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I N T R O D U C T I O N  
For a long time, one of the major issue, and challenge, in the field of material science 

is the understanding of the glass transition phenomenon occurring in glass-forming liquids. 

Upon sufficient fast cooling, any glass-forming liquids vitrify. The molecular motions involved 

during the vitrification display complex behaviors and interactions. In the past, numerous 

models and concepts have been proposed to theorize that intriguing phenomenon. 

Nevertheless, none of them successfully describes the whole aspects. The difficulties lie on 

the temperature, the time and the structure dependence of the relaxation phenomena 

involved. 

With regard to polymer science, various investigations have been done to characterize 

the molecular dynamics as a function of time and temperature. In addition, investigations of 

the molecular dynamics have also focused on the influence of the structure. Especially in the 

past few years, molecular dynamic characterizations have been reported for nano-composite 

polymers, nano-sphere polymers, multilayer polymers, plasticized polymers, and crystallized 

polymers among others. Among them, numerous works and PhD thesis have been achieved 

in the EIRCAP team of the GPM laboratory (former AMME-LECAP laboratory). First of all, 

Mickaël Arnoult† has investigated the molecular dynamics in two different polyesters - 

poly(ethylene terephthalate) (PET) and polylactide (PLA) - in order to focus on the difference 

of intra- and inter-molecular interactions only. Then, Hugues Couderc‡ has investigated the 

influence of the confinement effects of intercalated nano-fillers (montmorillonite) on the 

amorphous phase through poly(ethylene 1,4-cyclohexylenedimethylene terephthalate glycol) 

(PETg) nano-composites. In the same time, influence of the confinement by the crystals has 

been investigated in PLA during the PhD thesis of Nicolas DelpouveⱠ. Another kind of 

confinement has also been investigated on amorphous systems through the PhD thesis of 

Khadidja ArabecheⱢ on multilayer films of polycarbonate/poly(methyl methacrylate) with 

thickness going from micro- to nano-meters. Later, structural anisotropy has also been 

investigated on the PhD thesis of Florian Hamonic∫ by strain induced crystallization of semi-

crystalline and amorphous polyesters: PET and PETg, respectively. 

From those different investigations, the common result is the decreasing of the 

molecular motion due to the geometrical restrictions. The crystals, the intercalated fillers or 
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the nanometric thickness of the multilayer films induce a confinement effects, which disrupt 

the molecular dynamics. Such behavior has also been observed on non-crystalline stretched 

PETg by Florian Hamonic. PETg chains organize in an oriented and constrained structure upon 

drawing, and chains packing constrain their own motions. Therefore, molecular dynamics are 

also disrupted in spite of the non-crystalline nature of the system. In that context, a question 

may arise. Would the structural anisotropy depict the same influence on the molecular 

dynamics when the anisotropy would be induced to the system prior to its crystallization and 

vitrification? From literature, it is well know that flow induced in the melt prior to 

crystallization leads to anisotropic semi-crystalline structures. In addition, the process of 

electrospinning may provide non-crystalline fibers with high orientation of the polymer chains. 

Therefore, how such structures and morphologies could affect the molecular dynamics? In 

addition of the numerous geometrical effects introduced above, is there any influence of the 

crystalline morphology? Is there any influence of the molecular orientation?  

Consequently, molecular dynamics have been investigated on flow induced crystalline 

structures as well as electrospun fibers, which provide crystalline and non-crystalline complex 

polymer systems subjected to structural anisotropy prior to crystallization and vitrification, 

respectively. The entire works have been done by using PLA to assess and dissociate the 

influences of the crystalline morphology and the molecular orientation. For both systems, 

characterizations of the microstructure and the morphology have been carefully done prior to 

the characterizations of the molecular dynamics. The aim of such characterizations has been 

to confirm the structural anisotropy nature induced by the process. Thus, a correct, as well as 

a better, understanding of the molecular motions phenomena have been possible. In that 

regard, a focus has been specially done on a recent commercialized thermal analysis technique 

through wholly amorphous PLA: fast scanning calorimetry (FSC). Funding by the region 

Normandy for the ACDC project, this technique allows the characterization of microstructures 

and molecular dynamics at the micro-scale, namely the typical length-scale of the systems 

investigated in this study, which was impossible in the past. The work and the results have 

been structured as follow: 

 The first chapter introduces the glass transition phenomenon. The properties of the 

glass-forming liquids are discussed as well as the different theories and concepts 

related. They allow to understand and interpret the molecular dynamics as well as the 
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relaxation phenomena involved in the glass-forming liquids and the glassy state. Focus 

is also done on the specificities of polymer glasses. Subsequently, crystallization of 

polymers are depicted to highlight the environmental and the structural influences on 

the molecular dynamics of the amorphous phase. Finally, influences of the structure 

and confinement effects on the molecular dynamics of various polymeric systems are 

detailed. In this way, structural anisotropy is displayed in order to precisely justify the 

motivation of this work. 

 The second chapter presents the materials used as well as the experimental set-up - 

flow induced crystallization and electrospinning - in order to investigate the influence 

of the structural anisotropy on the molecular dynamics of the amorphous phase. The 

characterization methods used in this work are also briefly described. 

 The third chapter of this work focuses on the glass transition and the physical aging of 

wholly amorphous PLA through differential scanning calorimetry (DSC) and FSC. Both 

techniques are compared in order to highlight the respective benefits and drawbacks 

of FSC. The aim of those investigations is to understand the influence of the scanning 

rates, and the sample geometries, on the glass transition as well as the kinetics of the 

physical aging. Molecular dynamics have been used by means of FSC in order to 

investigate the influence of the structural anisotropy on the amorphous phase of the 

flow induced crystalline structures in the following chapter. Consequently, this section 

highlights the interests of the FSC and shows some perspectives opened by this new 

technique on complex polymer systems. 

 The fourth chapter of this work deals with the influence of the structural anisotropy 

induced during the processing on semi-crystalline systems: flow induced 

crystallization. Special attention have been done on the characterization of the semi-

crystalline morphology as well as the thermal and microstructural properties through 

polarized optical microscope, scanning electronic microscope and obviously FSC. 

Molecular dynamics have been characterized at the glass transition through the 

approach of Donth, as well as in the glassy state, through the phenomenon of 

structural relaxation. 
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 The last chapter approaches the influence of the structural anisotropy induced during 

the processing on non-crystalline systems: electrospinning. Special attention have 

been done on the characterization of the macromolecular organization prior to 

characterize the molecular dynamics. An interpretation is given to highlight the role of 

the weak inter-molecular interactions. 

This research work, financially supported by the Normandy Region (FRANCE), was 

conducted at the “Groupe Physique des Matériaux” (GPM - UMR CNRS 6634) from the 

University of Rouen Normandy. In order to achieve electrospinning and flow induced 

crystallization, collaborations with Pr. P. E. Mallon from the University of Stellenbosch (South 

Africa) and Dr. L. Fernandez-Ballester from the University of Nebraska-Lincoln (USA) have been 

fruitful. 

  

 

† Mickaël Arnoult: ‘’Contribution à l’étude des dynamiques moléculaires associées aux cinétiques de relaxation 
sous contrainte dans les polymères semicristallins : étude expérimentale et simulation numérique’’. 2007 

‡ Hugues Couderc: “Nanocomposites : polyester amorphe-montmorillonite. Influence des nanoparticules sur les 
dynamiques des relaxations moléculaires”. 2008 

Ⱡ Nicolas Delpouve: ‘’ Etude de la microstructure et des phénomènes de relaxation dans un biopolyester: le 
poly(acide lactique)’’. 2009 

Ɫ Khadidja Arabeche: ‘’Etude de la mobilité moléculaire dans des systèmes amorphes complexes: multicouches 
de polycarbonate de bisphenol A (PC)/Polyméthacrylate de méthyle (PMMA) de l’échelle microscopique à l’échelle 
nanoscopique’’. 2011 

∫ Florian Hamonic: ‘’Etude de la mobilité moléculaire dans des polyesters synthétiques : mise en évidence de 
l’anisotropie’’. 2012 
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This first chapter introduces the glass transition phenomenon. To begin with, the 

properties of the glass-forming liquids are discussed. Then, different theories and concept are 

also presented in order to understand and interpret the molecular dynamics as well as the 

relaxation phenomena involved in the glass-forming liquids and the glassy state. Focus is also 

done on the specificities of polymer glasses. Subsequently, crystallization of polymers are 

depicted to highlight the environmental and the structural influences on the molecular 

dynamics of the amorphous phase. Finally, structural anisotropy is displayed in order to justify 

the motivation of this work. 
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S T A T E  O F  T H E  A R T  

I.1 Glass transition and glassy state 

Glasses are disordered materials. They display short-range ordering over only few 

molecular dimensions. Thus, at the molecular scale they present a liquid-like structure. 

Nevertheless, even if they lack the periodicity of crystals, they mechanically behave like solids. 

Conventionally, it is expected that any liquids are able to form glasses if the cooling rate 

applied is sufficient to avoid crystallization of the material, among the numerous ways to 

vitrify [1]. Called glass-forming liquids, those materials exhibit very different chemical nature. 

They include oxides [2][3], chalcogenides [4][5][6], halides [7][8], ionic liquids [9][10], organic 

compounds [11][12][13], polymers [14][15][16], metal alloys [17][18][19] as well as metal-

metalloid alloys [20]. The cooling rate applied to achieve a glass is then nature-specific [21]. 

Independently of their natures, when any glass-forming liquid is cooled down fast enough, its 

viscosity η increases and reaches a value close to 1012 Pa.s at a temperature which defines the 

well-known glass transition temperature Tg. The formation of the glassy state is the resulting 

effect of the impossibility of the liquid to equilibrate in the available time imposed by the 

cooling rate. The viscosity upon cooling being too significant the molecular motion is stopped. 

