persistence length, they concluded that the chain flexibility controls the
activation volume. Other authors came to a similar conclusion, though from a very different viewpoint: they
looked at the isotactic length influence on a-viscoelastic relaxation [83] or modeled the diffusion of dislocations
on the base of the chains stiffness [38].

We think also that, as the mechanism at stake in the yielding process will approach the glass transition tem-
perature, the free volume will become an important parameter that could modify the global flexibility of the
macromolecular chains involved in the process and therefore its activation volume.

To our knowledge, the literature does not display a lot of information about the activation energies. This is
still more the case for the activation volumes and the vibration frequency of the considered molecular segments
undergoing the deformation is only mentioned in a couple of papers. We could not find any papers carrying out
tests at strain rates or frequencies lower than 10~ °sec™! (see [168] for a partial review).

The scarce levels of activation energy and volumes mentioned in the literature are respectively ranging between
2 nm3 - 4.7 nm?3 and 100 kJ/mol - 160 kJ/mol [80], [39] to 7 nm3 - 20 nm? and 200 k.J/mol - 500 kJ/mol
[165] far beyond the energy of rupture of a C-C bond that is prohibited in plasticity [79], [62].

These authors consider that small activation volume and energy are associated with the mechanism of hetero-
geneous shear occurring at low temperatures, high strain rates and large deformations whereas large activation
volumes and energy are associated with the mechanism of homogeneous shear occurring at higher temperature
and lower strain rates or small strains.

In order to proceed to relevant comparisons, it is important to consider behaviours under identical deformation
or failure mechanisms. We will discuss first the results obtained at 25°C and 69°C assuming that plasticisation
mechanisms dominates and neglecting cavitation phenomenon that has a statistically significant effect only
beyond (€maz, Omaz ), as already mentioned earlier; we will tackle afterwards the results obtained at 128°C when
microcracking dominates - see figure 4.139.

The tables 4.17 and 4.18 summarise the results obtained on the microstructure and on the activation parame-
ters. The microstructure has been characterised with DSC, SAXS, NMR and quasi-static tensile measurements.
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More especially, the Young modulus E has been measured at 1%min~! (1.67 10~ *sec™!) and the yield stress at
50%min " (8.3 10_35(30_1)7 both at T,mp. The isotactic length n;s, was calculated from NMR data according
to [87], [151] and expressed in monomeric moeities C5Hg and in nm in order to assess the number of stacks
2l. +1, spanned by n;s,. The calculation of the number of C'H; in the activated volume Vj is available, together
with the other quantities, at chapter 3 and in the supporting information 3.6.4; this calculation does not take
into account neither the stress transmitters nor the microcavities. The NMR values for Pg; have been taken
from Ps; data, both being considered as similar from that viewpoint.

Table 4.17: Summary of the results obtained on samples of Py1, P3; and Pg; annealed at 135°C during 3 days;
the values marked with * come from Ps; considered as similar to Pg; - see text for detailed explanations

Product ‘ P ‘ P3y ‘ Ps1

T (°C), Xes low — Try | 166.5 0.54  0.36 | 165.7 0.54 0.36 | 1555 047 0.34
Ly, le, lo(nm) | 194 98 96 [184 93 91 |17 75 9.6

Niso(#C3Hs), iso(nm) | 190 124 | 164 106 | 178 116*
2+ la(nm), #(2l. +1,) 29.3 4.23 | 27.7 3.85 | 24.5* 4.72*
11 Nyso

E (MPa), o, (MPa) | 1985 374 | 1942 37.9 | 1556 37

Table 4.18: Summary of the results obtained on samples of Pj1, P3; and Py annealed at 135°C during 3 days.
Data from Eyring theory obtained (top) in the range 25°C to 69°C and (bottom) at 128°C; (**) activation
volume for P3; second mechanism; (***) these values have been converted in base 10 logarithm - see table 4.16

25°C — 69°C' - dominant deformation mechanism: plastic flow

Eq(kJ/mole), Vo(nm?), 128 3.6 107155] 101 2.7  107'25| 183 5.0 107225
C(sec)™* 9.51**
#C Hy, #monomer units 144 48 111 37 195 65
in V
128°C' - dominant deformation mechanism: micro-cracking
Vo (nm?) | 13.6 | 6.0 | 21.9
#C H,, #monomer units 548 183 242 81 883 294
in V

Between 25°C and 69°C and in the range of strain rates investigated, where the plastic flow dominates, our own
results could be ascribed to the heterogeneous yield for the ZN products and MET.

The activation volumes of ZN products are totally aligned with the values found in the literature whereas the
value for MET is somewhat higher. However, all the deformation mechanisms visually observed during the tests
were advocating for an heterogeneous mechanism. The activation volume and activation energy follow the same
ranking: MET Pgq is larger than ZN Pyq itself larger than ZN Psq. If we assume that mesophase is well present
and/or that the more important amount of amorphous phase, especially the RAF, plays a role, the activation
volume should be larger when the amorphous phase amount is larger [39]. Another complementary explanation
is the fact that a larger molecular weight leads to the high molecular weights having a higher probability to span
more than two lamellae in one stack 21, +{,. Both arguments can explain the ranking between P;; and Ps; and
between Ps3; and FPg1, whatever the role played by the defects. Especially in the case of Pg1, we suspect that a
higher amount of stress transmitters associated to a more entangled network coming from the defect presence
could explain the larger activation volume, and that the quality of these connections could be also playing a
role. In other words, a larger amount of ST result in a lower local stress on the crystal, but a higher or lower
intrinsic chain or stem stiffness would act on the type of stress or strain transfer able to trigger the dislocation.
Finally, resulting from the higher activation volumes and lower isotactic length, we can see that Pg; displays
more C'Hy and therefore more monomeric units implied in the process than the two other products.

The lower molecular weight of Ps; could also be at the origin of the massive presence of microvoiding and
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cavitation that compete with the plastic flow. Ps; is the only product to present microcracking or cracking as
well as whitening phenomena on almost the whole domain of strain rates and temperatures analysed. A more
careful analysis of the reduced curves at 25°C shows that for lower strain rates, the second yield is present but for
strain rates around 10% /min, the curvature of the drop has become concave, indicating a pronounced softening
of the material, likely to be due to a cavitation process triggered just after the maximum of the stress-strain
curve. The same type of phenomenon is observed at 69°C, with a broader and very smooth drop at the highest
strain rates.

Besides activation volumes and energies, the time constants C; ,, provide useful information on the behaviour
of the microstructure and the kinetics of dislocations therein.

We remind here that C;, = 1/é67n. Disregarding the process i, let us have a look at ¢, expressed in sec™!

and let us take its logarithm?33; the literature provides a range going from3* 16 [168] to 32 [7] to 39 [80] to 47
[165]. Our own results fall in this interval, between 12.5 (Ps1) to 15.5 (P11) to 22.5 (Ps1).

Let us remind first that 69°C is in the middle of the a-relaxation (see figure 4.133) and close to the glass
transition of the condis crystals that ranges between 50°C and 85°C when cooperative motions are triggered
that will free mobilities and enable the transformation of these defective crystals into the monoclinic a-phase
at higher temperatures.

A few comments can be first done on €, itself. Let us remind that [166], from equations (4.65) and (4.67)
it is proportional to the jump rate and reflects, via the entropy term, the changes occurring in the structural
disorder of the molecular segment taking place when it jumps over the barrier E%. In other words, this quantity
translates somehow the kinetics of the disorder changes occurring during the i*" process of the P,; product
because it is also related to the nucleation and propagation of chain twists for the mechanism at stake [79].

The table 4.18 provides us with the following ranking:

€0,3/2 < €0,1/2< €o,6/2 (4.69)

The inequality (4.69) means that the kinetics of the disorder change, the "disorder change frequency" is larger
for P, than for P3; and P;;. The difference between the ZN products is smaller than the difference between
ZN and MET. This ranking is in agreement with the considerations developed in this discussion - see supra -
that the amount of mesomorphic phase and/or of rigid amorphous phase is larger for the MET than for the ZN.
A more detailed analysis should therefore appeal for a better description of these materials.

Another consequence of inequality (4.69) is directly related to the number of processes observed for our different
products in the Ree-Eyring diagrams, at figure 4.139, whatever these processes could be.

If we develop equation (4.68) considering only one single mechanism, replacing the stress o by o4, and the
activation constants by their physical expression, we can write for P,,; where n =1 to 6:

Umaz n k Ea n
k) — l 2 )
T Vom( net T

k

This means that when the test is performed at a certain temperature T and a certain strain rate Iné, the ranking
of the difference InAé = Iné — Inég ,, is

l?”LAégl < lTLAéH < l’flAéGl (471)

This means also that the disorder change characteric time, linked to the rate of jumps, can be reached more
easily by the macroscopic strain rate for Ps; than for the two other products and that a larger portion of its
whole (logé - 0pmas/T) curve - with all its mechanisms - has become experimentally accessible compared to the
two others.

The lower isotactic length and lower span of (2I. + [,) stacks resulting from a lower molecular weight together
with a higher number of stereodefects possibly encapsulated in thinner crystalline lamellae [11] could accelerate
this phenomenon; especially as the requested energy to exceed the potential barrier is lower due to the direct
link with the crystal thickness (see table 4.18 but also [78]).

In order to confirm this hypothesis and make appear the second process for P;; and Py, we should target strain
rates logé < 107° sec! in the standard experimental range of temperature. However if it happens that we

33j.e. we look at a frequency and no more at a time

34all the values have been normalised according to logio
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come very close to the glass transition domain, it is likely that the influence of its large cooperative movements
on the free volume would not be taken into account by the Ree-Eyring model and that another type of theory
such as WLF should be used.

A final consequence of equation (4.70) is that, when the macroscopic strain rate approaches the "disorder change
frequency", i.e. when é = ¢g,,,/2 it could be possible to reach a threshold for the considered mechanism [100],
expressed by the equation (4.72).

Umaac,nVO,n = Ea,n (472)

In this case, 0ymaz,n Would have become independent of the strain rate and would be proportional on the sole
ratio of the energy barrier £, , and the activation volume V; ,. At this stage, other mechanisms such as stress
cracking and disentanglement, active at more longer terms than these processes, could appear.

Let us conclude this discussion with the results at 128°C. Compared to the plastic flow dominated regime,
the microcracking regime shows an increase of the activation volumes for P;; and Pgs; and a decrease for P3q.
This latter is likely to highlight the dominant role played by cavitation because all the failures observed during
the tests carried out at this temperature display microcracks associated to almost constant width beyond the
maximum of the stress-strain curve (see figure 4.138(d)). Whitening accompanied by 45° shear band and holes
appear at a very late stage, close to final rupture of the sample. This is coherent with the assumption of a
second heterogeneous yield promoted by the competition with cavitation.

We think that this is a direct influence of the molecular weight or of the number of ST, compared to Pi;.

We computed an equivalent number of monomers or C'Hy groups for the three activation volumes, though it is
somewhat challenging to make such analogy. Indeed, the creation of cavities means that no molecule is involved
in the void volume and no stress is transmitted. In the same way, the stress transmitters are not taken into
account.

The larger activation volumes of P;; and Ps; could reflect a mixed situation, with still a large amount of
molecules undergoing yield and strain hardening at the microscopic level competing with the coalescence of
voids. This could be analysed namely by looking at the coupling between cavitation and plastic instability as
well as the amount of stress transmitters [68].

4.4 Conclusion

We have demonstrated, via the analysis of the stress-strain curves, their shape in the yield drop and the pictures
taken at remarkable points that a double yield was indeed existing, especially in the case of the metallocene
product. However, this was not translated into a change of slope in the Ree-Eyring diagrams for two out of the
three products. As whitening was also present in a specific range of temperature and strain rates, we have tried
to clarify at the macroscopic level how the competition between associated cavitation and yielding was operat-
ing. We have come to the conclusion that the different long term/low strain rates behaviours of ZN resins can
be explained by the critical influence of their molecular weight and that the differences between ZN and MET
behaviours have to imply not only the molecular weight but also the regio-defects typical of the metallocene
catalysis. Indeed, the (rigid) amorphous phase plays a key role in the local stress transfer but the activation of
dislocation propagation is itself linked to the crystal thickness and to the number of stress transmitters as well
as to the glass transition of the condis crystals occurring around 50°C-60°C. These features are at the base of
the moreless entangled and flexible network of the amorphous and mesophase and have as consequence that the
activation volume is controlled by the flexibility of the macromolecular chains and that this is translated by the
increased disorder change of the helical jumps. We think also that the second mechanism is not necessarily an
homogeneous one. Furthermore, if it is identified in a zone close to, or partially overlapping the glass transition,
another type of physical model, such as WLF ([7], [102], [96] should be used to take into account the evolution
of the free volume under the thermal action.

To our knowledge, it is the first time that such a detailed explanation is provided on the quality of the activation
constants in relation with both the chemical structure and the thermo-mechanical history.

The next step will be to confirm that the type of molecular relaxation at stake in the mechanisms observed
during the tensile tests is indeed linked to a double yield phenomenon. To that purpose, we will make the link
with visco-elastic relaxations occurring in the crystalline phase.
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4.5 Annex

4.5.1 Mathematical procedure to calculate the activation energy of one yielding
process

We remind that the Ree-Eyring equation is expressed as:

i

N
o E
——_E Al (In2C;¢ + =2 4.
2 (In2C;é : ) (4.73)

with AF = k/V§ and C; = 1/¢} the constants of the yield process i and o >> A:T. V{ is the activation volume
of the mechanism i and C; is the vibration time of the i*” molecular stem involved in the displacement and
located at the bottom of its potential well of height E?.

Let us consider here only one process. The equation (4.73) simplifies in:

g * . Ea
7= A(in20e+ ) (4.74)

with A* = k/Vj and C = 1/éy. The graphs of figures 4.140 and 4.142 give us the values of the respective slopes
and intercepts that are thus known quantities calculated in a log1y base.

It is possible to deduce the activation energy by considering either two temperatures 77 and T at constant
strain rate or two strain rates at constant o/T as long as the slope of both series of test is identical. The
activation energy of the considered process can then be found by resolving a set of two equations with two
unknowns, taking care of the conversion of the neperian logarithm:

o E A* A* E
T A (20 + =) = = 20 + - Ine + A* 2 = A¥loge + T 475
T, (In2Cé+ le) 9302 "% T 9302 T4 iy oge + i (4.75)
o E A* A* E
T A (In20¢ + %) = 2120 + —2—Iné + A* =% — A*logé + I 4.76
T (In2C¢ + k:TQ) 5302 Y T 9302 T 1y oge + I, (4.76)

where I, (= I) and I, (= I) are the known intercepts and A* the known slope of graphs 4.142. As the
intercepts I, and I, are calculated when logé = 0, equations (4.75) and (4.76) can then be written as:

E

Iy, = A*log2C + A*—2 4.
T log2C + T (4.77)
I, = A*log2C + A* Eaq (4.78)

Ty — g kTQ .

and the activation energy F, is found to be:
T k

E, = —(Ip, — I 4.79
Tl*TQA*(TZ Tl) ( )

4.5.2 Values of slopes and intercepts

The table 4.19 displays the various constants of the processes calculated for each product and at each tempera-
ture, according to equations (4.74) and its practical implementation (4.75) and (4.76) for the three temperatures
considered. The error bars are calculated with one standard deviation.
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Table 4.19: Table of processes constants A} =

k.
i

is calculated with one standard deviation

Product T Slope (= A*) Intercept Vo  Catalyst

°K (°C) sec MPa/°K MPa/°K nm?