This dynamic phenomenon is the so-called α-relaxation. As a consequence, going through the 

glass transition, the thermodynamic properties (volume, enthalpy, entropy…) of the glass 

formed go out of equilibrium. A glass is then a non-equilibrium state. 

 Figure I.1.1: Schematic illustration of the temperature dependence of the thermodynamic properties (volume, 
enthalpy or entropy) of a glass-forming liquid. TK: Kauzmann’s temperature. Tg: glass transition temperature. Tm: 
melting temperature. ΔSc: configurational entropy ΔSc = Sliquid - Scrystal. Dotted line: thermodynamic equilibrium. 
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S T A T E  O F  T H E  A R T  

Figure I.1.1 depicts the variation of volume, enthalpy or entropy as a function of 

temperature leading to the formation of an amorphous solid, namely a glass. If the glass-

forming liquid is sensitive to crystallization, the thermodynamic properties of the crystalline 

state, slowly increase upon heating (green line). At the melting temperature Tm an abrupt 

discontinuity of the thermodynamic properties turn crystals into liquid state through a first-

order transition (green line). At high temperature in the liquid state, the glass-forming liquid 

is in equilibrium. The viscosity is low (around 10-1 Pa.s) and the molecular motion is high. Then, 

upon sufficient cooling rate to prevent crystallization, the system is in a metastable state 

below the melting temperature: the liquid-like state. The liquid-like state follows the general 

trend of the liquid state (blue line). Upon cooling, the viscosity increases and the molecular 

motion decreases. The thermodynamic properties gradually decrease up to change in slope at 

the glass transition where the glass-forming liquid vitrifies (cyan line) [22][23]. The resulting 

material is a glass. In contrast to melting, the vitrification occurs over a relative wide 

temperature interval [21]. The intersection of the liquid and glassy lines of the thermodynamic 

properties vs. temperature curve defines the glass transition temperature Tg (another 

common definition of Tg). 

It is worth mentioning that the glass transition phenomenon, from a physical point of 

view, prevents from the Kauzmann’s paradox [24]. Indeed, as pointed out by Kauzmann, the 

heat capacity, at constant pressure, of the liquid is higher than solid, namely the crystals. Thus, 

decrease of the temperature leads the liquid to decrease its entropy faster than the enthalpy 

of the crystals. However, if the material is sensitive to crystallization, the entropy of the 

equilibrium liquid Sliquid would be equal to the entropy of the crystals Scrytsal at a temperature 

TK, termed Kauzmann’s temperature. Besides, a further decrease of temperature would lead 

to ΔSc < 0 (dashed line). Such inequality is a violation of the third law of thermodynamics [25]. 

This context refers to the Kauzmann’s paradox, and allows to illustrate the origin of the glass 

transition phenomenon. 

As explained above, the vitrification results from the impossibility of the liquid to 

equilibrate in the available time imposed upon cooling. However, the cooling rate βc is defined 

as the first derivative of the temperature T by time t: 
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S T A T E  O F  T H E  A R T  

βc = 
dT

dt
  

By assuming the cooling as a series of temperature steps, it gives information on the 

time t spent at each temperature T: 

t = 
T

βc

 

Consequently, higher the cooling rate, shorter the time spent at each temperature. In 

the same way, lower the cooling rate, longer the time spent at each temperature. This 

interpretation allows to introduce the notion of relaxation time τ, namely the time required 

by the system to recover equilibrium after external perturbations (thermic, mechanic, 

electric…) [21]. Therefore, upon cooling the liquid falls out of equilibrium when the time spent 

at each temperature becomes smaller than the relaxation time. The system does not succeed 

to remain in equilibrium by lack of time. This phenomenon shows the temperature 

dependence of the relaxation time. Even more, it highlights the significant and intriguing 

interest of the glass transition phenomenon, which is based on the fact that various glass-

forming liquids of different chemical nature involving ionic interactions, van der Waals forces, 

hydrogen bonds, covalent bonds or metallic bonds, share that particular common property, 

among others as quoted above (liquid-like structure, solid-like mechanic behavior…).  

Due to the temperature dependence, the vitrification can be more or less delayed by 

using lower cooling rates. If the cooling rate is too high, the rearrangement of the molecules 

will be low and the molecules will “freeze” more quickly. If the cooling rate is low, the 

rearrangement of the molecules will be facilitate and the molecules will “freeze” less rapidly. 

As depicted in Figure I.1.2, the glass transition temperature is cooling rate dependent. Fast 

cooling rate will lead to high glass transition temperature values, when slow cooling rate will 

provide low glass transition temperature values. This dependence with the applied cooling 

rate has been widely observed through experiments [26][27][28] and finally brings out the 

kinetic nature of the glass transition, namely its frequency dependence. 

(I.1.1) 

(I.1.2) 
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Figure I.1.2: Schematic illustration of the temperature dependence of the thermodynamic properties (volume, 
enthalpy or entropy) of a glass-forming liquid upon three different cooling rates: βc1 > βc2 > βc3. Tg1, Tg2 and Tg3 
are the respective glass transition temperatures. 

I.2 Non-exhaustive phenomenology of the glass transition 

For the last century, numerous theories, models or approaches have been established 

to explain the fundamental nature of the glass transition in glass-forming liquids. It is worth 

mentioning that most of the concepts used nowadays originate from the sixties (defect-

diffusion approaches [29], free-volume model [30][31], configurational-entropy theory 

[32][33]) up to eighties (energy-landscape picture [34], mode-coupling theory [35][36], 

random first-order transition theory [37][38], concept of kinetic constraints [39][40], 

geometric frustration concept [41][42]). The validity of those different theoretical 

descriptions have been widely discussed and reviewed [1][21][43][44][45][46]. However, the 

glass transition phenomenon remains unsolved. Indeed, none of the various models describes 

successfully all the aspects of that phenomenon briefly introduced in the previous section. 

Nevertheless, two concepts are briefly approached, as they are used in this work for 

interpretations: free-volume model [30][31] and configurational-entropy theory [32][33]. 

I.2.1 Free-volume model 

Historically, Eyring and coworkers were the first to highlight the importance of volume 

in the glass-forming liquids in 1941 [47]. They suggested that lower the viscosity of the liquid, 

higher the number of holes present in the liquid. 
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In that assumption, Cohen and Turnbull [30][31] have argued that redistribution of 

free volume in viscous liquids occurs without any expense of local energy and that molecular 

motions is related to the mobility of voids having a volume large enough to hold a molecule 

through the redistribution of free volume. In viscous liquids, a molecule is surrounded by 

neighbors, which define a “cage”. In that cage, the volume exceeding the volume taken by the 

molecule is then defined as local free volume vf. Thus, molecules need free volume in their 

vicinity to rearrange. However, as viscosity increases as temperature cools down, less free 

volume is available to rearrange molecules. This leads to an expression of the viscosity, also 

known as the Doolittle equation [48]: 

η(T) = A.exp(
B

vf(T)
) 

where A and B are fitting parameters. This decrease of free volume upon cooling explains the 

slowing down of the molecular motions towards glass transition. Consequently, the free 

volume model can be used to describe the temperature dependence of relaxation processes. 

However, the free volume concept rests on hard-sphere picture in which thermal activation 

does not play a role. Therefore, the concept can be criticized as it does not take into account 

the role of all thermodynamic aspects, such as entropy. 

I.2.2 Configurational-entropy theory 

The configurational-entropy theory is based on the idea that slowing down of the 

relaxation time with decreasing temperature towards glass transition is associated to the 

decline of available configurations related to configurational entropy ΔSc [49]. Thus, Adam and 

Gibbs suggested in 1965 that relaxation processes involved in glass-forming liquids upon 

cooling take place through cooperative rearrangements of molecular groups [33]. In other 

words, the motion of such groups are only possible if a given number of neighboring molecular 

groups are also in motion. They argued that the number of molecular groups involved in those 

cooperative rearrangements increases as the temperature decreases. In addition, the size of 

the so-called cooperative rearranging region (CRR), are defined as the smallest region which 

can be subjected to a new configuration without requiring any simultaneous configurational 

change on and outside its limit. Those subsystems are assumed to relax independently of the 

others. 

  (I.2.1) 
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The CRR size increases as temperature decreases, namely the configurational ΔSc entropy 

decreases. Consequently, by assuming that the energy barrier to overcome in order to relax is 

proportional to the size of the region, the temperature dependence of the relaxation times τ 

of glass-forming liquids approaching the glass transition is then described by the following 

equation: 

τ(T) = τ0.exp(
C

T∆Sc(T)
) 

where τ0 and C are constants. 

As for the free volume model, criticisms may also arise. Especially, one major criticism 

comes from the configurational entropy definition. It is based on the fact that the glass has 

the same “fast” contribution to the entropy than the crystal at the same temperature. Though, 

as pointed out by Goldstein, this assumption is not always realistic because the glass may have 

significant contributions to the “fast” specific heat from anharmonic vibrations (no periodic 

motions) and secondary relaxations, not present in the crystal [50]. 

I.3 Molecular dynamics and relaxation phenomena: from 

glass-forming liquids to glassy polymers 

In the previous sections, we have highlighted the temperature dependence of the 

relaxation time of glass-forming liquids upon cooling. The molecular motions are impeded as 

approaching the glassy state, resulting in the glass transition phenomenon. Combined to the 

temperature dependence, the frequency dependence of the vitrification has also been 

evidenced through the cooling rate dependence. In addition, few models attempting to 

describe this phenomenon have been approached. However, the molecular dynamics and the 

relaxation phenomena bring complexity to theorize this intriguing phenomenon. 

I.3.1 Glass-forming liquid in general 

The slowing down of the molecular motions extends the relaxation times from 

picoseconds in the liquid state to almost one hundred seconds at the glass transition. It 

becomes longer and longer as the deep glassy state is reached. Such molecular dynamics are 

related to the main relaxation process, the α-relaxation, and are characterized by an Arrhenius 

  (I.2.2) 
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to a non-Arrhenius behavior of the relaxation times when reaching the glass transition [51]. 

Even if the glass formed looks ‘’frozen’’ on the laboratory time scale, molecular motions still 

exist below the glass transition. Indeed, α-relaxation processes become significantly slow and 

longer than the experimental observation time scale. Such motions are believed to take place 

in the form of a rearrangement of molecules defined as “relaxing unit”, “quasi-independent 

unit”, “thermokinetic structure”, “molecular domain”, “dynamically correlated domain” or 

“cooperative rearranging region” according to the numerous model previously introduced.  

In addition, fast local motions take place at different scales and are dimly dependent 

of the environment. They are characterized by an Arrhenius behavior [51]. Motions related to 

δ,ϒ-relaxations have to be distinguished from β-relaxations. The first ones display very short 

relaxation times. Such motions come out from vibrations or rotations of atoms or molecules. 

In contrast, the last one is also affected by local motions. However, its contribution to the 

cooperative rearrangement still remains under debates in literature [52][53]. 

I.3.2 Glassy polymers in particular 

In addition to the generalities approached in the previous section with regard to glass 

forming-liquids in general, glassy polymers display specific properties. Due to the extremely 

long macromolecular chains, the complex molecular architecture results in disorder and 

entanglement involving inter- or intra-molecular interactions. More specially, chain motions 

may be influenced by chain flexibility, steric hindrance, polarity, geometric factors, molecular 

weight, crosslinking or crystallization. Therefore, the molecular motions and the relaxation 

may arise from various interactions: 

 covalent bonds along the main macromolecular chains are strong bonds setting 

the configuration of the system. The energy of such bond is around 300 kJ.mol-1. 

 weak bonds lead to cohesion of the system. They are about 10 to 100 less energy. 

Interactions related to electronegativity differences such as hydrogen bonds 

have to be distinguished from the Van der Waals interactions. 

It is then possible to differentiate two other kinds of molecular motions: one related 

to the movement of long macromolecular chain segments and another one associated to the 

local motions of molecules or groups of molecules within the macromolecular chain. 
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I.3.3 From Arrhenius to non-Arrhenius temperature dependence 

Despite the numerous concepts and theories proposed, the combination of relaxation 

phenomena still remains challenging in order to understand the molecular dynamics in glass-

forming liquids. One of the most challenging is the explanation of the Arrhenius to non-

Arrhenius temperature dependence of the α-relaxation as approaching the glass transition. 

Experimentally, complementary techniques have been used to study and assess the 

relaxations of glass-forming liquids either above or below the glass transition: differential 

scanning calorimetry (DSC), modulated temperature differential scanning calorimetry (MT-

DSC), fast scanning calorimetry (FSC), dynamic mechanical analysis (DMA), broadband 

dielectric spectroscopy (BDS), nuclear magnetic resonance (NMR) spectroscopy, positron 

annihilation lifetime spectroscopy (PALS), neutron scattering (NS) among others. Through a 

wide range of frequencies (rate and time of solicitations), they allow to investigate the 

temperature dependence of the relaxation time and the molecular dynamics as schematically 

represented in Figure I.3.1. 

Figure I.3.1: Schematic illustration of the temperature dependence of the α,β,ϒ,δ-relaxation processes of a glass-
forming liquid upon cooling. Tc corresponds to the cross-over temperature where α- and β-relaxations merge. Tg 
is the glass transition temperature where relaxation times reach hundred seconds. TK defines the Kauzmann’s 
temperature. 

From very high temperatures to the so-called cross-over temperature Tc [54], the 

relaxation times related to α,β,ϒ,δ-relaxation processes of a glass-forming liquid upon cooling 

exhibits an Arrhenius temperature dependence: 
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τ(T) = τ∞.exp(
Ea

kBT
) 

with τ the relaxation time at infinite temperature, Ea the activation energy and kB the 

Boltzmann constant (kB = 1.38 10-23 J.K-1). The relaxation processes are spatially homogeneous. 

The activation energy is related to the energy needed to overcome the barrier leading to 

molecular motions. Thus, the motions associated to δ- and ϒ-relaxations display low activation 

energies due to their localized nature. With regard to β- and α-relaxations, their activation 

energies merge together. The nature of such relaxation still remains unclear, but present 

higher energy activations. However, while the temperature reaches the cross-over 

temperature Tc a distinction can be made: the β-relaxation still describes an Arrhenius 

behavior whereas it vanishes with regard to the α-relaxation. At the cross-over temperature, 

the α-relaxation becomes cooperative, as introduced by the theory of Adam and Gibbs. The 

feature slowing down of glass-forming liquid between Tc and TK highlights the non-Arrhenius 

behavior, also termed super-Arrhenius behavior, of the α-relaxation. This deviation from the 

Arrhenius behavior is well described by the empirical Vogel-Fulcher-Tamman (VFT) equation 

[55][56]: 

τα(T) = τ.exp(
A

T - TV
) 

where τ is the relaxation time at infinite temperature, A is a fitting parameter and TV is a 

characteristic temperature below Tg, the so-called Vogel temperature. TV is a hypothetical 

thermodynamic temperature where cooperative rearrangement are assumed to be almost 

non-existent. Finally, as the temperature decreases and digresses from Tc, the cooperative 

rearrangements increase through bigger and bigger CRR. 

Any glass-forming liquids exhibit the temperature dependence of their relaxation 

times. However, according to their chemical nature or their structures, glass-forming liquids 

can display a deviation more or less pronounced from the Arrhenius to the non-Arrhenius 

behavior. In that purpose, Angell introduced the notion of fragility in order to classify the 

degree of departure from the Arrhenius behavior [57][58]. Such a parameter estimates the 

dynamic properties of a glass-forming liquid and the changes in its molecular motion as 

approaching the glass transition. In other words, it characterizes the steepness of the 

  (I.3.1) 

  (I.3.2) 
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temperature variation of viscosity or relaxation time towards glass transition, as highlighted 

so far. Thus, the fragility index m is expressed as follow:  

m = [
d( log τ )

d (
Tg

T )
]

T= Tg

 

in which τ is the relaxation time, T the temperature and Tg the glass transition temperature. 

Through the value of m, the glass-forming liquids are then classified into “strong” or fragile” 

category. Strong liquids display low value of m, when fragile liquids depict high value of m 

(16 ≤ m ≤ 200). Strong liquids behave nearly in Arrhenius fashion, whereas fragile liquids show 

marked deviation from Arrhenius behavior as depicted by the Angell’s plot in Figure I.3.2.  

Figure I.3.2: Angell’s plot showing the variations of relaxation time τ, or viscosity η, as a function of normalized 
temperature Tg/T. It defines the two main classes of glass-forming liquids from strong liquids (Arrhenius behavior: 
blue line) to fragile liquids (VFT behavior: green line). Glass-forming liquids with intermediate values of fragility 
index m are also display (cyan lines). Steepness at Tg for the strong and fragile liquid are also presented with m 
value of 16 and 200, respectively (orange dashed lines). 

  

  (I.3.3) 
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I.3.4 The approach of Donth 

In addition to the empirical VFT equation and the Angell’s fragility concept, which allow 

to characterize the Arrhenius to non-Arrhenius behavior of the α-relaxation process, 

numerous approaches [59][60][61][62] also exist in order to estimate the size or the number 

of structural units involved in the cooperative rearrangements, the so-called CRR. One of the 

most popular is the approach of Donth [63][64]. This approach is based on the theory of Adam 

and Gibbs: the configurational-entropy theory introduced in the section I.2.2. As explained, a 

CRR is an independent and distinguishable subsystem with these own thermodynamic 

fluctuations: relaxation time, relaxation temperature, glass transition temperature. Therefore, 

going through the glass transition, the glass-forming liquid displays a broad distribution of 

relaxation times τα as well as a broad distribution of dynamic glass transition temperatures Tgα 

related to each CRR. From this postulate, Donth associates the fluctuating time of the 

molecular motions related to their relaxation times with the fluctuating temperature. In this 

way, this thermodynamic approach relates the CRR, or cooperativity length ξTα, to the dynamic 

heterogeneity deduced from the temperature fluctuation associated with the glass transition. 

It provides a picture of the relaxation time at the glass transition which is directly observable 

through calorimetric measurements, either from DSC or MT-DSC. The cooperativity volume 

ξTα
3 at the average dynamic glass transition temperature Tα can be then estimated from the 

following equation:  

ξTα 
3 = 

(1 Cp)⁄
Glass

- (1 Cp)⁄
Liquid

ρ(δT)2 kBTα
2  

with kB the Boltzmann constant, δT the average temperature fluctuation related to the 

dynamic glass transition of a CRR, ρ the density of the relaxing system, and Cp the heat capacity 

at constant pressure. 

In the last two decades, the approach of Donth has been widely used in order to 

estimate the cooperativity length at the glass transition in various glass-forming liquids such 

as chalcogenied glasses [65], organic compound glasses [66][67] or polymer glasses [68][69] 

among others. With regard to polymer science, two causes for cooperativity changes have 

been observed so far. The first relates to changes in thermodynamic variables such as 

  (I.3.4) 



 

19 
 

S T A T E  O F  T H E  A R T  

temperature, and the second to structural modifications of the material. In the first case, it is 

well known that the cooperativity length increases when the temperature decreases from the 

crossover temperature, for which the cooperativity arises, to the glass transition temperature. 