P 298 (25)  0.0089 £ 0.0014 0.1390 4+ 0.0046 3.6 ZN
342 (69)  0.0085 4+ 0.0007 0.0813 + 0.0026 3.7
401 (128) 0.0023 £ 0.0002 0.0248 + 0.0007 13.6

P 298 (25) 0.0115 £ 0.0030 0.1440 4+ 0.0109 2.8 ZN
342 (69) 0.0119 4+ 0.0036 0.0824 + 0.0105 2.7
342 (69) 0.0033 &+ 0.0021 0.0524 + 0.0082 9.5
401 (128) 0.0053 £+ 0.0018 0.0364 + 0.0078 6.0

Ps1 298 (25)  0.0065 £+ 0.0016 0.1324 4+ 0.0052 4.9 MET
342 (69) 0.0061 4+ 0.0009 0.0724 + 0.0032 5.2
401 (128) 0.0014 £ 0.0002 0.0207 £+ 0.0010 21.9

for each product and at the three temperatures; the error bar

4.6 Supporting information

4.6.1 Tensile machines and samples

A tensile machine Zwick-Roell Z 2.5 with a load cell of 500N was used to confirm the presence of the double
yield at room temperature.

A tensile machine Lloyd LS1E with a load cell of 250N was used with its oven for the tests at controlled
room and higher temperatures. The temperature in the oven was controlled during the tests with a standard
thermocouple. The camera Nikon used to record the pictures was using the Vimba 6.0 software to acquire
images. The complete set-up is displayed at figure 4.143. Several difficulties linked to the set-up were solved,
such as finding the appropriate oven background to have a good contrast, oscillating lightening, fog on the door
window or silent blocks as support for the equipment.

Figure 4.143: (a) Set-up with camera, oven and tensile machine (b) checkerboard for the alignment of the image
capture and (c) sample monitored together with load signal

The samples used were manually removed with an ISO527 1BA/ASTM 638-V shape die. The length between
clamps was 25.4mm. Due to the low thickness of the samples, a small procedure was set-up in order to get the
most accurate and clean edges after the removal of the samples.

For the tests implemented on the Zwick and in absence of extensometer, the crosshead displacement was used
in order to compute the nominal strain. For the tests carried out on the Lloyd, several marks were put on the
samples, as presented at figure 4.144. In order to ensure a constant gauge length between the marks, steel gauges
of respectively 5.1mm, 7.6mm and 9.5mm were machined and used when drawing the marks on the sample. The
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nominal strain rate was obtained from the image analysis and it was cross-checked with the crosshead constant
speed.

Markers
(9.5mm)

f Edges, necking \’;lvifti;:?ng

Figure 4.144: Monitoring of deformation and width on a Ps; sample tested at 25°C and 5%min~' (or 8.3
10~%sec™!). Red marks span a gauge length of 7.6mm; green marks span a gauge length of 9.5mm

The samples’ age and position on the film were duly recorded just after their removal. Because of the importance
of edges quality on the yield apparition in that type of material, the duration between the removal and the
test was mitigated as far as possible, with a view to avoiding thermo-oxidation (see chapter 3). The samples
dimensions were taken on a graph paper in order to get the most reproducible measure (three measures for
width and thickness taken in the gauge length).

4.6.2 Matlab@® program to measure longitudinal and lateral strains

A series of Matlab® 2022b and 2023b home made programs have been set-up and implemented in order to
1. get the quantitative measure of longitudinal and lateral strains from the image analysis
2. synchronise the load cell and crosshead signals with the camera

3. access the time evolution of the nominal strain rate
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5.1 Introduction

The literature dealing with the viscoelastic behaviour of iPP is, to our best knowledge, not very extensive,
and when papers investigate this field, they are rarely interested by the lower frequencies or the longer term
properties, - which is our case - because on the one hand, the vast majority of iPP applications are falling in the
range of smaller characteristic times (such as quasi-static or impact tests) and on the other hand, these tests
are difficult to be implemented on usual equipment or just take too much time.

5.1.1 The viscoelastic relaxations

According to [7], [81], isotactic polypropylene is known to have a series of six transitions among which the main
ones are the 7-, 5- and the a-relaxations. The reality of basic relaxations processes and their general trends
are known. However, despite the amount of studies dedicated to them, the exact molecular origin and the
morphological assignment of notably the a-relaxation are still a mater of discussion because of the complexity
of the material and the variety of results and interpretations proposed by various authors.

The v- relaxation is located between -120°C and -40°C and is associated to local crankshaft motions of C-CH3
groups of the backbone chain in the amorphous phase [82].

The S-relaxation, located around 0°C is related to the glass-rubber transition of the (mobile) amorphous fraction.
It is very broad compared to amorphous polymers.

The a-relaxation is located between around 40°C and 120°C. Its position varies with many factors (structure,
density, thermal history, frequency, etc.). The origin of this process is controversial in the literature, but it
undoubtedly requires the presence of a crystalline phase [81], [71], [36].

Even without considering superstructures such as spherulites, the polymer is considered as a multiphasic com-
posite material where the exchanges of segments of molecular chains between the various phases play a crucial
role, depending on the range of time, temperature or strain considered. The consequence is that the mecha-
nisms triggered by local deformation at the interface of these various components are critical because they will
determine the manner the transfer of strain will happen [69], [20], [16], [78], [92].

This is particularly true in the linear visco-elastic domain where the number and quality of phases are generally
translated into relaxations. These phases are obviously strongly dependent on the thermo-mechanical history
and on the chemical structure of the material. The evolution in time and temperature of their viscoelastic
properties will vary accordingly, making sometimes their interpretation quite difficult.

Several models are proposed in the literature for the a viscoelastic relaxation and for the microstructure of
isotactic polypropylene, going from biphasic amorphous/crystalline to continuum. We try to summarise them
here, keeping in mind that these descriptions are not restricted to such a semi-crystalline polymer.

The main components considered are the amorphous phase, the crystalline phase and the metastable mesophase
[69], constituted by conformationaly disordered crystals or condis [20], [18]. The amorphous phase itself is said
to be composed by a mobile amorphous fraction (MAF) and a rigid amorphous fraction (RAF) [20], [109], [135],
this latter we understand as the equivalent of so called the intermediary layer because it is covalently bounded
to the crystal or to the mesophase. Some other authors consider rather a continuum between the mobile amor-
phous fraction and the crystalline phase [16]. In any case, RAF plays a critical role in the a-relaxation of
monoclinic iPP.

Let us have a look at the models proposed for the microstructure. In the biphasic model [69], [71],[79], [37] the
crystalline phase plays the role of physical crosslinking nodes of the amorphous phase.

The glass transition or S-relaxation behaves then in a way similar to that of a wholly amorphous polymer, with
two characteristics: a high rubbery plateau, indicating the cross-linking effect by the crystalline phase, and a
very high dependence of the strain on correlation effects, i.e. that the interface between the crystalline and
amorphous phases plays an important role in the deformation of the latter. The levels found for the apparent
activation energy of this relaxation are in the range of 380-450kJ/mol which is a typical value for the glass
transition of amorphous polymers. The microstructure does change during the glass transition that triggers a
change in the chains’ free volume and long distance cooperative effects, the order of magnitude of which is very
large.

Regarding the a-relaxation, it exists only when there is a crystalline phase and occurs at a higher temperature
and a lower activation energy than the glass transition. The processes occurring during the a-relaxation are
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due to simpler mechanisms than those occurring during the glass transition and therefore have not the same
order of magnitude in terms of cooperative movements and long distance effects.

These long distance effects take place via the stress-assisted diffusion of defects in the crystals that trigger
rearrangements in the non-crystalline phase. This mechanism is activated by the temperature and obeys an
Arrhenius law on a broad range of temperatures, indicating a constant microstructure, unlike the glass rubber
transition. It is characterised by a few sharp relaxations times that depend on the mechanical history: when
the defect arrive at the interface of the crystallite from its original position, a needed arrangement has to occur
in the amorphous phase to accommodate the deformation.

The nature of the alpha relaxation was studied by several authors, namely by Pluta and Kryszewski [92].

In this very comprehensive study, two components of the mechanical a-relaxation were found for non-spherulitic
samples, crystallised from the glassy state. The low-temperature component was attributed to the stress relax-
ation of the non-crystalline phase, especially the part containing strained molecules and segments of molecules
belonging to the specific (irregular) arrangement of the surface layer of the crystallites. The high-temperature
component of the a-relaxation was connected with the viscous slip of the crystalline elements within the non-
crystalline phase. Other studies mention that [16] a-relaxation at lower temperature, named aq, could be
ascribed to the diffusion of helical jumps of polymer chains neighbouring the amorphous phase and a-relaxation
at high temperature, named «s, originates from the diffusion of helical jumps of the polymer chains close to the
crystalline phase.

Regarding the methodological approach that we have taken, the way to identify the behaviour and number of
the various phases and their translation into characteristics of the thermal and viscoelastic properties is on the
one hand, to produce different types of microstructures obtained with different thermo-mechanical histories, i.e.
quenched samples, with a large amount of metastable mesophase, quenched and annealed samples, where the
annealing temperature Ty, is varied, and isothermally undercooled samples at the same temperature than T, ; on
the other hand, to test the obtained structure in a range of temperatures with a specific temperature scanning
rate.

There has been a lot of controversies on the a-relaxation because of the nature of relaxations occurring at the
temperatures at stake, i.e. between 40°C and 120°C.

The role played by the various phases has been refined namely by Chang et al [16], Kida et al[64] and Jiang et
al [21] with a focus on the rigid amorphous phase fraction (RAF) (or intermediate phase) measured by different
techniques such as FTIR, WAXS/SAXS or modulated DSC.

However, the main challenge in reality, not yet solved, comes from the question of knowing if each process
observed is an enthalpic reversible or entropic irreversible one and if the superposition ¢ — T' can be applied.
From that viewpoint, the dependence on temperature and temperature scanning rate of the associated thermal
and viscoelastic quantities are critical. So is the evolution of the microstructure. We review this hereunder.

Let us have a look first at the influence of annealing and testing temperature. The influence of temperature can
be summarised as follows [16], [64], [21], [17]:

1. the mesophase is itself a tri-phasic system constituted by mesophase, RAF and MAF. The T, of the MAF
is the glass transition of the material, i.e. the S-relaxation

2. the a-relaxation depends strongly on the annealing temperature not only because of the thickening of the
lamellae but also because of the stronger confinement force exerted by the polymer chains in the RAF

3. in non annealed samples and under the glass transition temperature of the condis crystals, the RAF is
constrained by crystallites with a broad size distribution, leading to one a-relaxation peak

4. The contents of different helical sequences exhibit different variation trends in the triphasic mesophase
system. As temperature raises, a four-steps mechanism is proposed for the evolution of the mesophase
where the RAF plays a critical role: 1°) the onset of condis arrangement formed and annealed at slightly
lower temperature, because of the glass transition of the RAF; this is characterised by an endotherm
between 40°C and 80°C on the DSC curve and associated to the low-temperature aq-relaxation; 2°) the
solid-solid meso-a crystal transition; this phase is thermodynamically irreversible, i.e. on cooling, the
formed a-crystal phase will not transform back into a mesophase; this is characterised by an exotherm
between 80°C and 120°C and is usually assigned to the upper-temperature as-relaxation; 3°) the perfection
of the crystalline lamellae and their thickening between 120°C and 160°C and 4°) the melting of crystals
resulting from the initial mesophase reorganisation, characterised by the final and deep DSC endotherm
beyond 120°C [19] or the melting of the primary lamellae [83] beyond 160°C [21]
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5. during the heating process, the helical sequences in the crystalline and amorphous phase vary and helical
sequence with 12 monomer units was found to exist in RAF, suggesting that RAF chains are attributable to
defects in the crystals as n=12 monomer units is the minimum for consecutive helical chains to crystallise.
Between 120°C and 160°C, the sequences of the crystal phase have become long (n>13). The isothermal
crystallization results showed that the meso-a-crystal transformation is a nucleation and growth process
from a-nuclei.

Secondly, we analyse the influence of the molecular architecture and the critical role of the isotactic length.

The influence of the molecular architecture has been studied by Hoyos et al [94], [87]. Recognizing that helical
jumps through the RAF and chain-diffusion within the crystals are responsible for the a-relaxation, they found
that the combination of the processing conditions and of the molecular architecture determine the fraction
of low-T,, crystals, the surface exposed by parent lamellae to amorphous phase, the trapping degree in the
inter-lamellae region and then, the availability of isotactic chains to be exchanged between the amorphous
and crystalline phases. They studied a large set of molecular structures obtained under the relative same
solidification conditions. From DSC traces characterising the various lamellae regimes (parent, subsidiary and
transverse), they could calculate empirically the content of subsidiary and transverse crystalline lamellae, called
low-T,,, crystal content. This latter is strongly coupled with the crystallisation temperature.

Their main results are summarised hereunder where T, is the temperature of the a-relaxation at which the tgd
is at its maximum and I, is the relative intensity of the a-relaxation, measured by the ratio of E”(T,) on the
area under the glass transition peak:

1. T, is determined by the isotactic length n;,, or the total content of isotacticity interruptions

2. I, is determined mainly by the crystalline distribution, itself depending on the molecular weights, broad-
ening results obtained on PE [163]

3. a general correlation exists between the low-T,,, crystal content and I, dynamics that is coherent with
motions involving an exchange of isotactic chain segments between the amorphous and the crystalline
phase

4. only one mechanism was present in their visco-elastic measurements.

Finally, we look at the influence of the solicitation frequency. The a- and [-relaxations depend on frequency.
The influence of frequency on T, will be discussed later, but the literature [36], [71], [16] mentions usually a
shift towards lower temperatures when the frequency decreases. This is a very traditional observation [169].

In the case of iPP, both temperatures do not behave in the same way. When frequency decreases, T,, undergoes
a larger shift than its equivalent 7. This means that the apparent activation energy is larger for 5 than for o.
Consequently, the shape of the p-relaxation curve is very much influenced by the presence of the a-relaxation,
highlighting a lack of time-temperature superposition [71].

5.1.2 The crystallographic approach of underlying mechanisms: nucleation and
diffusion of screw dislocations

Let us first have a look at the physical meaning of the a-relaxation.

It has been proved both in PE [39] and in iPP [94], [83] that the peak temperature T,, depends on the crystal
thickness. When the lamella thickness [, increases, the time required for dislocations to pass through it at
constant diffusion speed increases; inversely, when a constant straining frequency is imposed, such as in a
visco-elastic test, the migration rate of the defects should increase with the thickness in order for them to
move throughout the whole thickness in a time scale that is compatible with the period of a strain cycle. This
requirement is fulfilled by a rise in temperature, i.e. a higher a-relaxation temperature. Dislocation glide and
a-relaxation can be thus activated at lower temperatures as the crystal thickness decreases [163], [79], [41], [39].

Assuming the presence of two mechanisms, the lower and upper a-relaxations are related respectively to the
coarse or heterogeneous slip and fine or homogeneous slip in the crystalline lamellae, as illustrated in the figure
5.145 below and explained hereunder from [17].

The fine and coarse slips concern solely the deformation of crystal lamellae, while the interlamellar slip involves
mainly the parallel shear of amorphous layer together with lamellae. Precisely, the fine slip is an homogeneous
slip process that causes a change of angle between the normal direction to crystal surface n and the chain axis
c. Such deformation leads to a progressive tilting of chains in crystallites, which results eventually in a gradual
thinning of crystal lamellae. For coarse slip, the shear process is proceeded by sliding a crystal block one past
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another, with no divergence between n with respect to c. Unlike fine slip, the deformation by coarse slip can
be highly heterogeneous and may lead to lamellae fragmentation.

a b c

Normal n to Chain axis ¢

crystalsurface‘ ' U IJ UJ IJ U
., ]

\ T

: d
Fine slip

crystalline lamellae

|

Coarse slip Shear or Interlamellar slip

Figure 5.145: Main processes of slip propagation: (a) fine slip; (b) coarse slip; (c) interlamellar slip or shear. n
and c represents the normal to crystal surface and chain axis, respectively [17]

Let us then have a look at the activation energy of the a-viscoelastic relaxation.