It is the behavior described in Figure I.3.1. In the second case, the approach of Donth has 

widely been used to investigate the decrease of cooperativity for two kinds of structural 

hindrances namely external and internal hindrances. External hindrances are related to 

geometrical restrictions like the confinement between nanolayers [70][71] or the addition of 

additives such as fillers [72] or plasticizer [73]. On the other hand, internal hindrances are 

related to the material itself, in other words its microstructural modifications such as 

spherulitic crystallization [74][75][76] or orientation/crystallization of the amorphous phase 

induced by drawing  [77][78][79]. In literature, it is now assumed that the cooperativity length 

is correlated with the nature and the number of inter-chain interactions. In regard to this 

hypothesis, the decrease of the cooperativity length related to structural hindrances could be 

interpreted as the consequence of inter-chain bond breaking. 

I.4 Structural relaxation in the glassy state 

In the previous sections, we have highlighted the temperature dependence of the α-

relaxation process in glass-forming liquids through the Arrhenius to the non-Arrhenius 

behavior, as well as the increase of the cooperative rearrangement sizes involved, upon 

cooling. However, while approaching the glass transition - and below - another phenomenon 

takes place: the structural relaxation. 

I.4.1 Concept of physical aging 

Such phenomenon is clearly visible through the concept of physical aging 

[23][80][81][82]. Indeed, even if a glass looks “frozen” on the laboratory time scale, molecular 

motions still exist below the glass transition temperature. Therefore, if a glass-forming liquids 

is hold below its respective glass transition temperature, the thermodynamic properties of 

the system will slowly evolve towards equilibrium, as depicted in Figure I.4.1.A. The glass looks 

for decreasing its excess of thermodynamic properties without leading to crystallization. A 

lower energetic state is reached while maintaining a disordered state. 
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In the recent years, understanding of the glassy state nature, and its physical aging, 

still supports the focus of many researchers on a variety of glass-forming liquids such as 

metallic glasses [83], small organic glasses [13], chalcogenide glasses [84], colloidal glasses 

[85][86] or polymer glasses [87][88]. Investigations of physical aging is a major issue in order 

to understand the structural relaxation processes on the physical properties evolution. From 

the free-volume model presented in section I.2.1, it has been proposed from various 

investigations that the driving forces of the physical aging, leading to the decrease of the 

thermodynamic properties towards equilibrium are related to a free volume hole diffusion 

towards surfaces [89][90][91][92]. Those surfaces may be the external ones of the system or 

the internal ones tied to the creation of low density regions induced by the cooling rate. 

Therefore, through structural relaxation, molecular motions can be investigated. 

Figure I.4.1: Schematic illustration of the temperature dependence of the enthalpy of a glass-forming liquid upon 
physical aging (A) and the respective DSC heat flows of the rejuvenated and the aged scans as a function of 
temperature (B). Cyan and green lines represent the rejuvenated and the aged scans, respectively. The blue 
dashed line depicts the thermodynamic equilibrium. Tg: glass transition temperature. Tag: aging temperature. tag: 
aging time. Tf: fictive temperature (concept introduced below). 

The kinetics of physical aging can be investigated by means of calorimetric 

investigations. In figure I.4.1.A, the lower energetic state reached delays the recovery to the 

liquid-like state upon subsequent heating (orange hatched area). Thus, when held 

isothermally below the glass transition temperature, the subsequent heating will display a 

peak superimposed to the glass transition by DSC or FSC. The delay leads, in figure I.4.1.B, to 

a peak (the overshoot) which is related to the enthalpy recovery and gives insight on the 

excess of energy released upon aging for an aging duration. Usually, enthalpy recovery of a 
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glass, aged at a temperature Tag during a time tag, is calculated by integrating the difference 

between the scans of aged and rejuvenated sample, according to the following equation [80]:  

∆H(Tag, tag) = ∫ [Cp
a(T) - Cp

r (T)].dT
T2

T1

 

in which Cp
a(T) and Cp

r (T) are the heat capacity of the aged and the rejuvenated sample, 

respectively, and T1 and T2 are arbitrary temperatures below and above the glass transition 

temperature Tg, respectively. For an infinite time, it is believed that equilibrium is reached. 

The expected total enthalpy loss ΔH extrapolated from the equilibrium melt depends on the 

aging temperature Tag, as well as the glass transition temperature Tg and the heat capacity 

step ΔCp of the sample, as depicted from the following relation:  

∆H∞ = ∆Cp.(Tg - Tag) 

I.4.2 Concept of fictive temperature 

The phenomenon of structural relaxation can also be depicted through the concept of 

fictive temperature Tf, as depicted in Figure I.4.1.A. This concept has been introduced by Tool 

in 1931 [93]. It allows to characterize the non-equilibrium state related to the vitrification. 

Tool defines Tf as the temperature at which any properties, related to the structural 

relaxation, are at the equilibrium state. As presented in Figure I.4.1.A, Tf is measured when 

the thermodynamic properties, here the enthalpy, intercept the thermodynamic equilibrium. 

Thus, by measuring the fictive temperature as a function of aging time, kinetics of the 

structural relaxation can be investigated. When the fictive temperature measured reaches the 

aging temperature value, the thermodynamic equilibrium is reached: Tf = Tag. 

The concept of fictive temperature is also used in order to investigate the kinetic 

nature of the glass transition through the cooling rate dependence of the glass-forming 

liquids, introduced in section I.1. The resulting kinetic effects are observed upon heating from 

the glassy state to the liquid-like state, as the response upon heating depends on the previous 

thermal history of the material, as shown in Figure I.4.2. Figure I.4.2 displays the enthalpy 

response observed upon heating after cooling the glass-forming liquids at different rates. 

Firstly, a glass has been formed at βc1. Then, by heating at the same rate lβc1l = βh1, the 

  (I.4.1) 

  (I.4.2) 
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enthalpy recovers the equilibrium in the liquid-like state on the same line. Secondly, a glass 

has been formed at βc2 lower than βc1. Thus, the glass transition temperature depicts a lower 

value. Then, by heating the glass formed at a scanning rate βh1 higher than the cooling rate, 

the enthalpy recovers the equilibrium in the liquid-like state on a different line (green line). 

The glassy state presents a lower molecular motion upon heating. Therefore, the recovery is 

delayed due to the structural relaxation leading to overshoot (orange hatched area). Higher 

the difference between the cooling and the heating rates, higher the magnitude of the 

overshoot. As for physical aging, the resulting effect of structural relaxation related to the 

difference between the cooling and the heating rates is a peak superimposed to the glass 

transition upon heating when investigated by DSC or FSC. From calorimetric investigations, 

the fictive temperature Tf is measured using the Moynihan’s equation [94]:  

∫ (Cp,liquid - Cp,glass).dT
Tf

T1

= ∫ (Cp - Cp,glass).dT
T2

T1

 

in which T1 and T2 are arbitrary temperatures well above and well below the glass transition, 

respectively. Cp is the heat capacity of the sample at constant pressure, when Cp,liquid and Cp,glass 

are the extrapolated liquid and glassy heat capacity lines of the sample, respectively. 

Figure I.4.2: Schematic illustration of the temperature dependence of the enthalpy by cooling down a glass-
forming liquid at two different rates βc1 and βc2, and then heating up at the same rate βh1. When the cooling and 
heating rates are different an overshoot (orange hatched area) is observed. The recovery towards equilibrium is 
delayed (green curve). The blue dashed line depicts the thermodynamic equilibrium. Tg: glass transition 
temperature. Tf: fictive temperature. 

  (I.4.3) 
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I.4.3 Non-exponential behavior of the relaxation times 

Below the glass transition, the phenomenon of structural relaxation takes place, as 

highlighted above. The kinetics of structural recovery have been well formulated through the 

Tool-Narayanaswamy-Moynihan (TNM) [94] or Kovacs-Aklonis-Hutchinson-Ramos (KAHR) 

[95] models. In addition of the temperature dependence depicted in the previous sections, 

these models also bring out the structure dependence of the relaxation time.  

A common representation of the temperature and structure dependence for the 

relaxation time relies on the Tool’s concept of fictive temperature Tf introduced in the 

previous sections I.4.2 [96]:  

τ(T, Tf) = τ0.exp(
x.∆h*

R.T
 + 

(1 - x).∆h*

R.Tf
) 

where τ0 is the relaxation time in equilibrium at an infinitely high temperature, T the 

temperature, Δh* the activation energy of the relaxation phenomena and x a constant of the 

material (0 ≤ x ≤ 1) defining the relative contributions of temperature and structure to the 

relaxation time. The equation shows the non-linearity of the relaxation time, as already 

observed from the Arrhenius to non-Arrhenius behavior of the α-relaxation. However, from 

the configurational-entropy theory, each CRR has its own relaxation time. Thus, a broad 

distribution of relaxation times τ exists, and is well described through a stretched exponential 

function φ, also known as Kohlraush-Williams-Watt (KWW) function [97]: 

φ(t) = exp(-(t/τ)β) 

with β the stretch exponent (0 ≤ β ≤ 1) defining the distribution of the relaxation times. It is 

inversely proportional to the width of a corresponding distribution of relaxation times. 

Therefore, in addition of the non-linearity as a function of temperature, the relaxation times 

also depict a non-exponential behavior as a function of time upon isothermal.  

 

 

  (I.4.4) 

  (I.4.5) 
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I.5 Crystallization of polymers  

As introduced in this chapter, the phenomenon of crystallization can also occurs in 

glass-forming liquids, in addition of vitrification. Therefore, this section focuses on the 

different aspects of crystallization with regard to polymers. 

I.5.1 From conventional to unconventional crystallizations 

The Lauritzen-Hoffman concept based on the nucleation theory leading to the 

formation of stable crystal nuclei which then are followed by their own growth is widely 

accepted to describe the crystallization phenomenon of polymers [98][99][100][101]. Thus, 

when polymers crystallize, macromolecular chains that initially are in 3D random coil 

conformations turn into crystalline lamellae with a thickness of the order of tens of 

nanometers. Those crystalline lamellae are alternately separated by amorphous regions with 

some chain folding which can connect them together. One possible representation in two 

dimensions is depicted in Figure I.5.1. The polymers pass from one disordered state to a 

partially ordered state between crystalline and amorphous regions. Therefore, following their 

crystallization, polymers are always semi-crystalline. 