According to Jourdan et al, [71], the range found for the apparent activation energy of the a-relaxation is around
150kJ /mol.

However, considering that the process occurs in two steps, the diffusion of the defect inside the crystallite and
the resulting rearrangement in the amorphous phase, they assume that these motions are more less correlated.
The experimental apparent activation energy includes then this correlation effect that can be calculated to
obtain the true activation energy of the sole defects migration in the crystal.

This latter was estimated to be around E, ~ 33.5kJ/mol, close to the value obtained by other authors in PE
[79] or via dielectric measurements [90]. On their side, Jiang et al found an activation energy of 33.8kJ/mol
for the meso-to-a transformation and Chang et al [16] found an activation energy of the a-relaxation in the
range 14kJ/mol < E, < 38kJ/mol for a RAF thickness ranging between 3nm to 2 nm3. One cannot be not
struck by the fact that the levels of these activation energies are very similar, reinforcing the interpretation of
mechanisms occurring at the interface of the RAF and the crystal.

Finally, let us examine the double yield process and its link with the a-viscoelastic relaxation.

Our research tries to establish a link between the viscoelastic properties and the yield behaviour via the nucle-
ation and propagation of dislocations.

In semi-crystalline polymers, the yield process and the visco-elastic relaxations are linked to nucleation and
propagation of screw dislocations in the crystalline phase [chapter 4], [160], [162], [163], [164], [62], [100], [80],
[70], [143], [144] and are strongly coupled with the rigid amorphous fraction close to the lamellae composed of
condis crystals frozen in the system during the crystallisation step [16], [18], [135], [19].

The first yield on the quasi-static stress-strain curve is related to the fine slip of segments that the dislocation
propagation lets integer, whereas the second yield at larger deformations refers to their fragmentation into
mosaic blocks, due to the inability of dislocations to propagate at the rhythm of the imposed macroscopic strain
rate and their subsequent accumulation in stack faults [17], [81], [152].

The great accommodation of slipping mechanism to various deformation modes illustrates well the generality of
activated dislocations model and more importantly, the associated critical crystallographic events (like sliding
of crystal blocks and tilting of lamellae) can also be fundamental molecular processes [17].

35we have some doubt about the validity of the time-temperature superposition used to obtain E,, due to the overlapping of the

two mechanisms.
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5.1.3 The master curve and its mathematical treatment

The master or composite curve is an approach that assumes that the distribution of relaxation times is well
represented by a Boltzmann statistics [102]. It takes benefits of the dependence of polymers on time and
temperature. It allows to extend in a practical way the experimental realm by superposing curves obtained in
a range of frequencies at a specific temperature to a shifted range at another temperature. By doing so, a shift
factor ar can be calculated that gives a new frequency value corresponding to the used temperature. This is
the so called Arrhenius equation [69], [105], [103]:

Ea 1 1 o f(TO)
=7 TO))_ f(T) (5.80)

ap(T) = exp(

with E, the activation energy of the mechanism, R the gas constant and the shift factor being the ratio between
the frequency f(Tp) at the reference temperature Ty and the frequency f(7T) at the considered temperature T

This equation allows scanning how the visco-elastic property considered (compliance, modulus or loss factor)
evolves on a large range of temperatures in order to detect the transitions. Each visco-elastic transition is
associated with one relaxation time.

The main issue, for this type of methodology, is when relaxations are overlapping. In this case, the construction
of the time-temperature master curve is really at stake because it is quite easy to compare mechanisms that are
in reality different and that should not be compared. It could be argued that the viscoelastic curve should be
deconvoluted. However, in order to do so, one has to be sure about the number and location of transitions to
be identified, which is not our case.

We have therefore selected a thermorheological approach usually implemented in the melt because, as it was
demonstrated in the case of time-temperature superposition in the molten state [105], it is particularly relevant
to highlight variations of activation energy in the framework of a study focusing on transitions between various
mechanisms.

According to [105], "in order to determine reliable and comparable activation energies, the evaluation method
is crucial” because the shift factor is the link with the microstructure. Some literature has used and still does,
besides the shift factor along the frequencies, a shift factor along the moduli. This has been quite controversial
and in order to circumvent this pitfall, the authors have decided to work with tand(w, Tp) or rather d(w,Tp):

tand(w, Tp) = tand(arw, To) (5.81)

Equation (5.81) leads directly to a similar result as equation (5.80) were w is the circular rheological equivalent

of f in the solid state:
W(To) E

(T = ewp(R—%) =ar (5.82)
Rin(ar) = % (5.83)

The activation energy F, can be determined as the slope of In(ar) as a function of % where ap is determined
between two temperatures from the curves 6 = §(logw).

Once the activation energies have been calculated, it is possible to plot F, as a function of §. When it is
constant, it means that the mechanism at stake is "pure", as illustrated at the figure 5.146 coming from
preliminary calculations on one of our product3S.

According to the authors, this method is very powerful and sensitive to small differences, and its sensitivity can
be exploited in the case of thermorheological complex polymers, if the range of frequencies (|and temperatures])
matches the internal time scales of the mechanisms at stake. We have assumed that we could find the relevant
time and temperature frames thanks to this method.

36we draw the attention on the scale covered by & on this figure. It covers only two degrees because there are few relaxation

times whereas in the melt the range of ¢ involves several decades.
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Figure 5.146: Activation energy F, as a function of the loss factor §

5.1.4 The scientific strategy

We will focus here on the link between the deformation mechanisms at yield, the visco-elastic relaxations of the
crystalline phase and the microstructure of isotactic polypropylene.

We will investigate the visco-elastic behaviour in the solid state of a series of iPP from two different catalysis
technologies under a large range of frequencies and temperatures and under their monoclinic a-crystalline form.
We will focus on the link between the yield process at longer term and the a-relaxation measured by dynamic

mechanical and thermal analysis (DMTA), both considered as activated processes. A special attention has been
brought to lower frequencies and low strain rates.

5.2 Materials, samples and methods

The study of the behaviour at yield of iPP under various low strain rates and room to high temperatures has
been presented in chapter 4 where we have compared two catalytic systems. It was concluded that the stress-
strain curves, combined with the imaging of the macroscopic deformation mechanisms, provide evidence for a
double yielding phenomenon though this process could not be clearly identified in the Ree-Eyring diagrams for
two of the three products investigated. It was also concluded that the metallocene catalyst was rated better
than its Ziegler-Natta equivalents in the investigated time and temperature realms.

Thanks to DMTA tests, we have identified the visco-elastic relaxations in a range of frequencies going from

0.01hz to 50hz and upper, and of temperatures going from room temperature to 140°C and we have calculated
their activation energy.

In order to do so, we have applied the approach described above [105] to analyse the visco-elastic evolutions,

overall tgd and § to build a master curve. The procedure used is extremely strict as to whether or not a certain
number of results are kept.

Finally, we have compared the results with the activation energies obtained from the Ree-Eyring theory and
tensile quasi-static measurements [chapter 4].

5.2.1 Materials and samples preparation

The materials and film preparation have been detailed at chapter 3. The samples were 5 mm-wide strips and
at least 50mm long. More information is available in the supporting information.

5.2.2 Characterisation methods

The films have been tested under dynamic mechanical and thermal conditions on an equipment TA DMTA
Q800 mounted with a tensile set-up. More information is available in the supporting information.

Different testing conditions were applied, covering all together a range of temperature comprised between -130°C
and 140°C and a range of frequencies comprised between 0.01hz and 180hz, though an upper limit of 50hz was
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imposed for the data exploitation. The particular conditions will be specified on a case-by-case basis.

The other characterisation methods have been described in chapters 3 and 4.

5.2.3 The Matlab®) program for the mathematical treatment of the master curve

We did not know exactly upfront what would be the small or large overlapping present in our tgd curves measured
isothermally on a wide range of frequencies, neither how many mechanisms we would get, neither in what (7, f)
range one single mechanism would be observed. Given these uncertainties combined with average quality of
data in the low frequency, we have built a Matlab®) program able to fit a curve through the experimental data
(logf,d), calculate the shift factor ar and, as consequence, deduce the (4, E,) curves by "sliding" along the
whole range of temperatures (25°C-140°C).

More explanations can be found on the master curve in chapter 2 and in the supporting information together
with the detailed procedure used to build the software.

5.3 Analysis of viscoelastic relaxations

We have discussed in the literature review the existence of two components of the a-relaxation and their link
with the number of phases of the microstructure. In this section, we try to identify how many components our
spectra involve.

The table 5.20 summarises the testing conditions applied during the two campaigns.

Table 5.20: Table summarising the test conditions for the two campaigns. In the first column, "#" refers to
the numeral of the test conditions and "§" to the paragraph where it is tackled; "l.z." means "linear zone" that
is different for each product

#, 8 Product aged annealed type test conditions
(days) | (days, °C)
® 5.3.1 Plla Plg, P13 12 ramp 1.5°C/min, 1hZ, 0125%
@5.3.1 Pi1, Pi3 4, 140 ramp 2°C'/min, 10hz, 0.045%
® 5.3.2 Py to Ps; 3,135 ramp 2°C'/min, 10hz, % l.z.
@ 5.3.2 Py to Psy 3, 135 isotherm 0.01hz-10hz, AT = 2°C, 5min, % l.z.
® 5.3.2 | Py to Psy, 3,135 isotherm | 0.05hz-200hz, AT = 2.5°C, 5min, % l.z.

Psy, Ps

The ranges of temperature were -40°C to 145°C for testing conditions @, @ and @, -130°C to 145°C for ® and
25°C to 120°C for ®.

The colour code for the first campaign is the following: pink/magenta for Pj1, green for Pjo and blue for Pis.
The colour code for the second campaign is: Py in red, P in blue cyan, P3; in pink, Py in black, Ps; in green
and Py in blue.

Let us remark that we have focused on the loss factor, §, because this quantity was needed to compute the
activation energies, as we will see at section 5.5 and also because it is a convenient way to eliminate problems
of varying section dimensions from sample to sample.

5.3.1 First campaign: analysis of the viscoelastic peaks

Figure 5.147(a) displays P11, P12 and Pj3 tested after 12 days aged at ambient temperature. Two samples have
been measured for P;3. Various peaks appear that call for some comments:

1. P shows a maximum around 85°C, Pj5 and P;3 have respectively a swallow maximum around 100°C and
105°C

2. Py5 presents a peak around 57°C and Pi3 displays two peaks around 57°C and 67°C (1st curve) and only
one peak around 67°C (2d curve)

146



ECOLE
u M O N S \1-, cuts m I’I POLYTECHNIQUE
Université de Mons s des Sciences

DE BRUXELLES

3. on the left hand side of the glass transition, P;; and Pj3 are quite similar whereas on its right hand side,
Py, and Pp5 do; this confirms the results obtained in chapter 3 where some microstructural aspects of Py
look like Py; or Pi3, depending on the tests conditions.

These behaviours can be put in relation with the DSC traces and their derivatives measured on un-annealed /as-
received samples, as illustrated at figure 5.148. It can be seen on figure 5.148(a) that three zones are identified
on the derivative, that have been reproduced on the flow itself (figure 5.148(b)). These zones have to be put
in relation with the various states of the microstructure, depending on the temperature: glass transition of the

RAF, transformation of the mesophase into @ monoclinic crystals, perfection of the crystalline phase (see supra
and [21]).

The SAXS (not shown) and WAXS patterns have also been recorded, in order to obtain the long period as well
as check the type of crystalline phase, as displayed at 5.149(a). The break down on four well known peaks reveal

the typical signature of monoclinic a-crystals structure with an amount of mesophase and amorphous phase to
be evaluated [117], [150], [120], [69].
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Figure 5.147: Storage modulus and tg § of (a) P11, P2 and Py3 aged of 12 days tested under conditions ®;
(b)Py; and Pi3 annealed during 4 days and tested under ®; numbers correspond to local extrema; pay attention
to the different scales - see discussion for more information
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Figure 5.148: DSC traces of Pi; aged 48 days at ambient temperature: (a) derivate of the heat flow and (b)
heat flow. Numbers indicate local minima, which we call "remarkable points"
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Polypropylene
Influence des traitements thermiques

—#P1 ZN (recuit 135°C)

#P2 ZN (recuit 135°C)

#P3 ZN (recuit 135°C)
—#P4 ZN (recuit 135°C)
——#P5 Meta (recuit 140°C)
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Figure 5.149: (a) WAXS spectrum of Pjq, P15 and Pj3 aged at ambient temperature; (b) WAXS spectrum of
Py to P annealed during 3 days at 135°C.

Finally, figure 5.147(b) compares a series of Pj; and Pj3 samples annealed 4 days at 140°C and tested under
®. One observes that:

1. the curves of the two products are diverging as of around 50°C-55°C with a increasing difference between
the tangents of the loss factor, the quenched product having the highest value

2. the maximum of the curves are located around 130°C
3. tgd of Py; is larger than P;3 in this temperature range
4. the T, at 10hz is located around 7-8°C for both.

All the results have been summarised in the table 5.21 below. Let us remark that the melting temperatures
T, displayed in this table do not refer to these samples and come from the same data as table 3.6, chapter 3:
the values entered for the samples aged at ambient temperature have been averaged on 4 or 5 measures taken
between 144h to 1896h whereas the values at 140°C refer to one sample measured at 93h for each product.

For a question of vocabulary consistency, we refer in the rest of the text to T,; as the temperature assigned to
the it peak, starting from the lower temperatures and from the left to the right.

Table 5.21: Average crystallinity x., low-T},, long period L,, crystalline lamellae thickness I, and amorphous
phase thickness [, of (top) P11 to Pi3 samples aged at ambient temperature during a few hundred to one
thousand hours and (bottom) Pi; and Pj3 samples annealed 4 days at 140°C. The enthalpy of a perfect a-
crystal has been taken as 207 J/g [125], [42]; (*) data from other samples - see text. The three T, temperatures
come from figure 5.147 and are identified with the symbol "{" as these values come from other samples

Product T AH Xe low-T3, L, p l. la T T2 Tas
(age at measure) | °C J/g nm nm nm | (lhz, °C, 1)
Py1(576h) 166* 97.3 047  0.33 134 089 6 7.4 57 86 102
Py1(672h) 166* 97.3 047  0.32 13.1 089 59 7.2
P;5(408h) 165* 109.7 0.53  0.34 179 090 9.1 88 58 69 101
Py3(960h) 169* 1159 056 044 21.6 090 116 10 57 70 101
4days@140°C | | (10hz, °C, 1)
Py 166* 118 0.57  0.33 19.7 090 10.5 9.2 90 >130
Py 171 128.3 0.62 0.46 223 091 132 9.1 70 120
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5.3.2 Second campaign: analysis of the visco-elastic curves

We carried out the same analysis on the other quenched products, P»; to Ps1, that have been all annealed at
135°C during 3 days. Figures 5.150, 5.151 and 5.152 present a series of experiments carried out under various
conditions. Figure 5.150 presents one product of each catalyst. Figure 5.151 displays only the curves obtained
at the lowest frequency on a series of P3; and Ps; samples and figure 5.152 the superposition of all the products
at (a) 10hz and (b) 0.1hz.

From figure 5.150, it can be seen that Ps; displays large differences between the two samples on the left hand
side of their glass transition, tgd overlaps after the glass transition on a more less wide range between 50°C and
100°C. P»; samples have quite similar curves.
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Figure 5.150: (a) tgd as a function of T for Py; and (b) Ps; tested under conditions ®
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Figure 5.151: ¢ as a function of T for (a) P31 and (b) Ps; measured at low frequencies - see also tests conditions
@ and ®

On figure 5.151, the range 40°C-60°C is very important because, despite their scattering, all the curves overlap

150



ECOLE
UM ONS \ﬁ . m ﬂ POLYTECHNIQUE
Université de Mons m— o5 Sclences DE BRUXELLES

in this zone and several curves on both graphs display a moreless important peak at 60°C, with a decreasing
intensity of the signal afterwards. The significant discrepancy of some samples in the behaviour of tgd have
been highlighted with arrows at figure 5.152. We think that they come from the manufacturing uncontrolled
variations. We have named them "out-of-average" curves and the other ones "average" curves. We draw also
attention to the quantity used in the graphs, tgd or 4.

1 T T T T T

T T 1
-20 0 20 40 60 80 100 120 140

Temperature (°C)

\

1 T T T T T

T T 1
-20 0 20 40 60 80 100 120 140

Temperature (°C)

Figure 5.152: § as a function of T for Pj; to Ps; measured at (a) 10hz and (b) 0.1hz; the arrow indicate the
samples behaving in a quite different way - see also tests conditions @ and ®

The SAXS and WAXS patterns have also been recorded, in order to obtain the long period as well as check
the type of crystalline phase. Figure 5.149(b) displays the characteristic structure of the monoclinic a-phase.
Compared to the figure 5.149(a) for Pjq, it shows a narrowing of the same peaks. All the results related to
the microstructure have been gathered at table 5.22 as a support for the discussion, as they have already been
commented in chapters 3 and 4.
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Table 5.22: Characteristics of microstructure of Pj; to Ps; annealed 3 days at 135°C (ZN) and 140°C (MET);
* values coming from Ps; considered as similar to Ps;. The values for n;,, have been computed in chapter 3

Product | AH Xe low-T,, L, P l. la Niso  catalyst
J/g nm nm nm
P 111.8 0.54 0.36 19.45 0.90 9.84 9.61 190 ZN
Py 113.8 0.55 0.39 18.25 0.90 9.43 8.82 ZN
P3 111.8 0.54 0.36 18.41 0.90 9.27 9.14 164 ZN
Py 107.6  0.52 0.37 18.41 0.90 894 947 ZN
Ps5, 105.6  0.51 0.35 17.04 0.90 8.11 893 178 MET
Ps1 97.3  0.47 0.34 17.04 0.89 7.48 9.56 178* MET

5.4 Influence of molecular architecture on viscoelastic relaxations

In this section, we will first compare all the products together, then within each catalysis type and between
catalysis technologies.

5.4.1 Comparison of all DMTA spectra

Figure 5.153 shows (a) the curves of tgd as a function of T measured under ramp temperature for Pj; to Ps;
between -130°C and 145°C and the curves of § - rather than tgd - as a function of T for all the products,
measured at (b) 10hz and (c¢) 0.1hz during isothermal tests.

Figures 5.153(b) and (c) are the same than figure 5.152(b) and (c) but we have removed the samples behaving
very differently for the easiness of the analysis.

As of now, we have selected the samples the most relevant to illustrate the results. We will name them "average
samples" whereas we will name the other ones displaying a different behaviour "out of average"(essentially,
those indicated by the arrows on the figure 5.151).

At the left hand side of the glass transition (figure 5.153(a)), the evolution of the curves is similar for the ZN
products P to P;; whereas the shape of MET Ps; is quite different, indicating different types of molecular
movements and amorphous phases between these two kinds of products [7], [36], [87]. At 10hz, T, is approx-
imately the same for all the products, around 10°C. It shifts slightly as expected to lower temperatures when
the frequency decreases (figure 5.153(b) and (c))[16], [71].

At the right hand side of the glass transition and for increasing temperatures, the two spectra measured at 10hz
(figure 5.153(a) and (b)) display the same behaviour, with an overlapping of all the curves between around 50°C
and 90°C. The overlapping of the a-relaxation on the g-relaxation due to the large broadening of the former is
very visible at low frequency for Ps[71].

Beyond 90°C, the curves start to differentiate and reach a maximum at different temperatures comprised between
110°C and 140°C. Notwithstanding the different kinds of relaxation behind the various peaks, the curves reach
their maximum at decreasing temperatures for Pj; to Pgp, with identical temperatures for Ps; and Pg;. As
expected, the curves shape changes with the frequency and several peaks appear, located f.i. at 60°C-70°C,
80°C-90°C and 110°C-120°C.
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Figure 5.153: (a) tgd as a function of T for P;; to Ps; measured between -130°C and 145°C - see conditions ®;
d as a function of T for Pj; to Ps; measured at (b) 10hz and (c) 0.1hz - see conditions @ and ® (take care of
the different Y-axis for (a) and (b) - (c¢))

5.4.2 Separate comparison of ZN and MET DMTA spectra

Figure 5.154 compares the different products respectively inside (a) ZN (Py; to Pyp) and (b) MET (Ps; and
Ps1) catalysis technologies at 0.1hz.

The comparison of ZN products (figure 5.154(a)) reveals after the glass transition zone that the converging
point of all the curves remains located around 50°C. P;; and P»; start to split from P3; and Py; around 80°C.
Py, displays a quite flat broadening.

Looking at MET products, and disregarding the out-of-average curves, it can be seen that, as of 50°C, Ps; and
P, are quite similar. The out-of-average curve shows a significant peak around 55°C, at the same temperature
than the connection of all the other curves.
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Figure 5.154: Comparison of the curves (temperature, 0) for (a) ZN Py to Py; and (b) MET Ps; to Ps; products
measured at 0.1hz - see conditions ® and @

5.4.3 Comparison of ZN with MET DMTA spectra

We can now compare P31 to FPg1, looking at figure 5.155, where the most representative curves have been drawn
at three different frequencies. We observe that (see also table 5.23)

1. both products behave in a quite similar manner, with large variation in the value of the loss factor, ¢, and
with a large broadening of the a-transition just after the glass transition in both cases (see for example
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figure 5.155(c) with the blue and pink curves located between -20°C and 25°C)

2. for what concerns the average (A.) curves, the range of temperature where § overlaps seems to shift to
lower temperatures when the frequency decreases

3. for what concerns the out-of-average (O.A) curves, this is the reverse trend, as it seems to shift to higher

temperatures when the frequency decreases.
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Figure 5.155: Comparison of the ZN-MET (temperature, ¢) curves: P3; and Ps; measured (a) lhz, (b) 0.1hz
and (c¢) 0.01hz - see conditions @ and ®

We have summarised these findings at table 5.23.

Table 5.23: Ranges of temperature where the average (A.) and out-of-average (O.A.) § curves overlap

Type | freq AT ATy freq ATy ATy freq ATy ATy
A/O.A | hz °C °C hz °C °C hz °C °C
A 1 50-95 0.1 50-85 0.01 45-50 to 80
0.A 1 80-120 | 0.1 80-120 | 0.01 90-110

This means that the average curves overlap in the range of the RAF /condis glass transition and the out-of-
average curves overlap in the range of transformation of the mesophase to a-crystals. This means also that,
for the average curves, the difference between ZN and MET should be related to the mesophase and that for
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the out-of-average curves, they are related to the RAF/condis phase3”. These trends highlight the presence

of various dependencies of the different mechanisms to the frequency i.e. different kinetics of the RAF glass
transition or of the mesophase-to-a-transformation.

5.5 Activation energies of a viscoelastic relaxation

In this section, we present the results obtained for the activation energy calculated on the viscoelastic spectra
of three products, two ZN, P;; and Ps1, and one MET Pg;, with the method proposed by Kessner et al [105]
to build the master curve.

5.5.1 Implementation of mathematical procedure

As the mathematical procedure is somewhat cumbersome, we will now illustrate on Pj; its main steps leading
to graphs E, = E,(d) similar to figure 5.146 (see table 5.20 for experimental conditions). When there is only
one "pure" mechanism, i.e. that do not overlap, E, = E,() is constant, meaning that the activation energy is
independent of § in that range of temperatures (see [71] and also introduction).

As said, this approach is severe, being very sensitive to small differences and matches our difficulty to, first, sep-
arate the various components of the relaxation and, second, identify how many components are present. Given
the type of data dealt with in this study, we had also to make several hypothesis and impose some constraints.
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Figure 5.156: : (a) Four curves 6 = d(logf) corresponding to four successive temperatures are selected and

fitted with a polynomial order 4*" within the experimental frequency range; the reference temperature is at the
left; (b) the Y-axis ¢ is divided on a series of equal segments (20 in this example) and for each segment, the
shift factor is calculated (c) the slope of the shift factor ar as a function of 1/T is then obtained for each of the
20 values of d; § = 3.5° in this example

37when an overlap is observed obviously, depending on the quality of the film manufacturing.
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Regarding the Hypothesis:

1. the curve § = §(logf) is modelled with a polynomial (2¢ to 4*" order). Depending on the test conditions
(mainly the range and number of selected frequencies), it has to be adapted

2. the range of frequencies and of temperatures can vary depending on the product considered, meaning that
the transition can be restricted to a narrower or allowed to a broader range of temperatures in a certain
range of §

3. due to the moderate quality of the data, a good equilibrium between the polynomial order and the
temperature range has to be obtained, leading to calculate shift factor on three or four consecutive
temperatures (4°C < AT < 7.5°C).

Regarding the Constraints:

1. the reference temperature is always the lowest, due to the Matlab®) program used - see figure 5.156(a)
where 4 temperatures have been selected for the time-temperature superposition and a polynomial order
4th has been used; the circles are experimental points and the reference (lowest) temperature is at the
left of the graph

2. no extrapolations of § are done on the § = §(logf) curves - see figure 5.156(b) where the modelled curves
are used within the frequency range and the circles are the calculated values

3. the correlation coefficient 2 of the regression curve has to be r? > 0.989 for the calculation of the activation
energy E,; E, is the slope of the ar = ar(1/T) curve according to equation (5.80) - see figure 5.156(c)
where each circle corresponds to the value of the shift factor multiplied by R, the constant of perfect gas,
at the selected temperature.

In order to extract the relevant values of the activation energy and identify in which temperature range it is
constant i.e. it becomes independent on §, we came to and followed some recommendations after the completion
of the sensitivity analysis performed in the frame of the hypothesis mentioned above. We list the most important
ones hereunder (more information is available in the supporting information):

1. the range of § considered should be larger than 0.5; this value could appear quite small but is adapted to
the solid state where the overall range of § is narrow compared to the molten one

2. the activation energy is considered as constant when AFE, < 5kJ/mol

3. in case several levels of activation energy are found corresponding to several ranges of temperature, (al-
most) no overlap of the temperature ranges should be accepted.

The result obtained on Pj; is presented at figure 5.157 where fig 5.157(a) is the result of the calculation carried
out in this example with an activation energy of 122kJ/mol, fig 5.157(b) and (c) display the original tgd
experimental curves respectively as a function of temperature for the frequency range considered (0.05hz-50hz)
and of the logarithm of the frequency for the temperature range considered (48°C-53°C).

Figure 5.156(a) and fig 5.157(c) are identical except that their Y-axis is respectively § and tgd. For the clarity
of the reading, we have added some curves (dotted lines) corresponding to adjacent temperatures to make the
relaxation appear. Let us also highlight the shape of the curves on figure 5.157(b) that resemble the curves of
P31 and Pg; already commented at section 5.3.1 and 5.3.2 and display a peak around 65°C.
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Figure 5.157: Pi;: (a) for the curve at 122kJ/mol (empty circles), E, = E,(d) is moreless constant on an
interval ranging from around 3.2° to 4.6°; (b) tgd as a function of temperature in a range of frequencies and (c)
tgd = tgd(logf) in the temperature range where the relaxation is identified - see test conditions ®

5.5.2 Activation energies of P, P3; and Fy

The graphs of figure 5.158 present the main results for Ps;: (a) the values of E, obtained for one specimen
which displays two levels at 80kJ/mol and 100kJ/mol, (b) 6 = §(T") curves measured at 0.05hz on two different
specimens that display, each, one level of activation energy, (¢) 6 = §(T) curve for the sample at 100kJ/mol for
a range of frequencies. It can be seen from fig 5.158(b) that the largest value of E, corresponds to the curve
with a very flat peak starting around 60°C. The 6 = 6(T) curves of this latter are very similar to the ones shown
for P11 and P61.

The graphs of figure 5.159 present the main results for Ps1: (a) the values of E, obtained for one specimen
which displays two levels at 70kJ/mol and 200kJ/mol, (b) 6 = 6(T") curves measured between 0.05hz and 10hz
for this specimen where the temperature ranges corresponding to the relaxations have been identified, (c) and
(d) are the corresponding § = d(logf) presented in the two ranges of the two relaxations, the dotted curves
surround those affected by relaxation. It can be seen from fig 5.159(b) that this sample exhibit two relaxations,
and that the curve peak is located around 55°C.
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Figure 5.159: Fg;: (a) values of E, as a function of ¢; (b) tgd = tgd(T") curves measured between 0.05hz and
10hz; (c) and (d) tgd = tgd(logf) for the two relaxations of each sample; the dotted curves surround those
affected by relaxation - see test conditions ®
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Table 5.24 displays a synthesis of all the activation levels obtained for the three products. Two or three levels
of activation energy have been identified (column "E,") and the corresponding temperature range is indicated
(column "T"). One specimen could supply one or more than one level.

The upper values of the activation energy that we name E7*** are in the range 150k.J/mol < EI*** < 200k.J/mol
and are consistent with what can be found in the literature [71], [21], [69] (see also Introduction and chapter
2). It is less clear for the lower values. At this stage, a few comments can be elaborated, keeping in mind
that these values come from samples that could have undergo different uncontrolled thermo-mechanical history
during their processing;:

1. Ps; shows the largest value of the activation energy

2. the levels for E** correspond to the lowest temperature ranges and to shapes of (T, tgd) curves with a
very visible peak located in the range 55°C-65°C

3. Ps;p is the only one to present three levels of activation energy E, though we cannot exclude that such a
phenomenon could occur for the two other products

4. Py displays for its two E, levels well discriminated ranges of temperatures; for Pjq, these are more close
to each other and for Ps1, they are partially overlapping, indicating mechanisms intimately intertwined.

5.5.3 Comparison of activation energies obtained from quasi-static and dynamic
tests

In this section, we will compare the activation energies obtained from the quasi-static tensile tests and from
the dynamic mechanical and thermal analysis tests. We compare thus the yield process occurring in the upper
limit of the small deformations range with viscoelastic relaxations occurring at the lower limit of that domain.

In order to proceed to such a comparison, we should keep in mind that, as long as we remain in the range of
small deformation, it is possible to express a quantity measured with one type of test, for example the elastic
or Young modulus E, of quasi-static tensile tests, with another quantity measured by another type of test,
for example the storage modulus, E’(f), of the viscoelastic test [169], [102]. Each measuring technique has its
own limits, in terms of strain rate and characteristic time, and using various experimental techniques allow to
considerably enhance the range of frequencies or strain rates investigated. This is illustrated in our case for the
quasi-static (QS) and the DMTA tests at figure 5.160.

105 10 103 102 101 1 10' 10°?
| | | | | >
| >

LY_J \ y ) sec?

Qs DMTA
25°C-69°C 50°C-61°C, 73°C-83°C, 48°C-53°C

Figure 5.160: Summary of the characteristic times associated to quasi-static (QS) and dynamic (DMTA) tests
carried out in this research, together with the temperature ranges where the activation energies were calculated

Reminding the results obtained in chapter 4 (namely table 4.15), we can now proceed to the comparison between
the results obtained separately for the activation energies with both kinds of experiments. They are presented
at table 5.24.