Figure I.5.1: Schematic illustration of the crystalline lamellae and the amorphous regions competition arising 
from quiescent crystallization. Blue lines: macromolecular chains. Green area: amorphous regions. Cyan area: 
crystalline lamellae. 
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Semi-crystalline polymers can be obtained by either conventional or unconventional 

crystallization pathways. Crystallization is conventional when the process is only thermally 

activated (quiescent crystallization), whether performed upon cooling from the melt or upon 

heating from the glassy state to a given temperature [102][103][104]. Quiescent 

crystallization is also possible in the presence of nucleating agents, which allow tailoring 

crystal morphology and lamellae orientation [105]. Under conventional crystallization, 

crystalline lamellae are organized into three dimensional superstructures, the so-called 

spherulites. The growth direction is always corresponding to a crystallographic direction and 

oriented radially. Upon polarized optical microscopy, spherulites display a cross-shaped 

extinction, the so-called Maltese cross, as observed in Figure I.5.2. 

Figure I.5.2: Polarized optical microscope picture of polylactide spherulites crystallized at 130 °C after 200 min. 
(A) Raw picture. (B) Thresholded picture in order to highlight the Maltese-cross (green area). 

Unconventional crystallization emerges from specific conditions, such as memory 

effect [106], cross-nucleation [107][108] or thermo-mechanical history [109][110]. Memory 

effect arises from melt domain with residual order from previous crystallites or entangled 

polymer chains that remain above the melting temperature. Therefore, the melt displays a 

kind of “memory” that will affect a subsequent crystallization. Cross-nucleation arises from 

the heterogeneous nucleation of one polymorph by another without requiring a polymorphic 

transformation. Finally, thermo-mechanical history can lead to strain induced crystallization 

(stress induced above the glass transition temperature) or flow induced crystallization (stress 

induced above the melting temperature). 
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I.5.2 Crystallization vs. vitrification 

Semi-crystalline polymers come out from a competition between crystallization and 

vitrification. The result is the formation of nano-phasic structures [111]. For decades now, 

most semi-crystalline polymers are described in the literature by a three-phase model 

[112][113][114][115]. Between the crystalline and the amorphous phases, an incomplete 

decoupling may exist that defines an additional fraction [116][117]. Such a fraction is due to 

the fact that polymer chains are much longer than the typical dimensions of polymer crystal 

[118][119]. This fraction has been called the rigid amorphous fraction (RAF) and is commonly 

defined by opposition to the unconstrained amorphous phase, the mobile amorphous fraction 

(MAF), as its mobility is drastically restricted because of the geometrical constraints at the 

interface with the crystals [120][121]. In addition to the three-phase model, a distinction may 

be done regarding the mobile amorphous fraction. In the past few years, constrained and 

unconstrained mobile amorphous fractions (CMAF and UCMAF), also depicted as intra- and 

inter-spherulitic amorphous phase respectively, have been reported for semi-crystalline 

polyesters, such as PET [122] and PLA [76][123], as revealed by DSC measurements through 

the concept of cooperative rearranging regions [75] as well as structural relaxation (i.e. 

physical aging) [124]. Consequently, the presence of crystals affects the molecular dynamics 

of the mobile amorphous fraction. 

I.6 Structural anisotropy 

The influence of the molecular dynamics of the amorphous phase in complex polymer 

systems have been widely discussed in the past few years. Especially, as rapidly highlighted in 

the section I.3.4 with the approach of Donth, the decrease of cooperativity have been 

observed for two kinds of structural hindrances, namely external and internal hindrances.  

External hindrances are related to geometrical restrictions such as confinement. For 

examples, Tran et al. have discussed the decrease of cooperativity in syndiotactic poly(methyl 

methacrylate) confined between layers of organophilic montmorillonite [71]. They assigned 

such decrease to a restriction of the possible conformation in the confined state due the 

nature of the interfacial interactions. In the same way, Arabeche et al. have shown in confined 

nano-layers polycarbonate/poly(methyl methacrylate) a significant decrease of the 
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cooperativity due to the annihilation of π-stacking in polycarbonate [70]. In isochorically 

confined polymer glasses, decrease of the cooperativity has also been evidenced by Zhang et 

al. due to the reduction of the number of segmental units required to move cooperatively 

[125]. In addition, external hindrances are also related to additives such as fillers and 

plasticizer [73] or donor-acceptor groups [126]. To contrast, fillers can play role of confiner 

when they are intercalated, as described above. However, fillers can also improve the 

molecular motion when they are exfoliated [127][128]. Indeed, in this configuration the fillers 

increase the cooperativity due to different interfacial interactions. Finally, through plasticizer 

or donor-acceptor groups, the molecular dynamics have been evidenced to be less 

cooperative when covalent bonds become predominant over weak bonds such as Van der 

Waals bonds. Dorbicau et al. have concluded in the case of plasticized polylactide that 

interactions between PLA chains are hindered by the breaking of macromolecular interactions 

due to intercalations of plasticizer molecules. With regard to donor-acceptor groups, Grigoras 

et al. have created more intra- than inter-molecular electron transfers on a series of statistical 

methacrylate copolymers. They have highlighted the decrease of cooperativity when 

decreasing the weak bond interactions. 

On the other hand, internal hindrances are related to the materials itself, in other 

words its microstructural modifications such as cross-linking [129], as well as spherulitic 

crystallization [69][75][74] or structural anisotropy related to orientation/crystallization of 

the amorphous phase induced by drawing above the glass transition [77][78][79][130][131]. 

With regard to cross-linking effects, Sasaki et al. have shown a decrease of the cooperativity 

as the degree of cross-link, namely the rigidity of the network, increases. To draw a parallel 

with external hindrances, the molecular dynamics become less cooperative when covalent 

bonds become predominant. The same behavior is also observed upon conventional or 

unconventional crystallization, as highlighted above with the competition between 

crystallization and vitrification. Upon quiescent crystallization, Delpouve et al. have shown for 

PLA a decrease of the cooperativity as increasing the degree of crystallinity [74][75]. The 

mobile amorphous fraction becomes constrained due to the confinement effect of the 

crystalline lamellae. In the same way, strain induced crystallization of PLA [78] and PET [131] 

display a decrease of the cooperativity due to the confinement effects of the crystals . Finally, 

Hamonic et al. have investigated the strain induced crystallization of PETg due to its low ability 
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to crystallize. Thus, upon drawing they have investigated molecular dynamics in non-

crystalline but oriented system. However, they have also observed a decrease of the 

cooperativity even if crystallization has been inhibited [79]. They assigned such behavior to 

the presence of large amount of RAF, which originates from the disordered nature of the PETg. 

Even if the confinement effect of the crystal is avoided, PETg chains still organize in an oriented 

and constrained structure where chains packing constrain their conformations. 

Therefore, molecular dynamics, and especially cooperativity, depend on the molecular 

interactions between the macromolecular chains, which themselves depend on the 

environment or the structural hindrances of the system. In this context, it is clear that 

molecular dynamics are structure dependent. Nevertheless, questions still rise: what is the 

role of the structural anisotropy on the molecular dynamics with regard to crystalline and non-

crystalline complex polymer systems prior to crystallization and vitrification? What is the role 

of crystalline morphology? What is the role of the molecular orientation?  

In that respect, two original sample preparations have been used in this work in order 

to investigate the molecular dynamics involved in systems subjected to such structural 

anisotropy. 

I.6.1 Flow induced crystallization 

Over the last few decades, numerous works have been done on the initial stages of 

flow-induced crystallization [132][133][134][135][136][137][138][139] as well as on the final 

oriented semi-crystalline microstructure [140][141][142][143][144][145]. The flow in the 

melt results in a local alignment of chain segments inducing metastable quasi-crystalline 

aggregates. Such aggregates are also depicted as crystal nucleation precursors, and their 

number and lifetime are time and temperature dependent. The most significant 

consequences are the acceleration of the crystallization kinetics, and the modification of the 

crystalline morphology from isotropic spherulites to anisotropic flow-induced crystalline 

structures, as depicted in Figure I.6.1 with the so-called shish kebab superstructure. As a 

result, the structural anisotropy induced significantly impacts the final physical properties of 

the materials. The highly oriented morphology confers greater density, modulus, hardness as 

well as lower permeability and thermal expansion coefficient [146][147][148][149]. 
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Figure I.6.1: Schematic illustration of the shish-kebab superstructure in semi-crystalline polymers. From the melt 
flow, the crystal nucleation precursors allow the crystallization of the shish. Then, kebabs crystallize transversally 
from the shish. The shish and the kebabs are made of crystalline lamellae (cyan area), which are surrounded by 
amorphous regions (green area). 

Flow-induced crystallization has been mostly investigated on polypropylene because 

of industrial interests. Recently, essentially because of environmental concerns, several 

studies have also been reported about flow-induced crystalline structures in polylactide (PLA) 

[150][151][152][153][154][155][156][157][158], a bio-sourced and biodegradable 

thermoplastic polyester. Conventional crystallization of PLA leads to the concomitant 

formation of highly ordered α crystals and less ordered δ crystals [159][160]. It is established 

that quiescent crystallization performed at temperatures higher than 120 °C leads to α 

crystals, whereas at temperatures below 100 °C δ crystals are obtained. In the intermediate 

range of temperature, the concomitant crystallization of both α and δ crystals occurs 

[161][162]. The control over the crystalline structures formed in PLA in the presence of shear 

or elongational flows has been mainly investigated in order to improve physical properties, 

such as oxygen barrier [163] or mechanical properties [164]. To highlight the interest of flow-

induced crystalline structures on PLA, it might also be mentioned that such structures are also 

mimic on composite materials [165][166], or by adding nucleating agent [167][168] as well as 

nano-fibrils [169]. 

I.6.2 Electrospinning 

Electrospinning is a simple technique to implement in order to produce polymer fibers 

with diameters ranging from the micro-to the nano-scale [170][171][172]. The technique has 

emerged as a useful technique to produce micro- and nano-fibers that have found wide 
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applications in fields such as tissue engineering [173], biomedical [174], filtration [175], or 

electronic [176]. Despite the simplicity of the technique, many factors influence the fiber 

morphology including the solution flow rate, the distance between the syringe and the 

collector, solution concentration and the spinning voltage among others. In addition, very 

complex processes are involved that influences the fiber structure including the very rapid 

solvent evaporation as well as the mechanical and electrical forces which induce an 

orientation of the macromolecular chains along the fiber axis [171]. For these reasons, 

electrospinning can lead to complicated internal microstructures related to the structural 

anisotropy. It has been observed that electrospinning retards or inhibits the crystallization of 

many polymers such as PLA [177][178]. Due to the very rapid solvent evaporation from the 

syringe to the collector, the macromolecular chains do not have sufficient time to move and 

crystallize during the process. However, even if electrospun fibers can depict a low degree of 

crystallinity, they clearly display a high orientation of their macromolecular chains aligned with 

the fiber axis. Indeed, under the effect of the electric field the macromolecular chains are 

subjected to an elongation strain and a shear force. Zong et al. initially reported that 

electrospun fibers of PLA exhibit highly oriented chains although they are non-

crystalline [177]. Recently Ma et al. confirmed this result by showing that the electrospinning 

carried on free-end fibers of PLA leads to the formation of an original microstructure where 

the amorphous phase is oriented with evidence of a mesophase but without the formation of 

any crystals [178]. Thus, electrospun fibers of PLA can display a short-range ordering phase 

related to structural anisotropy.  

Figure I.6.2: Schematic illustration of the mesomorphic phases: (left) nematic phases; (center) smetic phases; 
(right) cholesteric phases. 
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The nature of the mesophase has not been evidenced. However, for more clarity and 

discussion, the three different mesomorphic phases existing, and historically arising from 

liquid crystal phases, are presented in Figure I.6.2 [179]. Mesophase is a distinct phase in-

between ordered and isotropic states leading to structural anisotropy. First, nematic phases 

are characterized by molecules that have no positional order but they are oriented in the same 

direction. Secondly, smetic phases also present the general orientation of the nematic phases, 

but in addition they align themselves in layers. Finally, cholesteric phases are defined as stacks 

of 2D nematic-like layers twisted from each other with respect to those above and below. 

Thus, along four twist distances Dt, two 2D nematic-like layers present the same orientation. 

Therefore, mesophase depicted in electrospun fibers of PLA might display one of those three 

anisotropic phases. 

I.6.3 Polylactide 

PLA is a semi-crystalline polymer leading to crystallization and vitrification. In addition, 

PLA can display crystalline and non-crystalline structures subjected to structural anisotropy. 

That is why, this work focuses on PLA. It only lies on the possibility of the processes (flow 

induced crystallization and electrospinning) to design a polymer where crystalline and non-

crystalline phase can be achieved with regard to structural anisotropy prior to crystallization 

and vitrification. Therefore, the molecular dynamics of the amorphous phase in such 

anisotropic complex systems can be achieved.  
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This second chapter presents the materials used in order to investigate the influence 

of the structural anisotropy on the molecular dynamics of the amorphous phase. 

Presentations of the experimental set-up regarding the electrospinning and the flow induced 

crystallization are done. Finally, the characterization methods used in this work are briefly 

described. 
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II.1 Materials 

In this work, influence of the structural anisotropy or molecular orientation on the 

molecular dynamics of amorphous phase have been investigated through poly(lactide) (PLA), 

as well as plasticized PLA. To do so, two original sample preparations have been used as 

presented in the chapter I: flow induced crystallization and electrospinning.  

II.1.1 Poly(lactide) (PLA) and acetyl tributyl citrate (ATBC) 

Semi-crystalline PLA pellets (grade 4042D) were provided by Natureworks. The content 

of L-lactide and D-lactide were about 96% and 4% respectively. The number-average and 

weight-average molecular weights were Mn = 116 kDa and Mw = 188 kDa respectively, as 

measured by Gel Permeation Chromatography.  

Acetyl tributyl citrate (ATBC, CAS Number 77-90-7) plasticizer was purchased from 

sigma Aldrich (France). PLA and ATBC were dried at 80 °C under vacuum for 12 h. Blending to 

PLA was performed with an internal mixer (Haake Rhecord 9000) at 160 °C and 60 rpm for 15 

min. After a subsequent drying step (4 h at 80 °C under vacuum) bulk samples were obtained.  

The measure of density leads to a constant value equal to 1.25 independent of the plasticizer 

content. 

II.1.2 Flow induced crystallization 

Figure II.1.1: Schematic representation of the home made fiber pulling device. 
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The PLA pellets were dried overnight in an oven at 60 °C in order to avoid any 

degradation prior to use. The dried pellets were then thermo-molded at a pressure of 1 bar 

and a temperature of 180 °C between two hot plates during 5 min by using a manual hydraulic 

press ATLASTM SPECAC. The temperature was selected below the equilibrium melting 

temperature Tm
0  (ranging from 199 °C to 207 °C [1]) and above the melting temperature Tm 

(ranging from 160 to 170 °C [2][3][4]) of PLA. The sample was then quickly quenched in cold 

water and finally dried. Thickness of the obtained films were ranging from 200 to 300 µm thick. 

A single glass fiber with a diameter of 17 ± 1 µm was sandwiched between two PLA films. The 

whole system was then placed between two microscope cover-slides. A homemade fiber 

pulling device, made of a permanent magnet stepper gear motor TGM24 series from Anaheim 

Automation and a wooden wheel with an adhesive tape, was used to pull the fiber through 

the molten polymer at a constant linear velocity of 10 mm.s-1 during 1 s. Illustration of the 

home made system is depicted in Figure II.1.1. 

The shear stress at the interface fiber/molten polymer was estimated to be close to 

1000 s-1, according to Monasse et al. [5]. The different steps of the fiber pulling procedure are 

described as follow. First, the as-prepared sandwich was transferred into a Mettler FP 82 hot 

stage to control thermal conditions. In the hot stage, an isotherm at Te = 180 °C during te = 5 

min was applied to erase the thermal and mechanical histories of the sandwich preparation. 

Then, the system was cooled down to a pull-out temperature Tpo and held during te = 5 min 

before to pull-out the fiber from the molten polymer. From this point two protocols have to 

be distinguished: one for the precursor’s relaxation investigations and another one for the 

amorphous phase investigations.  

 In order to investigate the relaxation of the shear induced precursors, six Tpo were 

used: 157.5 °C, 160 °C, 162.5 °C, 165 °C, 167.5 °C and 170 °C. After the shear stress 

was applied, the sample was held during a relaxation time ranging from few seconds 

to few hours. Then, the sample was directly quenched to the crystallization 

temperature Tc = 130 °C in order to observe spherulitic or flow induced 

crystallization, namely the indirect relaxation of the precursors. Figure II.1.2 depicts 

the applied thermo-mechanical history as a function of time for the precursor’s 

relaxation investigations. 
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Figure II.1.2: Diagram of the applied thermo-mechanical history for the precursor’s relaxation investigations vs. 
time. 

 Prior to quiescent crystallization, shear precursors were induced at Tpo = 150 °C. 

After the shear stress was applied, the sample was directly quenched to the 

crystallization temperature Tc = 130 °C in order to avoid any relaxation of the crystal 

nucleation precursors induced by the shear. The isothermal crystallization took 

place during 90 min. Figure II.1.3 depicts the applied thermo-mechanical history as 

a function of time for the amorphous phase investigations in flow-induced 

crystalline structures. 

Figure II.1.3: Diagram of the applied thermo-mechanical history for the amorphous phase investigations vs. time. 
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II.1.3 Electrospninning 

Figure II.1.4: Schematic representation of the home made electrospinning set-up. 

The polymer solutions, PLA and plasticized PLA, were prepared in mix solvent of 

chloroform and acetone (chloroform:acetone = 2:1 in volume), both purchased from sigma 

Aldrich (South Africa). Plasticized and non-plasticized PLA were dissolved in the mix solvent 

and stirred using a magnetic stir bar at room temperature until homogenization of the 

solution. The required amounts of polymer were figured out to give a concentration solution 

of 8 wt% in PLA. Then, the polymer solution was placed in a horizontally glass pipette with a 

capillary around 1 mm diameter. At 5 cm from the needle, a petri-dish covered by an 

aluminum foil took place as a collector. The needle and the collector were connected to a 

high-voltage power supply which can generate a voltage up to 50 kV. The electric field applied 

was 1 kV.cm-1. The flow rate was controlled by a pump at 0.04 mL.min-1. Illustration of the 

home made electrospinning set-up is depicted in Figure II.1.4. The electrospinning process 

took place under controlled atmospheric conditions at 25 ± 2 °C and 35 ± 4% relative humidity. 

The thickness of the final as-spun fibers mat was less than 1 mm. 
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II.2 Characterization methods 

The complementary use of two kinds of experimental techniques were used in this 

work. First, a set of characterization methods related to the analysis of the structure and the 

morphology of the investigated materials were employed. These techniques were used to 

identify structural anisotropy or molecular orientation from the micro- to the nano-scale. 

Then, dynamic methods, especially thermal analyses, were used in order to understand the 

fundamental mechanism leading to short- and/or long-range mobility of molecules when 

subjected to confinement and/or structural anisotropy. 

II.2.1 Structural and morphological analyses 

II.2.1.1 Polarized optical microscopy (POM) with hot stage 

Figure II.2.1: Schematic representation of a light wave passing through crossed polarizers. 