We see that there is a good agreement between the activation energy levels obtained in the linear viscoelastic
range and at yield. We see also that P3; shows three levels in DMTA and two mechanisms in quasi-static tests.
Py1 and Ps; on their side display two levels in DMTA and one mechanism in QS.
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Table 5.24: Summary of the activation energies obtained from the yield stress evolution (QS) and the visco-
elastic loss factor (DMTA); similar levels are assigned to their colour, the other ones are in black; one sample
can provide one or several values, depending on the case; (*)activated volume obtained for measures at 69°C
for the second mechanism

Product Quasi-static(QS) Dynamic(DMTA) Cat.
Aé AT E, 4 freq AT E,
sec™? °C | kJ/mole | nm3 sec™t °C kJ/mole
Py 1.67 107°- 1.67 103 | 25-69 128 3.65 | 11072-1 10 50-61 122-125 | ZN
60-87 65-95
Py, 1.67 107°- 1.67 103 | 25-69 101 2.71 | 11072-1 10! 40-54 155-165 ZN
(69)* / (9.5)* 45-63 75-85
73-83 90-100
Ps1 1.67 107°- 1.67 1073 | 25-69 183 5.03 | 11072-1 10! 48-53 200 MET
65.5-105.5 | 60-72

5.6 Discussion

In this discussion, we will first examine the general shape of the curves, in order to define how many peaks are
observed, and how far they are or not overlapping. We will make only general comments on the link with the
microstructure of the materials.

We will first look at the relaxations in quenched, quenched and annealed and undercooled P;.

Our systems have been obtained by following the traditional method of comparison of quenched, quenched and
annealed and undercooled samples (see table 5.21). We assume that the solid microstructure of the quenched
state Pp; is a multi-phasic system composed as described above.

We assume also that a small portion of mesophase remains in the system after the treatment at 130°C (Pi2)
together with a larger amount of RAF and/or condis-crystals, and in the same way, in the undercooled product

(P13)

We think that our materials undergo four transitions, though maybe not in the exact ranges mentioned by the
literature. This is what we would like to demonstrate below, taking benefit of the four steps of microstructure
transformation upon heating described in our literature review.

In order to detect more easily the transitions in our curves, we use the derivate of the heat flow and identify local
extrema [chapter 3] that correspond to inflexion points on the heat curve. The analysis of DSC thermograms
and their derivates such as those of figure 5.148 on P;5 or figure 5.161 on P;; and P;3 displays for each product
clear events as temperature increases. Four zones are visible, respectively comprised between 51°C-56°C to
83°C, 83°C to 102°C, 102°C to 126°C -134°C and the last part of the trace to the well of the melting peak at
165.5-166°C to 169°C. Associated with the shoulder present in DSC, the 4-peaks WAXS pattern and the DMTA,
we assume the presence of quite small, though non null mesophase
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Figure 5.161: From top to bottom and left to right: (a) derivates of DSC traces of Py; and Pz aged 48 days
at ambient temperature; numbers indicated the local minima (remarkable points - (see chapter 3) for more
information on the method); (b) zoom of related heat flow; local extrema have been reproduced on the heat
flow

At table 5.25, we compare DSC and DMTA curves and their local extrema®®. We think that, in this case, we
compare identical types of phenomena, i.e. the moment at which the transition is said to occur. The intensities
Ir of these events can also be calculated via the area under the peak.

Table 5.25: Comparison of main zones identified for the o relaxation in DSC and DMTA; T}y is the glass
transition temperature of the MAF measured respectively at 1hz for the as-received samples and 10hz for the

annealed ones; I7g is its intensity evaluated thanks to the area under the peak

Product ‘ T3sc(°C) ‘ T3 uraCC) ‘ T50) ‘ Irp(min)

as received ‘ ‘ lhz ‘ lhz ‘ 1hz

Py 56, 83, 102, 124-134 57, 86, 102, 120 | 0.7 0.27

Pio 51, 83, 102, 126-131 58, 69, 101, 120 | -0.9 0.36

Pi3 55, 83, 102, 126-132 57,70, 101, 120 | -0.5 0.38

annealed 4 days at 140 °C' | 10hz | 10hz |  10hz
Py 52-54, 86, 101, 137-139 70, 130 11.8 0.38

Py 47-54, 93-97, 139 60, ~ 130 11.6 0.3

For the as-received samples, we understand that there could be four transitions in the a-relaxation, with two
mechanisms triggered in the range of temperature usually ascribed in the literature to the glass transition of
the RAF /condis crystals. This latter is quite narrow in the case of Pjs to Pi3. For the annealed samples, we
understand that the evolution of the glass transition translates the decreased mobility of the amorphous chains
between Py; and Pp3; the evolution of T5g~ and Tg‘%\/{T 4 towards higher temperatures with the annealing is
compatible with more perfect and thicker lamellae; the four transitions are visible in DSC but not in DMTA
probably because of the too high frequency that promotes the elastic behaviour and makes the temperatures
shift to the right.

Secondly, we have analysed the influence of the molecular architecture on the a-relaxation and shown that the
comparison of THgc, T[B) mra(= Tg) with T304 (= T,) for the various molecular structures reveal the same
type of conclusion than at the previous section.

Thirdly, we will confirme the presence of more than two transitions in the a-relaxation of P;; annealed 3 days
at 135°C.

Before going to the analysis of the influence of the molecular structure, we would like to comment on the issue
related to the number of transitions/relaxations. In DSC, the literature, as widely explained in the introduction,
delineates generally three transitions, if we do not take into account the melting of the primary crystals. This
is, to our understanding, very much linked to the way the base line is calculated in the thermograms. However,
different schemes exist in the literature and it is unclear to us how the endo- and exotherms are identified. The
influence of the frequency and of the thermo-mechanical history induce variations. We think that there are,

38Local extrema have different meanings in DSC and DMTA: the minima read on the derivate of the heat flow correspond to
inflexion points on the curve itself and the maxima read on the tgd refer to the temperature at which the transition occurs.
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as demonstrated by the presence of two peaks in the range 50°C-80°C, at least three mechanisms of relaxation
though we cannot assign them exactly

We have clues of this complex structure by looking at two different measurements carried out on P;; annealed
in standard conditions (3 days at 135°C), and measured with a Mettler equipment at 0.1hz , as seen at 5.162
below. It displays also the temperature derivative of a separate DSC trace measured under normal conditions
(10°C/min) that has been added on the same graph in order to compare DSC and DMTA spectra.

PP 1.1DMA-DSC Ublons+ 15122023 15:37.08

DsC

1st derivative DSC

Tang Delta DMA 0.1 Hz Tension

Alpha transition

Glass transition

30 20 -10 0 10 20 30 40 50 60 70 80 % 100 110 120 130 140 150 160 170 180 190 °C

Figure 5.162: P;; measured at 0.1hz with a ramp temperature of 3°C per min complemented with the derivative
of a separate DSC trace

Three transitions stand out for the a-relaxation, at respectively 55°C, 85°C and 110°C. The Ty, is at 5°C.

We assume that we have four processes at stake that we would assign to: the first one to the RAF and/or
condis glass transition via a nucleation/diffusion process of dislocations leading to coarse and heterogeneous
slip of the crystals; the third process around 100°C to the solid/solid transformation of the mesophase into
alpha-monoclinic crystals via a nucleation/diffusion process of dislocations leading to fine slip and tilting of
the chains (translation and rotation); and the fourth one to the perfection and thickening of the lamellae via a
mechanism to be determined.

Then, the question remains about the second transition, and we wonder if it could be assigned either to
the subsidiary crystals, i.e. radial crystalline entities which show small size and/or low degree of perfection,
constituted from the mesophase transformation and formed by insertion between the primary lamellae; or to
the glass transition of a second RAF close to them. From those two options, the following considerations can
be drawn:

1. if there is a broad distribution of crystalline lamellae f.i. centred around two average thicknesses I., and
especially a difference between those coming from the nodules and the ones coming from the primary radial
lamellae, then, there should be for those two thicknesses [. two different migration rate of the defects to
accommodate one macroscopic frequency. At a same frequency, the only way to increase the diffusion of
defects/dislocations is to increase the temperature

2. if there is one average crystalline lamellae thickness [. but two different types of RAF, one at the interface
of primary lamellae and at the interface of "nodular" lamellae, their features such as thickness, stiffness
or number of defects could be different and therefore the temperature at which mobilities are activated
also.

Finally, we will discuss the activation energies of the « viscoelastic relaxation.

As explained at section 5.2.3, the calculation of the activation energies requests to scan the whole (T, § = 6(f))
curve at each temperature and to calculate the shift factor on a set of three or four successive temperatures.

In the literature that we have reviewed to analyse the influence of temperature, the vast majority overlooks
the issues of peaks overlaps or does not face them. For instance, the structures analysed by Hoyos et al [83]
display only one a-relaxation peak, and in the comprehensive study performed by Chang et al [16], there are
overlappings between the mechanisms and it is not clear if such an approach of the activation energy can be
applied. In our mind, one should first calculate the deconvolution of the peaks at each frequency in order to
check the relevance of such an approach but this requests the knowledge of the relaxation peak composition.

The approach taken by Kessner et al [105] has, to our best knowledge, helped us to avoid these pitfalls. Table
5.24 display a remarkable proximity of the energy levels obtained by both techniques in their solicitation domain
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and, consequently, the same ranking.

More particularly:
1. one sample can undergo two different processes, as is illustrated at figure 5.159

2. in all the cases where E, > 100kJ/mol, the first peak around 55°C-65°C is very much pronounced,
whatever the frequency and the other peaks disappear

3. P51 is the only one to show a second mechanism in quasi-static tests and the only one displaying three
levels for its activation energy corresponding to three mechanisms; the temperature ranges of the two first
ones are partially overlapping, indicating that the range of temperature at which the process is triggered
is really narrow

4. the range of T, where the various F, are found is comprised between 40°C and 87°C for P;; and Pisq,
and between 65.5-105.5°C Ps;. We think that they can be ascribed to the two first relaxations linked to
either the RAF /condis glass transition or to the presence of the two different thicknesses of primary and
secondary crystal population; in both cases to the heterogeneous slip, i.e. to the dislocations active close
to the amorphous phase

5. whithin a same product, the lower the temperature T, the higher the activation energy F,. Let us call
E** the maximal value of the activation energy corresponding to the lowest T,.

Table 5.26 is a summary displaying two parts: on the left, the influence of the amorphous phase and of the
isotactic length and on the right, the influence of the crystalline phase. Take care that the ranking of the
products is not the same in each part. The activation energies are the E7*** for each product.

Table 5.26: Summary of 8- and a-relaxations: (*) for S-relaxation, the glass transition and its intensity have
been measured at 0.1hz; for a-relaxation, maximal activation energy E7***and related transition temperatures
T., isotactic length, crystalline and amorphous layer thickness of Py1, P31, Ps1

Product | Ts* Irg* T, la Niso Product B le Vo
°C" min °C nm #CsHg kJ/mol nm nm?
P3 0 45 40-54 9.14 164 Py 122-125 9.84 3.65
Ps1 336 3.3 48—-53 9.56 178 P3 155-165 9.27 /
Py 4.6 3.1 50-61 9.61 190 Py 200 7.48 5.03

All in all, it highlights

1. regarding the global amorphous phase, the link between shorter n;s,, lower {,, lower T;, and T and higher
intensity I of the glass transition

2. regarding the crystalline phase, a dependence of EJ*** to the crystal thickness and to crystallinity, with
E7'** increasing when [. and . decrease

3. the need to understand more in-depth the role played by the various phases in relation with the distribution
of defects and the number and distribution of stress transmitters.

Let us compare finally tables 5.24 and 5.26. We see that the highest activation energy in DMTA E7*** corre-
sponds to the same value in QS for P;; and FPg;. This is not the case for P53, where the equivalent activation
energy is related to a range of temperature comprised between 73°C and 93°C. We had already observed that
this product was the only one to show a second mechanism during the quasi-static tests.

It is of utmost importance to compare together mechanisms of the same type:

1. it seems that the processes at stake for P;; and Ps; are the same and are related to the lower a-transition
and to the heterogeneous shear; if this is the case, then the activation volumes can also be compared

2. the process at 100kJ/mol for Ps; seems to call for another mechanism

3. the question now is to what extent cavitation plays a role in the analysis, since it is known that the plastic
instability characteristic of the heterogeneous yield is linked to cavitation [47].
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5.7 Conclusion

The purpose of this chapter was to compare the behaviour of isotactic polypropylene at yield and in the
viscoelastic region in order to highlight the common underlying mechanisms.

We have analysed two types of structures based on Ziegler-Natta and metallocene catalysis, and carried out
two types of dynamic mechanical thermal analysis tests in order to understand the influence of, on the one side,
various thermo-mechanical histories on one chemical structure of isotactic polypropylene and, on the other side,
of various molecular architectures produced with one thermal history.

By working at low to very low frequencies, we could demonstrate that four relaxations are at work when the
thermal histories are varied, the various mechanisms of which having still to be elucidated.

By applying the thermorheological approach of Kessner et al coming from the melt to varying molecular struc-
tures, we found evidences of the same. Kessner’s approach seemed relevant to us as it has allowed us to identify
the narrow regions where relaxations occur while ensuring the comparison of identical phenomena. We could
also show that when ZN and MET viscoelastic curves overlap, it can be due to similar relaxation behaviour
either of the RAF /condis phase or of the mesophase.

Finally, we have compared the results of our calculations with those obtained in chapter 4. It appears that for
the three products analysed under that way, equivalent levels of activation energy were found. The analysis of
the temperature range where the corresponding mechanisms are active in both tests has shown that one ZN
and one MET undergo the same relaxation, i.e. an heterogeneous slip while the other ZN undergoes another
type of heterogeneous slip. These mechanisms are likely not the same ones, which explains why the second ZN
is the only one to demonstrate two mechanisms in the tensile tests.

We could also emphasize some general trends among our structures: the global (MAF, RAF) amorphous phase
influences not only the temperature at which the glass transition happens but also those associated to the
heterogeneous shear of the a-relaxation; the crystalline phase influences the maximal activation energy and
related volumes.

The question is to understand what are, besides the general conception about nucleation and propagation
of dislocation, the true mechanisms occurring at the interface of the crystals and of the amorphous phase,
especially the role of the rigid amorphous fraction, assuming a multiphasic system composed at least of three
or four components.

If the RAF close to the possible mesophase or at least close to the MAF is indeed responsible for the two first
relaxations and the coarse slip leading to fragmentation, what should be understood is

1. what is its status (frozen or relaxed) according to the domain of time-temperature considered, and how
the diffusion kinetics of the conformational defects between the different phases would be able to lead to
the fragmentation of the lamellae in mosaic blocks

2. how far the meso or amorphous domains would be sheared, and interlamellar shear would occur

3. how a microstructure composed of crystalline alpha nodules finding their origin in the mesophase-to alpha
transformation would help [135], [20].

If the RAF close to the possible mesophase or at least close to the lamellae surfaces is indeed responsible for
the third relaxation, and the fine slip leading to crystal chains tilting, what should be understood is

1. what is its status (frozen or relaxed) according to the domain of time-temperature considered, and how
the stress or deformation transfer would help the chain axis tilting

2. how a microstructure composed of crystalline alpha nodules finding their origin in the mesophase-to alpha
transformation would help [135], [20].

More generally, two aspects should be further investigated, i.e. the link of, first, the various regio- and stereo-
defects with the RAF and the crystalline structure and, second, the RAF with the distribution of crystalline
lamellae and the amount of stress transmitters.

In order to concretise these perspectives, spectroscopies and other in-situ methodologies should be implemented,
in order to see what is occurring in the material at the considered scales. These measurements should ideally
be associated with relevant modelling tools as a compass, without forgetting approaches coming from the
community of the confined systems (see for instance the researchs of Napolitano et al such as "Irreversible
adsorption of polymer melts and nanoconfinement effects" published in Soft Matter, DOI: 10.1039/d0sm00361a).
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5.8 Supporting information

5.8.1 Complement to characterisation methods

In order to remove the samples in a reproducible way, the film was laid on grid paper and its edges secured
with adhesive paper. Samples were then cut with a dye cutter into 5 mm-wide strips with enough length so as
to obtain an accurate alignment on the device, with an homogeneous distribution of the stress across the whole
sample. The length between the clamps was kept between 15 and 20mm. The viscoelastic range revealed the
early non linear character of these polymers and resulted in values for the imposed cyclic deformation lower than
0.1%. Due to the type of samples combined with the special testing conditions, the equipment was working
very close to its lower limits and, combined with low frequencies, a lot of efforts have been devoted to get
acceptable results. Due to the non conditioned laboratory and the big size and inertia of the oven, the samples
were conditioned during 30 minutes before starting the test, at all temperatures.

5.8.2 Influence of the molecular architecture on the a-relaxation

Let us compare now T'§ ¢, Tg wra(=Tp) and T ;104 (= To) when the molecular structure varies.

The table 5.27 displays the peaks identified on the six products in a manual way. In this table and for the
DMTA results, we have put in bold and in colour the maxima coming from the scans at 0.1hz, 1hz and 10hz.
We have added also the shoulders and inflexion points, as well as the global trend (increasing or decreasing,
represented by arrows) of the §(T") curves.

Table 5.27: Comparison of main zones identified for the « relaxation in 1°) DSC on the heat flow and 2°) in
DMTA, on tgd for T and 6 for T,; T is the glass transition temperature of the MAF measured respectively at
0.1hz; I7g is its intensity evaluated thanks to the area under the peak. Legend and colours: the maxima of the
curves are in bold and coloured according to the code applied in section 5.3; the shoulders are in italic
and the inflexion points are underlined; the arrow indicate the general trend of the curve. (*)T8 ;74 = Ta

Product ‘ T3ec(°C) ‘ I7p(min) ‘ T3(°C) ‘ Tx(°C) ‘ Tx(°C) ‘ Tx(°C)
3d.@135 °C | | 0dbz | 0dhz | 0.lhz | 1hz | 10hz
Py 51, 84, 99, 132 3.1 4.6 | 60, 80,115 | 75 100,130 | 80, 140

Py 50, 84, 98,133 | 5.15 -0.1 | 60,100, | 75, 80, 100-120 | 80, 130

P 48, 83, 98, 134 4.5 0 60, 80, 100 | 75, 90, 110 90, /

Py 49, 98, 131 / / 60, 80, 100 | 80, 90,110 | 100, 120

Psy 50, 87, 136 3.8 0 70, 90 70, 95, 110 80, 110

P 51, 84, 99, 131 3.3 3.36 70, 90 70, 95, 110 80, 110

5.8.3 The mathematical method for the time-temperature master curve: sensi-
tivity analysis

In the introduction and overall in section 5.5.1, we have explained the main principles to build the master curve
according to Kessner approach.

We give here complements on the question of the right balance between the polynomial order of the curve and
the number of successive temperatures used to calculate the activation energies. A sensitivity analysis has been
applied to various samples, that we explain here, reminding some of the steps already explained in the main
text.

5.8.3.1 Hypothesis and constraints
The hypothesis are the following ones:

1. the curve § = §(logf) is modellised with a polynomial (order between 2 to 4). Depending on the test
conditions (mainly the range and number of selected frequencies), it has to be adapted

2. the range of frequencies and of temperatures can vary depending on the product considered, meaning that
the transition can be restricted to a narrower or allowed to a broader range of temperatures in a certain
range of delta
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3. due to the moderate quality of the data, a good equilibrium between the polynomial order and the
temperature range has to be obtained

The constraints are the following ones:

1. the correlation coefficient 72 of the regression curve should be higher than 72 > 0.989 for activation energy
(slope) calculation

2. no extrapolations are done on the é = §(logf) curves

3. the reference temperature is always the lowest.

5.8.3.2 Quality of the § = §(logf) data curves

Two different types of issues can be raised by the data, one related to resonances of the equipment and one to
the variations of the controlling variables such as temperature during the test.

We give examples of both hereunder. Figure 5.163(a) is the 6 = d(logf) curve of a P;; sample tested in the
range of temperature 50.5°C to 58°C and of frequency 0.05hz to 200hz where several resonance can be identified
namely around 120hz. The figure 5.163(b) shows the influence on the curve of jumps due to less good control

of some equipment signals on the data and (c) shows the same data as a function of temperature between 30
and 50hz.

Delta as a function of log f in the range 50,5°C-58°C

8,0 4 Highlight of resonance peaks due to equipment
140423-P1_1-270522-200hz-0,05hz-sample3
7.5
7.0 4 ——50,5°C
! — 53°C
—— 55,5°C
6.5 + 58°C
T 6,04
3
< 55-
o
5,0
4,5 -
4,0 4
3.5
3.0
0,01

Frequency (Hz)

Jumps in the curves at some freq

Delta as a function pf freq in the range 50,5°C-58°C Delta as a function of T in the range 8hz-50hz
Highlight of resoniance peaks due to equipment Highlight of moderate quality of the data
a5 140423.P1_1-27D522-200h2-0,05hz-sample3 3.3 19 140423-P1_1-270522-200hz-0,05hz-sample3
~
| O
| e . 1>®\ ———— . 50hz
344 1 > ~
| o
\\\- N & 32 RN
~ 334 |1\l AN _ 3 N
< s R\ S S © - 40hz
o] 1A s N 5
© 1A = N = - 30hz
o \\ AR 1 — —
324 NN / _—
ANERERN A "
N/ ——50,5°C -~
\ T~ |55 /! 53°C 3,14 e
3,14 \ et / - 55,5°C /
58°C -
\; T
T T T T T
3,0 T T T T T T 1 50 52 54 56 58
0 10 20 30 40 50 60 70

T t °C
Frequency (Hz) emperature (°C)

Figure 5.163: Highlight of resonance peaks due to the equipment: (a) whole frequency spectrum, (b) zoom on
the range 0.05hz-70hz to show the jumps in the curve § = d(logf) and (c) jumps in the curve § = 6(7) in the
range 30hz to 50hz
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5.8.3.3 Influence of the polynomial order

The influence of the polynomial order n on the sum of residues of mean-squares is then analysed, by taking
2 <n < 4. It is presented at figures 5.164 and 5.165 according to two representations:

1. a calculation at 2 temperatures (50.5°C and 58°C) on 3 ranges of frequencies: 0.05hz - 50hz (blue squares),
0.05hz - 2hz (red losanges) and 0.05hz - 1hz (yellow triangles) - see figure 5.164

2. a calculation in 2 ranges of frequencies (0.005hz-50hz and 0.05hz-1hz) and at 4 temperatures: 50.5°C,
53°C, 55.5°C and 58°C.

This influence is then analysed by calculating the values of the activation energy F, as a function of 4. The
figure 5.164, figure 5.165 and figure 5.166 below show such a calculation at 43°C and 48°C for the same sample.
Figure 5.164 displays the sum of the residues at two temperatures in three ranges of frequencies. It can be
seen that n=2 calculated on the largest interval of frequency (0.05hz-50hz) displays also the highest value for
the sum, which eliminates this order, unless it is not possible to make in another way. Figure 5.165 shows for
four temperatures and in the range 0.05hz-50hz the calculation of the sum of the residues and the modelled
corresponding 6 = §(logf) curves.

50,5°C 58°C
0,09 0,09
0,08 0,08
]
0

$ 007 g 0,07

0,06 0,06
_g ' W50nz-0,05hz ke ' B 50hz-0,05hz
5 0,05 ] # 2hz-0,05hz $ 0,05 ¢ 2hz-0,05hz
9 004 1hz-0,05hz : 0,04 1hz-0,05hz
G oo O om
g 0,02 g 0,02
o oo n . 2 0,01 ™

0 * ’ + 0 2 .

15 2 25 3 35 4 45 15 2 25 3 35 4 45

polynomial order polynomial order

Figure 5.164: Influence of the polynomial order on the calculation of the activation energy at 43°C and 48°C

50hz-0,05hz
012

[ 5

Q

=) .

5 008 : w505
7)) *53

O o006 55.5
: ] A58

O o004

g 0,02 $ .

()] . ] .

1 15 2 2,5 3 35 4 45 5
polynomial order
50,5 53 55,5 58

Figure 5.165: Influence of the polynomial order on the calculation of the sum of residues for a range of frequencies
between 0.05hz and 50hz and 4 temperatures. The lower graphs display the § = §(logf) data and their fitted
curves on the frequency range considered
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Figure 5.166: Influence of the polynomial order on the calculation of the sum of residues for a range of frequencies
between 0.05hz and 1hz and 4 temperatures. The graphs at the right display the 6 = d(logf) data and their
fitted curves on the frequency range considered

It is observed on figure 5.167 that higher orders are better for the sum of residues and higher freq ranges
are better for the stability of activation energy: (a) the energy is calculated on the base of a polynomial of
order 2 between 0.05hz and 50hz (brown curve) and between 0.05hz and 1hz (dark green curve); (b) the same
calculation than (a) with a polynomila of order 4. Large oscillations appear as can be seen on figure 5.168(a).
The corresponding modelled curves are shown on the right (figure 5.168(b)). The oscillations come from a too
best fit of the modelled curve with data presenting an average quality.
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Figure 5.167: Influence of the range of frequency on the calculation of the activation energy at 48°C
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Figure 5.168: Identification of the causes for the oscillations: (a) combined calculation on 3 or 4 successive
temperatures on 2 different frequency ranges; (b) waves are visible in the fitted curves

140423 - P1_1 - 270522 - sample 3
0,05hz-50nz - sensitity study
Order4 -3T&4T-

180000 4

170000 4

160000

150000 .

140000

Ea (J/mol

130000

120000 * VAR

110000 -

48°c

3T- 50n2-0,05hz - cut at hz &0,6hz

4T - 50nz-0,05hz - cut at Thz & 0,6hz

Cut at 0,6hz — 4T

50.0,06n2- cut 0,62
500,08hzcut the

x
* 3T - 50n2-0,05hz - 1hz-0,05hz

delta

100000 r
35 40

45

delta

Cut at 1Thz - 3T

[ o, o, c

T J 25

delta (°)

5.0 55 1.5 A 0.5

0 0.5 1 15 2

Log10(F)

= 0.5 0 05 1 15 2
Log10(F)

Figure 5.169: (a) Influence of the number of temperatures considered to calculate the shift factor and the
activation energy, (b) and (c) are the corresponding 6 = é(logf) for respectively 4 and 3 successive temperatures
where the cut in frequency is identified with the dotted line to indicate where the claculation start

From the analysis of the curves shown at figure 5.169, one can conclude that:

1. it is important to model the whole curve and not only a small part

2. once modelled, the frequency where the calculation starts does not matter.

5.8.3.4 Summary and recommendations

We issue some recommendations hereunder:

L

matter

consider carefully the raw data

model the whole curve

use the highest polynomial order whenever possible (enough data for the selected range of frequencies)

locate the cut to start computing the shift factors where it is relevant for the calculation as it doesn’t

5. Use 3 temperatures (Delta T = 4°C or 5°) or 4 (Delta T = 6°C or 7,5°C) will depend on the polymer
considered and an appropriate balance should be found with the polynomial order

6. accept oscillations of the E, = F,(d) when AE, < 5kJ/mol

7. use a J range that is larger than 0.5: Ad > 0.5°
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8. check that in presence of 2 transitions, their temperature ranges should not overlap (too much).

Trying to find the «pure» mechanism between two transition is an art.

5.8.4 The mathematical method for the time-temperature master curve:
Matlab®) program

The main steps of the Matlab® @®) program are presented hereunder.

5.8.4.1 Purpose of the program
The purpose of the program is to obtain the curve of the activation energy E? = E™(5%) as a function of 6°.

Let us consider in a generic way: 7 the relaxation time, Ty and T; the respective reference temperature and
temperature considered, f the frequency, ar the shift factor, é the loss factor and F, the activation energy.

(1) = ar(T,To) 7(To) (SL1)
H(0) = ar(T. 1) (T (s12)
Consequently,
I ACIY P

For T; >> T, a Boltzmann statistics is applied and the shift factor follows an Arrhenius law:

ar; = exp(f(i — fo)) (SL.4)
0
tnfar) = In(5) = (G = 1) (S1.5)
P~ nia 1
BL= R inlars) (g (1.6)
with 0
ar; = L (SI?)

For a given f°, if ar; increases, then f? decreases For the easiness of the treatment, the neperian logarithm in
is replaced by its equivalent value in base 10 log;o by incorporating the conversion factor whenever needed.
5.8.4.2 Step 1 : reading of the data

From the original data tgd as a function of logf at a given temperature, the values of § are extracted and
recorded in a file, the graph of which is found at figure 5.171(a). The resulting file is read by the software:
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| A B C D E F G H 1 J K L M N

1

2 |Columnl/Column2 Column3 Column4 Column5 Column6 Column7 Column8 Column9 Columnl0 Columnll Columnl2 Columnl3 Columnl4 Colun
3 |f Log f 28,8 30,8 33 35,5 38 40,5 43 45,5 48 50,5 53 55,5
4 3 4 4 4 4 4 4 4 4 4 4 3
5 50/ 1,69897  3,55533 3,37873 3,25384 3,1637 3,10414 3,11911 3,14892 3,1987 3,22361 3,24714  3,24915  3,26431
6 401 1,60206  3,30479 3,15188 3,09033 2,83816 2,94735 2,88609  2,9589 3,15477 3,25033 3,22803  3,27953  3,25872
7 300 1,47712  3,16691 3,02353 2,90924 2,83859 2,81838 2,84236 2,91097 2,98099 3,0461 3,07347 3,11844  3,15088
8 21,5 1,33244 299303 2,86912 2,77512 2,73562 2,72236 2,76843 2,84351 291475 298583 3,0466  3,09526 3,1409
9 10 1 2,69763 2,61663 2,56998 256888 2,59577 2,65694 276043 2,85336 2,95932 3,0497  3,13057  3,22098
10 8 090309  2,66625 257399 256144 2,53082 2,64855 2,63023 2,73544 2,86877 3,007 3,06185 3,17051  3,26672
11 6 077815  2,59233 253203 2,50855 2,52625 2,57149 2,65375 2,76301 2,88522 3,00805 3,11287 3,22423 333125
12 4/ 060206  2,52694 249651 248572 2,5227  2,57479 2,67442 27996 293368 3,07274  3,20249 3,3332 3,4533
13 2/ 030103 249101 245952 2,50012 2,55749 2,65229 2,77186  2,9166 3,07808 3,2263  3,40555 3,54492  3,69223
14 1 0 2,54539 2,53771 2,61655 2,70291 2,81466 2,88829 3,14225 3,24178 3,51603 3,72176 3,89429 3,97484
15 0,8 -0,09691  2,56027 2,57341 2,64274 2,74546 2,86118 3,00008 3,20642 3,37998 3,59931 3,79849 3,98454 4,14364
16 0,6/ -0,22185 2,6065 2,63185 2,70108 2,80686 2,94024 3,11723 3,30188 3,51913 3,72401 3,92363 4,12177 4,32883
17 04| -0,39794  2,68443 27099 2,80649 2,92435 3,08789 3,28875 347117 3,71238 390162 4,13361 4,31832 4,55709
18 02| -0,69897 291106 298889 3,06378 3,23773 3,34821 3,60491 3,83998 4,08102 4,39426 4,53879 4,84291  4,96399
19 0,1 -1 3,13176 3,17805 3,36918  3,53046 3,74735 4,03521 4,15838 4,5432  4,65531  4,90757 5,0987 546668
20 0,05 -1,30103  3,44991 3,55985 3,74161 3,92979 4,15419 4,42365 4,64955 495524 5,12699 541773 5,61531 572611
21

Figure 5.170: Reading of the data

5.8.4.3 Step 2 : fit 6° = §'(logf,) at each temperature 7% with a polynomial

The curves § as a function of logf are then modelled:

53% = §'(logiof) (SL8)

where §% is a polynomial of order 3 or 4 the coefficients ag to as of which are searched for each 7% as presented
at figure 5.171(b).