Polarized optical microscopy (POM) is a simple technique to observe anisotropic 

structures at the micro-scale. In addition to the conventional optical microscope which uses 

visible light and a system of lenses, POM involves polarized light. Thus, experimental setup is 

similar to a conventional optical microscope with two additional polarizing filters: a first one 

between the light source and the analyzed sample, named polarizer, and a second one 

between the sample and the eyepiece or camera, named analyzer. These filters are used to 
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restrict electro-magnetic field vectors constituting visible light to a single plane, as shown in 

Figure II.2.1. As a results, all electro-magnetic field vectors are vibrating in the same plane. 

The light is then polarized. 

In a cross polarization setup, the analyzer is oriented perpendicularly to the first 

polarizer. This position aims to block remaining electro-magnetic field vectors. Consequently, 

when no sample is placed on the light field, the light polarized by the polarizer is blocked by 

the analyzer, resulting in no visible light in the eyepiece or the camera. However, when 

birefringent sample, such as anisotropic material, (whose refractive index depends on the 

polarization and propagation direction of light) is placed on the polarized light field, the 

restricted electro-magnetic field vectors coming through the sample are produced in many 

different perpendicular planes. Then, electro-magnetic field vectors that are parallel to the 

polarization direction of the analyzer can go through and be visualized in the eyepiece. 

In this work, POM observations were performed by using a universal Nikon EPI-

illuminator with Nikon M Plan x2.5 / x5 / x10 lenses connected with a digital sight camera 

system from Nikon Corporation, either in transmission or reflection mode. A Mettler FP82HT 

hot stage connected to a Mettler FP90 central processor was used as temperature controller 

during crystallization observations. 

II.2.1.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a kind of microscopy based on a finely focused 

beam of electrons to produce images of a sample placed in a vacuum chamber. Thanks to the 

particle-wave duality of electrons, the beam is accelerated and focused on a sample through 

anode, condenser and magnetic lenses, as presented in Figure II.2.2. The incident beam of 

electrons interacts with the sample surface. Thus, the sample area where the primary beam 

is focused leads to the ejection of other electrons including secondary electrons, back-

scattered electrons or X-rays among others. Specific detectors are used according to their 

natures. The signals measured contain information about sample surface topography as well 

as sample composition. 
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In this work, two different electronic microscopes were used: 

 A LEO1430VP-ZEISS scanning electron microscope (University of Stellenbosch) 

was used to observe morphology of electrospun fibers and measure their 

respective diameters, after being gold coated during 3 min. 

 A Dual-BEAM LEO1530-ZEISS scanning electron microscope (GPM - University of 

Rouen Normandie) was used to obtain images of semi-crystalline structures after 

deposition of a 10 nm thick gold coating. Prior to gold coat, PLA semi-crystalline 

structures were first trimmed in the transversal direction by means of 

ultramicrotomy with an Ultracut UCT Leica-microsystem by using a dry-glass 

knife and etched by a water-methanol (1:2 by volume) solution containing 0.025 

mol.L-1 of sodium hydroxide at room temperature during 24 h. Afterward, the 

etched sample was cleaned by using distilled water. Ultramicrotomy and 

electronic microscopy have been performed with Laurence Chevalier (GPM). 

Figure II.2.2: Schematic representation of SEM analysis in a vacuum chamber. 
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II.2.1.3 Wide angle X-ray diffraction (WAXD) 

Figure II.2.3: Schematic representation of WAXD measurements with a Bragg-Brentano θ:2θ geometry. 

The diffraction of X-rays is a non-destructive analytical technique to determine the 

spatial organization of atoms or larger molecules in ordered structures. With regards to 

polymer science, such a technique allows to detect and quantify crystalline fractions in 

amorphous matrixes. As depicted in Figure II.2.3, the basic principle of WAXD is based on the 

bombarding of a sample with a X-ray beam and the measuring of intensity related to the 

diffracted rays as a function of the scattered angle 2θ. Regular or irregular arrangements of 

atoms or molecules lead X-rays to diffract or scatter, respectively, into many specific directions 

after elastic interactions with electronics clouds from the sample. As a consequence, high 

intensity diffraction peaks or low intensity halos are recorded, as presented in Figure II.2.4. In 

the case of diffraction peak, relation between angle of the recorded peaks and distance 

between crystalline layers can be done through the Bragg’s law [6]: 

nλ = 2dsin(θ)       

in which n is an integer called the order of diffraction, λ is the wavelength of incident X-ray 

beam, d is the spacing between diffracting planes in the crystalline lattice, and θ is the angle 

between the incident and the scattered rays. 

 

(II.2.1) 
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Figure II.2.4: WAXD patterns displaying diffraction peaks and halos as a function of 2θ for a semi-crystalline and 
a wholly amorphous PLA samples, respectively. 

In this work, WAXD measurements were performed on a PANalytical X'Pert Pro 

diffractometer in Bragg-Brentano mode with X'Celerator detector (University of 

Stellenbosch). The generator was set up at 45 kV and 40 mA and the copper Cu Kα radiation (λ 

= 1.54 Å) was selected. The system was equipped with a silicon-made sample holder on a 

spinner stage PW3064, and a goniometer PW3050/60 system. The silicon holder used is 

neutral (no diffraction peak) in order to avoid a baseline subtraction step. The distance from 

the sample to the detector was fixed at 14 cm. The measurements were run at room 

temperature from 5° to 45° at 0.04 °/s and with a rotational speed equal to one revolution per 

second. 
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II.2.2 Thermal analysis 

II.2.2.1 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a technique used to study thermal events, 

such as crystallizations, melting or oxidations, as well as evolution of materials, such as 

physical aging. During physical transitions, heat is either absorbed (endothermic) or released 

(exothermic). The basic principle is to quantify the difference in amount of heat required to 

increase the temperature of a sample and a reference. Thus, the apparatus determines the 

heat flow associated as a function of time and temperature through the measured 

temperature. Two kinds of calorimeter were used in this work, heat-flux and power-

compensated calorimeters. With regard to DSC, the experiments were performed by using a 

heat-flux calorimeter DSC Q100 from Thermal Analysis Instruments. 

Figure II.2.5: Schematic representation of heat-flux DSC cells. 

In standard DSC, the temperature ramp applied to the sample and the reference is 

linear:  

T = Ti + βt 

in which T is the temperature at the time t, Ti the initial temperature and β the scanning rate. 

The heat flow φ resulting in the heat transfer Q is expressed as follow: 

φ = 
dQ

dt
 = C

dT

dt
 

(II.2.2) 

(II.2.3) 
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where C is the heat capacity. 

In heat-flux calorimeter, the sample and the reference are placed in a same furnace, 

as presented in Figure II.2.5. Then, a variation of temperature is applied to the entire furnace 

in order to transfer heat QS and QR onto the sample and the reference, respectively. Thus, 

exothermic or endothermic events of the sample engendered by the variations of 

temperature will lead to a temperature difference ΔT = TS - TR between the sample and the 

reference. The resulting heat flow can be simplified by a thermal equivalent of the Ohm’s law: 

φ = QS - QR = 
∆T

R
 

in which R is the thermal resistance. The measurement principle of the heat-flux calorimeter 

DSC Q100 is based on the Tzero
TM technology. Such technology uses a more complex equations 

of the heat flow. Thermal resistances RSCP and RRCP, and heat capacities CSCP and CRCP of the 

sample and reference cell platforms, respectively, are taken into account in the heat flow 

expression. Thus, by measuring the temperatures TS and TR of the sample and the reference, 

respectively, as a function of a fixed temperature T0 the measured heat flow is expressed as 

follow [7]: 

φ = -
TS - TR

R
 + (T0 - TS) (

1

RSCP
 - 

1

RRCP
) +(CRCP - CSCP)

dTS

dt
 - C

d∆T

dt
 

As a consequence, specific calibration procedures were used with the Tzero
TM 

technology. First, a constant heating rate experiment was performed without sample and pan, 

namely an empty furnace. A second constant heating rate experiment was performed with 

sapphire disks directly placed on the sample and reference platform. These experiments figure 

out the resistance and capacitance RRCP, RSCP, CRCP and CSCP of the cell platforms. Then, the 

calibration in temperature and energy were carried out using standard of indium, by matching 

the melting temperature (Tm = 156.6 °C) and enthalpy (ΔHm = 28.6 J.g-1) associated. A second 

standard, benzophenone (Tm = 48.0 °C), was used to calibrate the cell in a temperature range 

from 0 °C to 200 °C. The calibration in temperature and energy have to be repeated if the 

scanning rate is changed. To ensure a good signal-to-noise ratio, masses of sample were 

ranged between 5 and 10 mg. Scanning rate was selected to promote the resolution of 

(II.2.4) 

(II.2.5) 
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investigated thermal events, namely 10 K.min-1. All experiments were carried out under a 

nitrogen atmosphere. 