The program then proposes to select the frequency at which the calculation will start, as illustrated by the
dotted red line on figure 5.171(b), where the calculation is carried on the left side of the line.
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Figure 5.171: Graph of the raw data ¢ vs logf (a) without fitted curve and (b) with fitted curve

5.8.4.4 Step 3: minimise the distance between delta at 7% and T° and find related frequencies

Each fitted curve is then divided in the same number of equal segments, f.i. 20 as illustrated at figure 5.172(a).
According to the number of temperatures selected (3 or 4), let us define ¢ 0 to 2 or 3 with 0 as reference.

The distance between the fitted loss factor at the reference temperature and at the temperature T¢ should be
minimised for each of the 1 to n frequency f included in the raw data file:

d= /|69 —di > =0

(SL9)
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The ratio

0
log(f—Z) (SI.10)
is then found and the shift factor a7, can be computed within the defined range of § as explained hereunder
and illustrated at figure 5.172(b). The searched X-axis frequencies defining the shift factor are therefore only
interpolated within the range of § values, never extrapolated as illustrated at figure 5.172(a) by the horizontal
lines framing the range (in this case, 3.2 < § < 5.2).

6
-
~ 5.5
55+
5 e
45}
=
z
4r 4t a
1 L%
1 !
35 35 i |
1 1
1 1
at 3t i |
1 1
logf(T,) = Iogfo: | logf(T,) = logf;
o5 ‘ ‘ . ) 25 ‘ - i ¢
1.5 -1 0.5 0 0.5 1 1.5 -1 0.5 0 0.5 1
Log10(F) Log10(F)

Figure 5.172: Graph of the raw data: § vs logf

5.8.4.5 Step 4: Calculate corresponding shift factors ar and activation energies

A matrix is obtained that calculates for each row and column "T',§" the value f0/f! :

T T . LT
o0 /- RIA
0 f3/fr - o Bf
(SI:M1)
o falfa - - ffa
From the matrix (SI:M1), the shift factors are found:
T’ 1Tt . 1T
8 Rlinal, . . R Inak, — E}
89 Rlnd%, . . R lna3, — E?
(SI:M2)
8 R lna}, . . R lnap;, — E7

and each column (1/7;, R Ina’,) allows to find the slope E as illustrated at figure 5.173. If the correlation
coefficient 2 is r2 < 0.989, its value is rejected.
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Figure 5.173: Calculation of activation energy E! corresponding to 4,

5.8.4.6 Step 5: draw the activation energy as a function of ¢

Each couple of data (d,, E") is then reproduced on a graph, as illustrated at figure 5.174.

x10°
Ea as a function of delta

0,05hz to 50hz

1 | | | | J
34 3.6 3.8 4 42 4.4 4.6

delta (°)

Figure 5.174: Activation energy E, as a function of §

5.8.5 How does it work in practice?

From a practical viewpoint, in order to understand the real nature of the phenomenon occurring in the temper-
ature range of the a-relaxation, various aspects have to be considered:

1. the type of thermo-mechanical history undergone by the material, i.e. mainly the analysis of the mi-
crostructure behaviour under temperature of quenched product, quenched and annealed products and
products undercooled isothermally from the melt

2. the dependence on temperature and temperature scanning rate of the microstructure in thermal experi-
ments such as DSC

3. the dependence on temperature and temperature scanning rate of the microstructure in dynamic mechan-
ical and thermal experiments such as DMTA where the time-temperature master curve can be built only
if the changes undergone by the microstructure and translated into tgd evolution are exactly the same
when the frequency is changed; in other words, when the maximum of tgd does not change with varying
frequency. This is why the master curve has to be built in an isothermal way and not isochronous one, in
order to keep a constant microstructure

4. these findings explains though why in all the publications dealing with this topic, a simple Arrhenius law
has been used to obtain the activation energy, leading to the controversial use of combined horizontal and
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vertical shifts mentionned previously. Taking these precautions, [69] and [71] frame the fact that when
the temperature range is not too broad and the transitions do not overlap, neither F, nor the shift factor
ar depend on the temperature and it is then possible to apply this methodology.
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6.1 Conclusion

Isotactic polypropylene is one of the most complex semi-crystalline polymers, organised in its usual solid state
as a multiphase, multi-scale and multi-hierarchical material. In this study, we have tried to unveil the subtle
links existing between its various components such as crystalline phase resulting from mesophase solid/solid
transition, rigid amorphous fraction and/or condis phase, its molecular relaxations and its behaviour at yield.
In order to do so, we have assumed the existence of a common molecular mechanism spanning these events, the
nucleation and propagation of dislocations, that sheds a special light on the interface between the crystalline
phase and the other phases, especially on the rigid amorphous fraction.

More explicitly, we have investigated six structures belonging to two different catalytic systems under their
a-crystalline form.

After having characterised the solid state microstructure and established the appropriate thermal conditions
and thermal history allowing to not degrade our materials during the tests while keeping them stable, we
have studied two aspects: first, their behaviour during quasi-static tensile tests at low to very low strain rates
and second their visco-elastic relaxations. We have then analysed the influence of the catalytic system on the
yield behaviour and established the link between the two limits of the small deformation range, i.e. the linear
viscoelastic and the yield domain. We have also analysed the role of screw dislocation diffusion by helical
jumps as the common underlying mechanism of both domains, in relation with the multiphasic structure of the
material.

In the first part of the research, we have demonstrated, via the analysis of the stress-strain curves, their shape
in the yield drop and the pictures taken at remarkable points that a double yield was indeed existing, especially
in the case of the metallocene product, though its interpretation had to be nuanced by the possible presence of
a competition between yielding and cavitation. We have suggested that the second mechanism could eventually
be a second heterogeneous yield rather than an homogeneous one. We have found the activation energies and
volumes resulting from the application of the Ree-Eyring model for plastic flow, and tried to identify the type of
mechanism at work. A special attention was devoted to establishing the link between these parameters and the
solid state microstructure for each catalysis. We have also commented, for the first time, the possible signification
of the vibration frequency, the sole parameter of the model embedding the information on the microstructure
itself because it reflects the disorder change in the helical jumps that the microstructure undergoes when the
yield is achieved. The associated varying flexibility of the amorphous and mesophase network was highlighted.

We have come to the conclusion that the different long term/low strain rates behaviours of ZN resins can be
explained by the critical influence of their molecular weight and that the differences between ZN and MET
behaviours have to imply not only the molecular weight but also the regio-defects typical of the metallocene
catalysis.

In the second part of the research, we have confirmed that the type of molecular relaxation at stake in the mech-
anisms observed during the tensile tests were linked to a double yield phenomenon. As the time-temperature
superposition principle was difficult to apply because of the overlapping visco-elastic curves, we have used an
approach coming from the melt, sensitive to small variations, to identify the number of relaxations in relation
with the different structural phases and how temperature and frequency influence them. We have highlighted
the existence of three to four mechanisms, among which two were assumed to be related to the heterogeneous
slip of crystalline lamellae. We have established the link between the activation energies obtained for the yield
behaviour and those obtained from the analysis of the relaxations. We have highlighted the role of structural
quantities such as crystalline thickness known to be dependent on the molecular weight, of the rigid amorphous
thickness known to depend on the crystallisation conditions and of the isotactic length - embedding the defects
- known to depend on the chemical synthesis.

All in all, we have focused on the development of a new methodological approach combining the bottom-up
perspective of the chemist with the top-down one of the physicist, and, in this latter case, bringing some rheology
tools into the solid state.

This has allowed us drawing a first possible sketch for the undeformed structure of our two types of isotactic
polypropylene, displayed at figure 6.175(a) for the Ziegler-Natta Pj; and 6.175(b) for the metallocene Pg;.

In order to make the drawing readible, we have neither represented the mobile amorphous fraction, nor the
global molecular entangled network of the amorphous phase in general but a few chains. We refer to the
sections 2.3.3.3 to 2.3.3.5 for more details.

Both polymers display a crystalline phase, an amorphous phase made of RAF and MAF and a mesophase which
constituents are condis crystals, RAF and MAF. The RAF, drawn in green, bounds covalently the mesophase
with the MAF or the crystal with the MAF. Thanks to the diffusion process of helical jumps and therefore

176



ECOLE
u M O N S \" m ﬂ POLYTECHNIQUE
Université de Mons — nees DE BRUXELLES

dislocations, it can be located outside, partially inside or totally inside the crystal lamellae though at this
stage, we do not take any option on the direction of the diffusion (from the amorphous phase to the crystal or
vice-versa), both being possible. This process has been represented at figure 6.176 where two cases have been
proposed: on the left hand side, the RAF is outside of the crystalline lamellae and on the right hand side, it is
partially inside.

In order to emphasize the difference between the two catalytic systems and based on our data, we have drawn
larger crystalline and amorphous thicknesses for the ZN product than for MET. As MET can display both kinds
of defects (stereo- and regio-) distributed quite homogeneously on the chains, resulting in a shorter isotactic
length, we have highlighted them with the solid circles coloured in dark grey. It can be seen that the regio-defects
have been excluded from the crystalline lamellae. For what concerns the ZN, the stereo-defects, highlighted
here by green solid circles and maybe constitutive of some RAF, are present in all the phases though spread
inhomogeneously as they tend to be concentrated overall on the longer chains. We have also highlighted the
mesophase with dotted circles, coloured in blue for the fringed micelles and in red for the small stacks of folded
chains.

stereo-defects
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Figure 6.175: Two possible structures of undeformed polymer (a) for ZN and (b) for MET, with a focus on
mesophase and RAF; only a few chains of MAF have been drawn and not all the stress transmitters and
more globally the entangled molecular network have been displayed; the various scales are not respected, the
amorphous and crystalline thickness of ZN (fi. Pji) is larger than the one of MET (Ps1) - see text for more
details (credit: Luc Mathieu 2024)
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Figure 6.176: Possible phenomenon of RAF diffusion via the helical jumps/dislocation at the interface with the
crystalline lamellae under the sole thermal agitation; two cases have been represented in this drawing: on the
left hand side, before the chain has diffused into- or after it has diffused from the crystal phase; on the right
hand side, the chain is partially in the crystal phase (reworked from [40] and figure 6.175)

6.2 Perspectives

After having focused on the various phases co-existing under usual processing and annealing conditions in iPP,
a lot of unknown remain, namely the exact role of the stress transmitters, of the rigid amorphous fraction
and its further confinement - caused namely by the transformation of the mesophase into a crystal one - and
link with defects or of the competition between local yielding and cavitation. A clearer understanding of the
separate influence of the molecular architecture and thermo-mechanical history on these phases, their molecular
relaxations and the way they accommodate locally the macroscopic deformation at low characteristic times has
to be still achieved, together with a better understanding of the confinement effects on the various nanophases.
More specifically, it would be critical to better understand how, during the interactions of the global molecular
entangled amorphous network (RAF, condis, stress transmitters, etc.) with the crystalline lamellae, the kinetics,
direction and location of defects diffusion operate to accommodate the stress transfer via the strain response.

In order to do so from a real experiment perspective, the main topics are, first, to see and measure how the
crystalline lamellae deform under increasing strain, confirming or not the hypothesis of two heterogeneous mech-
anisms; second, to use quasi-static results to measure the amount of stress transmitters; third, to understand
the specificity of each catalyst by seeing and measuring with adapted technologies (in-situ, spectroscopies, ...)
the exact composition of the microstructure and how the diffusion of dislocation supports the stress transfer
among the phases; finally, to approach the problem of the competition between cavitation and yielding namely
by applying the WLF model as the relaxations identified are close to the glass transitions, and therefore the
changes in free volume could not be neglected anymore.

From a in-silico perspective, the first step should be to investigate what would be the most relevant scales and
tools that would support the development of the experimental program.

More generally, the molecular to micro to macro approach that we have applied in this study is in reality
applicable to many semi-crystalline polymers of common use. The presence of the various phases such as RAF
and condis crystals was indeed proved for instance in PE, PA6, PET, PB-1 or PLLA just to name a few.

Exploring in a detailed and systematic way the quality of the activation constants and the type of mechanisms
at work in relation with both the chemical structure and the thermo-mechanical history at low frequencies is
definitely a relevant methodology.

We think that this approach spans the whole chain of knowledge going from the chemistry to the physics of the
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solid state behaviour in the range of small deformation and fills in some of the gaps existing in the realm of
structure/properties relationships.
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growing epitaxially on the side surface of an R-lamella. Right: formation process of a T-lamella;
(a) a nucleus formed on the growth front of a lamella grows via a pulling-in of loose loops or
cilia, (b) the pulling-in stops by pinning due to a defect in molecule or the stacking of layers on
the nucleus, (c) epitaxial nucleation of the loop on the side surface (010) of an R-lamella which
forms a T-lamella [128] . . . . . . . . . .

2.97 a) and b) Typical lamellar morphology in iPP spherulites observed by transmission electron
microscopy. R and T indicate R-lamella and T-lamella, respectively. The radial direction corre-
sponds to the a* direction of an a-form unit cell; the scale bar is 0.2 pm [128] . . . . . . . .. ..

2.98 Trigonal packing of beta iPP [120] . . . . . . . . . . . .

2.99 a) Sketch of gamma-crystal [120] and b) configuration of o and « lamellae [11] . . . . ... . ..

2.100Packing of gamma orthorhombic cell along ab plane [120] . . . . . ... ... ... ... .. ...

2.101Cristallographic planes of a and « phases for a series of metallocene iPP [67] . . . . ... .. ..
2.102Two illustrations of the same pathway of crystallisation of iPP: crystallisation via the mesophase
(left) results in formation of nodular crystals and non spherulitic structure; conventional melt-
crystallisation (right) leads to the formation of lamellae and spherulites [20], [121]. . . . . . . . .
2.103Thermal and time conditions of mesophase formation; the size of AFM images is 1um x lpym
[20], [121] . . . o o
2.104Temperature XR scattering for analysis of mesophase-crystal phase transition. The mesophase
was heated from 25°C at 2°C/min and converted into o monoclinic crystals at about 80°C [121] .

2.105(a) iPP melt-crystallised at 22°C/sec to 20°C and (b) annealed to 120°C; (c) the same iPP melt-
crystallised at 1050°C/sec to 20°C and (d) annealed at 140°C; the size of AFM images is 1luym x
Tpm [109] . . o o

2.106(a) Nodule size as a function of annealing temperature and (b) heat flow rate as a function of
T on heating lamellae and nodular crystals. The upper two curves show the approach of the
annealing temperature and the lower two curves represent the final melting after annealing and
cooling to ambient temperature [109] . . . . . . . ... L L

2.107Temperature XR scattering for analysis of mesophase-crystal phase transition. The mesophase
was heated from 25°C at 2°C/min and converted into o monoclinic crystals at about 80°C [109] .

2.108Crystal shape, size, structure and superstructure of the same melt-crystallised iPP as a function
of the rate of cooling [109] . . . . . . . . . . . e
2.109Phase transition from mesophase crystals to monoclinic crystals [131] . . . . . . ... ... .. ..
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2.110Chain random coil in the melt followed by two situations after crystallisation: (a) random coil
and its gyration radius R, (b) model of Huang and Brown [73] where the gyration radius spans

2L. + 1, and (c) model where the gyration radius spans I, +1/2l, [46] . . . . . . ... ... ... 83
2.111Possible shapes of polymer chains entering the amorphous region between two crystalline layers;

for explanation on the letters, see text [133] . . . . . . . . . ... Lo o 84
2.112Microstructure of the amorphous layer with the domains for HDPE [34] . . . . . ... ... ... 84

2.113Steps of evolution from the random coil during crystallisation with the apparition of elusive dense
isolated domains; the correlation length found from the SAXS measurement gives an idea of the

average distance between neighbouring domains [124] . . . . . . ... ... 0oL 85
2.114Crystalline lamellae with a transition zone between the crystalline and amorphous phase [124] . . 85
2.115Microstructural changes in the meso- to a-crystal phase transformation process; the crystalline

and meso- phases are drawn in blue, the RAF in green and the MAF in yellow [124] . .. .. .. 86

2.116Scheme of possible causal chains for degradation-induced embrittlement due to chain scission [139] 87
2.117(a) FTIR peaks associated with thermo-oxydation of iPP (hydroxyl: 3800 —3050cm ™, carbonyl:
1900 — 1600cm !, unsaturated groups as of 1600cm ! and crystal region: 1000 — 850cm ™~ [136]

and (b) table summarizing the related molecular motions [6] . . . . . . . .. .. ... ... ... 88
2.118FTIR peak evolution as a function of annealing time of (left) carbonyl [138] and (right) a) region
for hydroxyl groups, b) region for carbonyl groups and ¢) region for crystallinity [6] . . ... .. 88

3.119(a) Local minima of the temperature derivate of heat flow on Pj; aged at room temperature;
(b) limits identified for the calculation of the enthalpy on Pj; annealed 4 days at 140°C. Colour
code: heat flow in green, 1st derivative in blue, base line and calculation limits in red, enthalpy

(integral of heat flow) in pink . . . . . . . ..o 95
3.120Evolution of the melting temperatures, enthalpies and low T,,-content with aging or annealing
time of Py1, P2, P13 at two different temperatures . . . . . . ... ... oL 97

3.121(a) SAXS intensity Iq?> = f(gq) on Pi; (pink), P2 (green) and Pz (blue) and (b) long period
(solid line), amorphous (dashed-dotted line) and crystalline (dotted line) thickness as a function

of crystallinity . . . . . . .. L 98
3.122Deconvolution of WAXS-patterns of P;1, Pio and P;3 after a stay at room temperature of several
hundred of hours. Crystallographic planes have been indicated . . . . .. ... ... ... .... 99

3.123WAXS-patterns of Pj; (in pink) and Pi3 (in blue). Solid lines for a stay at room temperature
during 17 days and dotted lines for a stay at 140°C during 4 days; crystallographic planes have

been indicated . . . . . . ..o 100
3.124Film of Py; annealed during 4 days at 140°C. The top left corner of the film is degraded . . . . . 101
3.125Samples of Pj; aged during 5 days at room temperature (dashed lines) and annealed during 4

days at 140°C (solid lines). Edge and centre locations have been labelled . . . . ... . ... .. 101

3.126Heat flow of isothermal cooled P;3 samples aged 5 days at room temperature and annealed 4 days

at 140°C (some are totally degraded). Line code: samples aged in solid lines, samples annealed

indashed lines . . . . . . . . L 102
3.127Long period L,, amorphous [, and crystalline {. thickness as a function of crystallinity for an-

nealed sane and degraded samples. The damaged sample has been identified as being the less

crystalline. Only Py; is presented here for readability. Legend: square = L, , losange = [, and

triangle = l.. Empty marks hold for degraded sample . . . . ... ... .. ... ... ..., 102
3.128 Time evolution of IR peaks under annealing: (a) peaks ranges according to the considered species

and (b) time evolution of the peak at 1721em~! [136], [138]; the peak is indicated by the red

circle; (c) spatial evolution of the peak at 1722cm ™~ for the isothermally undercooled product

Py3 after a stay at 140°C and when approaching a degraded stain . . . . . ... ... ... ... 103
3.129(a) Evolution with annealing time at 135°C of the melting temperatures of Py; to Ps1, (b) SAXS

spectrum for Pj; to Pg; annealed during 3 days at 135°C for ZN and 140°C for metallocenes and

(c) WAXS pattern for the same products . . . . . ... ... L Lo Lo 105
3.130(a) Stress at max as a function of crystallinity of P11 to Py at 25°C and 50%min ! (8.3103sec™1),

(b) Young modulus as a function of crystallinity at 25°C and 1%min~—* (1 6710~ sec‘l) and (c)

Young modulus as a function of crystal thickness at 25°C and 1%min~t (1.6710 %*sec™t) . . . . 107
3.131(a) Crystallographic planes for iPP polymorphs as measured by WAXS at A = 1 and recalculated

at A = 1.54 from [11]. Main planes are in bold; (b) WAXS-patterns of pure «, 8 and ~-phase,

indicated by a, b, and ¢, respectively (in this graph, A=1) [11] . . . .. .. ... ... ... ... 113
4.132From left to right and top to bottom: stress-strain curves taken at 23°C and 50%min~! (8.310 3sec™!)

of (a) P11 aged at room temperature (whole curve) and (b) zoom; (¢) ZN products Pi; to Py

annealed at 135°C (whole curve) and (d) zoom; (e) MET products Ps; and Pg; annealed at 135°C

(zoom) and (f) zoom. The strain was measured with the crosshead displacement; the gauge length

was 25.4mm. Colour code: see text . . . . . . . . L 119

184



U M O N S m 1 ECOLE
" Université de Mons — 1 ECE,LBYJS)((::;LNJEQSUE

4.133Evolution with the temperature of tgd curves of P;; to Ps; annealed at 135°C and tested at
0.1sec™'; the colour code has been explained; the vertical dotted lines at 25°C or 28°C, 69°C
and 128°C allow to identify on the viscoelastic spectra if the tensile tests carried out at these
temperatures are located before, in the middle or after the crystalline relaxation . . . ... . .. 120
4.134Strain as measured by the camera versus strain rate for P3; sample n°3. Regime I = "elastic",
regime II= accelerated (including max of stress-strain curve), regime III = stabilised ("plateau") 120
4.135Stress-strain curves at 25°C, 69°C and 128°C and 1%min~! (1.67 10~*sec™!) of Ps; annealed at
135°C during 3 days; two samples have been tested at each temperature; the first (maximum)
and second (shoulder) yield are approximately indicated with arrows on the curves at 25°C and
69°C; the second yield can be obtained with good precision by taking the inflexion point . . . . 121
4.136Reduced stress-strain curves of annealed samples: (a) Ps; measured at 25°C, 69°C and 128°C and
0.1%min=1 (1.67 10~ 5sec™ 1), (b) P11 measured at 69°C and the 5 strain rates of table 4.14 and
(c) P11 , P31 and Ps; measured at 69°C and 0.1%min~! (1.67 107 %sec™t) . . . . .. ... .. .. 121
4.137Top: Stress-strain curve (in blue) of annealed Pg; measured at 69°C and 10% /min (1.67 10~ 3sec™!);
from left to right, the left-Y axis corresponds to the stress (in blue) and the right-Y axis corre-
sponds to the strain rate (in grey); the numbers 1, 2 and 3 correspond to the same number on
each picture. Bottom: pictures taken respectively (1) at the maximum of the stress-strain curve,
(2) at the beginning of regime III, (3) at the end of the test; the two latters have been identified

manually . . ..o 122
4.138 A summary of macroscopic failure modes observed during the whole campaign of tests. The small
black spot in the right middle of the stretched white zone on picture (f) isahole . . . . ... .. 123

4.139Evolution in a semi-logarithmic representation of opmax/T" as a function of logé ., presented for
(a) P11, (b) P31 and (c) Ps1 at three temperatures each, together with the type of deformation
mechanism observed at the end of the test, so beyond the second yield; black lines delineating the
different areas for failure mechanisms are a visual support for the eye; see text for the explanation

of the different symbols . . . . . . . . L 125
4.140Evolution in a semi-logarithmic representation of €, as a function of logéq.; (a) P11 at 69°C,
(b) Psy at 25°C (full squares) and 28°C (empty squares), (c) Ps; at 128°C . . . . . . ... .. .. 126

4.141Evolution of oyq, (left Y-axis) and €4, (right Y-axis) as a function of temperature for é = 1.67

107 5sec™! (0.1%/min) and 1.67 10~ *sec™! (1%/min) for the three products (a) Pi1, (b) Ps1, (c)

Ps1; the solid and empty symbols refer respectively to the stress and the strain at the maximum,

as indicated with the arrows . . . . . . ..o L L 127
4.142(a) Calculation by linear regression of the slope and intercept of product P;; measured at 69°C;

(b) illustration of how the activation energy can be obtained from two series of tests carried out

at 25°C and 69°C for Pj; if the deformation mechanisms are considered as identical; I; and I

are the intercepts at respectively T1= 25°C and T5=69°C; the formula to calculate the activation

energy F, is also indicated - see text for detailed explanation . . . . . ... ... ... ... ... 128
4.143(a) Set-up with camera, oven and tensile machine (b) checkerboard for the alignment of the image
capture and (c) sample monitored together with load signal . . . . .. ... ... ... ... ... 136

4.144Monitoring of deformation and width on a P sample tested at 25°C and 5%min ! (or 8.3
10~%sec™!). Red marks span a gauge length of 7.6mm; green marks span a gauge length of 9.5mm 137
5.145Main processes of slip propagation: (a) fine slip; (b) coarse slip; (c) interlamellar slip or shear. n
and c represents the normal to crystal surface and chain axis, respectively [17] . . . ... .. .. 143
5.146 Activation energy F, as a function of the loss factor 6 . . . . . ... ... ... .. ... .. 145
5.147Storage modulus and tg 6 of (a) P11, P12 and Py3 aged of 12 days tested under conditions ®;
(b)Py1 and Py3 annealed during 4 days and tested under @; numbers correspond to local extrema;

pay attention to the different scales - see discussion for more information . . . . . . . . ... ... 147
5.148DSC traces of Pio aged 48 days at ambient temperature: (a) derivate of the heat flow and (b)

heat flow. Numbers indicate local minima, which we call "remarkable points" . . . . . . ... .. 148
5.149(a) WAXS spectrum of Pj1, P12 and P35 aged at ambient temperature; (b) WAXS spectrum of

Pyq to P annealed during 3 days at 135°C. . . . . . . . . . ... 149
5.150(a) tgd as a function of T for P; and (b) Ps; tested under conditions @ . . . . . ... ... ... 150
5.1514 as a function of T for (a) Ps; and (b) Ps; measured at low frequencies - see also tests conditions

@and ® . . .. e 150
5.1529 as a function of T for Pj; to Ps; measured at (a) 10hz and (b) 0.1hz; the arrow indicate the

samples behaving in a quite different way - see also tests conditions ® and ® . . . . . ... ... 151

5.153(a) tgd as a function of T for Pi; to Ps; measured between -130°C and 145°C - see conditions ®);
d as a function of T for Py to Ps; measured at (b) 10hz and (c) 0.1hz - see conditions @ and ®

(take care of the different Y-axis for (a) and (b) - (¢)) . . . . .. .. ... ... 153
5.154Comparison of the curves (temperature, 0) for (a) ZN Pi; to Py and (b) MET Ps; to Ps; products
measured at 0.1hz - see conditions ® and @ . . . . . . ... oL 153
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5.155Comparison of the ZN-MET (temperature, 0) curves: P3; and Ps; measured (a) 1hz, (b) 0.1hz
and (c) 0.01hz - see conditions @ and ® . . . . . . ...
5.156: (a) Four curves § = §(log f) corresponding to four successive temperatures are selected and fitted
with a polynomial order 4*" within the experimental frequency range; the reference temperature
is at the left; (b) the Y-axis ¢ is divided on a series of equal segments (20 in this example) and
for each segment, the shift factor is calculated (c) the slope of the shift factor ar as a function
of 1/T is then obtained for each of the 20 values of §; 6 = 3.5° in this example . . . ... .. ..
5.157P;1: (a) for the curve at 122kJ/mol (empty circles), E, = E,(d) is moreless constant on an
interval ranging from around 3.2° to 4.6°; (b) tgd as a function of temperature in a range of
frequencies and (c) tgd = tgd(logf) in the temperature range where the relaxation is identified -
see test conditions ® . . . ..o L oL
5.158 P31: (a) values of E, as a function of d; (b) two § = 0(T) curves measured at 0.05hz on two
different samples; (c) tgd = tgd(T) curves measured on the whole spectrum of frequencies for
E, = 100kJ/mol - see test conditions ® . . . . . . ... L
5.159PF;: (a) values of E, as a function of §; (b) tgd = tgd(T) curves measured between 0.05hz and
10hz; (c) and (d) tgd = tgd(logf) for the two relaxations of each sample; the dotted curves
surround those affected by relaxation - see test conditions ® . . . . . . . .. .. ... ... ....
5.160Summary of the characteristic times associated to quasi-static (QS) and dynamic (DMTA) tests
carried out in this research, together with the temperature ranges where the activation energies
were calculated . . . . .. oL
5.161From top to bottom and left to right: (a) derivates of DSC traces of Py; and Pz aged 48 days
at ambient temperature; numbers indicated the local minima (remarkable points - (see chapter
3) for more information on the method); (b) zoom of related heat flow; local extrema have been
reproduced on the heat flow . . . . . . . . . . ...
5.162 Py measured at 0.1hz with a ramp temperature of 3°C per min complemented with the derivative
of a separate DSC trace . . . . . . . . . . e
5.163Highlight of resonance peaks due to the equipment: (a) whole frequency spectrum, (b) zoom on
the range 0.05hz-70hz to show the jumps in the curve § = d(logf) and (c) jumps in the curve
§d =06(T) in the range 30hz to 50hz . . . . . . . . . .
5.164Influence of the polynomial order on the calculation of the activation energy at 43°C and 48°C
5.165Influence of the polynomial order on the calculation of the sum of residues for a range of frequen-
cies between 0.05hz and 50hz and 4 temperatures. The lower graphs display the § = §(log f) data
and their fitted curves on the frequency range considered . . . . .. . ... ... ... ... ...
5.166Influence of the polynomial order on the calculation of the sum of residues for a range of frequen-
cies between 0.05hz and 1hz and 4 temperatures. The graphs at the right display the 6 = d(logf)
data and their fitted curves on the frequency range considered . . . . . . . . ... ... L.
5.167Influence of the range of frequency on the calculation of the activation energy at 48°C . . . . . .
5.1681Identification of the causes for the oscillations: (a) combined calculation on 3 or 4 successive
temperatures on 2 different frequency ranges; (b) waves are visible in the fitted curves . . . . . .
5.169(a) Influence of the number of temperatures considered to calculate the shift factor and the
activation energy, (b) and (c) are the corresponding é = §(logf) for respectively 4 and 3 successive
temperatures where the cut in frequency is identified with the dotted line to indicate where the
claculation start . . . . . .. oL oL
5.170Reading of the data . . . . . . . . . . L
5.171Graph of the raw data 6 vs logf (a) without fitted curve and (b) with fitted curve . . . . . . ..
5.172Graph of the raw data: d vs logf . . . . . . . . .
5.173Calculation of activation energy E7' corresponding to d, . . . . . . . . . ...
5.174Activation energy F, as a functionof 6 . . . . ... ... o L
6.175Two possible structures of undeformed polymer (a) for ZN and (b) for MET, with a focus on
mesophase and RAF; only a few chains of MAF have been drawn and not all the stress transmit-
ters and more globally the entangled molecular network have been displayed; the various scales
are not respected, the amorphous and crystalline thickness of ZN (f.i. Pjy) is larger than the one
of MET (Pps1) - see text for more details (credit: Luc Mathieu 2024) . . . . ... ... ... ...
6.176Possible phenomenon of RAF diffusion via the helical jumps/dislocation at the interface with
the crystalline lamellae under the sole thermal agitation; two cases have been represented in this
drawing: on the left hand side, before the chain has diffused into- or after it has diffused from
the crystal phase; on the right hand side, the chain is partially in the crystal phase (reworked
from [40] and figure 6.175) . . . . . . ..
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