II.2.2.2 Modulated temperature DSC (MT-DSC) 

During standard DSC experiments, samples experience thermal reactions that change 

their physical and/or chemical properties during heating or cooling ramps. These reactions 

include glass transition, crystallization, melting, oxidation, as well as curing, evaporation and 

so on, as listed in the previous section. Those reactions may occur at the same time or in the 

same range of temperature. Thus, the respective heat flows are overlapped and cannot be 

distinguished from each other by standard DSC. According to Reading et al. [8], heat flow φ 

measured from standard DSC can be expressed as follow: 

φ = 
dQ

dt
 = C*β + f(t,T) 

where f(t,T) represents the part of the heat flow related to the kinetic or non-reversing events  

called non-reversing heat flow φNR. The part related to the thermodynamic events, namely 

the reversing heat flow φR, is expressed by the product of the complex heat capacity and the 

scanning rate C*β. Therefore, modulated temperature DSC (MT-DSC) is in line with standard 

DSC. Where linear temperature ramp is applied by standard DSC, Reading et al. [9] have 

proposed to super-impose a sinusoidal oscillation in order to dissociate the reversing and the 

non-reversing events by MT-DSC:  

T = Ti + βt + Asin (ωt) 

in which A is the modulation amplitude and ω the angular frequency of the temperature 

modulation with the period of oscillation p = 2π/ω. Thus, the modulated heat flow φ is 

expressed as follow:  

φ = 
dQ

dT
= C*(β+Aω cos(ωt) ) 

with C* the complex heat capacity defined as: 

C*= 
AHF

Aβ
= 

ωAC*

ωA
 

(II.2.6) 

(II.2.7) 

(II.2.8) 

(II.2.9) 
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where Aβ and AHF are the amplitudes of the heating rate modulation and of the heat flow 

modulation, respectively. The thermodynamic events are related to vibrational and 

translational motions of molecules. These motions are very fast and can easily follow any 

sample temperature modulations. On the contrary, the kinetic or non-reversing events 

cannot. They do not contribute to the modulated part of the heat flow. To sum up:  

φR = C*β = 
AHF

Aβ
β 

φNR = 
dQ

dt
 - C*β 

In addition, a phase lag φ exists between the calorimeter response function, namely 

the total heat flow, and the heating modulation. In this way, two apparent heat capacity 

components noted C’ (the in-phase component related to φR) and C’’ (the out-of-phase 

component related to φNR) can be calculated according to the following equations:  

C'= |C*|cos(φ) 

C''= |C*|sin(φ) 

The MT-DSC experiments were performed with a heat-flux calorimeter DSC Q100 from 

Thermal Analysis Instruments. The calibration of MT-DSC consists of DSC calibration (cf. 

previous paragraph) and an additional step to calibrate the heat capacity. This last step uses 

a sapphire as a standard because it does not undergo any transition in the temperature range 

scanned for polymer analysis. The heat capacity of sapphire as a function of temperature is 

stable and precisely known. This step of calibration has to be repeated if the amplitude, the 

scanning rate or the period of oscillation are changed. A calibration factor KCp is then calculated 

from the experimental and theoretical heat capacity values. This factor corrects the apparent 

heat capacity of the sample. This factor is averaged on the temperature range investigated:  

KCp
(T) = 

CPSapphire, theoretical
(T)

CPSapphire, experimental
(T)

 

In MT-DSC, different modes of temperature modulation exist [8]. As reported in Figure 

II.2.6, three modes exist: named heat-only, heat-iso and heat-cool. Heat-only is advised to 

(II.2.10) 

(II.2.11) 

(II.2.12) 

(II.2.13) 

(II.2.14) 
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investigate the coupling of different thermal events such as glass transition and cold-

crystallization or crystallization and melting. Heat-iso is advised to investigate melting. Heat-

cool is advised to investigate the glass transition and the molecular mobility in this region. 

Figure II.2.6: Illustration of heating ramps in MT-DSC experiment with corresponding heat-only (green), heat-iso 
(cyan), heat-cool (blue) and linear ramp (orange) mode. The modulation amplitude, the period and the scanning 
rate are [0.318 K; 90 s; 2 K/min], [0.318 K; 60 s; 2 K/min], [1 K; 60 s; 2 K/min] for the three modes displayed, 
respectively. 

In this work, heat-only mode was used to investigate the coupling between glass 

transition and cold crystallization in electrospun fibers. The experiments were performed with 

a modulation amplitude of 0.318 K, a period of 60 s and a scanning rate of 2 K.min-1. 

II.2.2.3 Fast scanning calorimetry (FSC) 

As depicted in the previous section, the sample may experience concomitant thermal 

reactions during heating. Where temperature modulated ramp is applied by MT-DSC in order 

to dissociate the reversing and the non-reversing events, Schick and Mathot have proposed 

to use very high scanning rates in order to inhibit or delay thermal reactions, as well as 

observed very fast thermal reactions or crystallization processes by fast scanning calorimetry 

(FSC) [10]. Therefore, FSC is in line with MT-DSC. As for DSC, the basic principle of FSC is to 

quantify the difference in amount of heat required to increase the temperature of a sample 

and a reference. So far, FSC measurements are only done by a power-compensated 

calorimeter. The analyzed sample and the reference are placed in separated furnaces. A 

variation of temperature is then applied to both furnaces and heat is transferred to the sample 

and the reference. The difference in thermal power required to maintain the sample and the 

reference furnaces at the same temperature is finally measured. In this work, the experiments 
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were performed using a power compensation twin-type chip sensor, based on MEMS 

technology, fast scanning calorimeter Flash 1 DSC from Mettler Toledo. As presented in Figure 

II.2.7, the twin-type chip sensor based on MEMS technology is made of a sample and a 

reference sides. Both sides are independent furnaces. The MEMS chip sensor is mounted on 

a stable ceramic with electrical connections. 

Figure II.2.7: Illustration of twin-type chip sensor based on MEMS technology. 

Both, sample and reference, sides of the chip sensor are made of two thermal 

resistance heaters to apply the desired temperature program. The temperature resolution is 

determined by the time constant of the sensor which is about 1 millisecond, namely about 

thousand times less than standard DSC. The heat flow is measured through sixteen 

thermocouples, eight for each sides. They are arranged symmetrically in the form of a star 

around the measurement area on the sample and reference sides of the sensor. The 

measurement area of the chip is made of a silicon nitride and silicon dioxide coated with a 

thin layer of aluminum in order to provide homogeneous temperature distribution across the 

sensor. Samples are directly placed on the sensitive area of a MultiSTAR UFS 1 MEMS chip 

sensors. In this work, thin layer of silicone oil was used in order to improve the thermal contact 

between the sample and the chip. A Huber TC100 intra cooler was used to cool samples down 

to -90 °C and operate high cooling rates. Samples were continuously flushed with a 20 mL.min.-

1 nitrogen flow gas to avoid water condensation from the environment and to optimize the 

program temperature applied [11]. Sample mass was estimated from the step change in heat 

flow at the glass transition, by comparing the value of the heat capacity step ΔCp from the one 
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obtained through FSC at lβcl = βh = 1500 K.s-1 and the one obtained through standard DSC at 

lβcl = βh = 0.17 K.s-1 equal to 0.51 J/(g.K) for a wholly amorphous PLA according to the literature 

[4][12]. Scanning rates were selected to promote the resolution of investigated thermal 

events ranging from 300 K.s-1 to 4000 K.s-1. 

The calibration of the Flash DSC 1 consists of conditioning and correction procedures. 

The conditioning procedure checks the proper behavior of the sensor. Potential memory 

effects from its production are erased by heating the sensor to the maximum temperature 

(400 °C). Then, the correction temperature is performed in order to correct the thermocouple 

signal with respect to the sensor support temperature. The correction is done by comparing 

the signal of the thermocouples with the temperature behavior of the heating resistances, 

which was determined during production. 

In this work, two sample preparations were used with regards to the wholly 

amorphous and the flow induced crystalline or spherulitic PLA samples, respectively, prior to 

place on the measurement area of a MultiSTAR UFS 1 MEMS chip sensors: 

 PLA were first thermo-molded in films of ten micron thick, at a pressure of 1 bar 

and a temperature of 180 °C between two hot plates by using a manual hydraulic 

press ATLASTM SPECAC. Then, films were quickly quenched in cold water. After a 

last drying step, the films were finally cut in small pieces with a surgical knife. 

 Cross sections in the transversal direction of both, flow induced crystallization 

structure (cylindrical morphology) and spherulites, were obtained by means of 

ultramicrotomy. 500 nm thick-serial series were sectioned with an Ultracut UCT 

Leica-microsystem by using a dry-glass knife. 

II.3 From theories, models and concepts: experimental 

methodologies 

II.3.1 Estimation of the cooperative rearrangement sizes  

As introduced in the previous chapter, the cooperativity volume ξTα
3 at the average 

dynamic glass transition temperature Tα can be estimated from the equation I.3.4 

[13][14][15]. 
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II.3.1.1 By means of MT-DSC  

Usually, the cooperativity sizes are directly extracted from MT-DSC experiments from 

the in-phase component C’ and the out-of-phase component C’’ of the complex heat capacity 

C*, as depicted in Figure II.3.1. 

Figure II.3.1: MT-DSC in-phase component C’ (blue line) and out-of-phase component C’’ (green sphere) of the 
complex heat capacity C* in the case of PLA glass transition as a function of temperature. Green line: Gaussian fit 
of the out-of-phase component C’’. The full width at half maximum of the Gaussian gives access to the average 
temperature fluctuation δT. The maximum of the Gaussian provides the average dynamic glass transition Tα. 
From the in-phase component C’, the Cp, liquid (Tα) and the Cp, glass (Tα) are extracted at Tα on the liquid dotted line 
(Cp, liquid) and the glass dotted line (Cp, glass), respectively. 

II.3.1.2 By means of DSC or FSC: the “rule of thumb” 

The experimental data required to estimate the cooperativity volume can also be 

extracted by means of DSC or FSC. In this case, the glass transition Tg and the heat capacity 

step ∆Cp are classically determined to extract the Cp, liquid (Tg) and the Cp, glass (Tg). The Cp, liquid 

(Tg) and the Cp, glass (Tg) intercept the liquid dotted line (Cp, liquid) and the glass dotted line (Cp, 

glass), respectively, at Tg. In order to estimate the average dynamic glass transition temperature 

δT, the following “rules of thumb” is used upon heating:  

δT = ∆T/2.5 

with ∆T the temperature interval where the Cp(T) curve from DSC or FSC varies between 16 % 

and 84 % of the heat capacity step ∆Cp, as depicted in Figure II.3.2 [16]. This rule has been 

checked for several substances in literature [17]. 

(II.3.1) 
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Figure II.3.2: FSC normalized heat flow of PLA glass transition. The extractions of data related to the cooperativity 
volume estimation are done through the “rule of thumb”. 

II.3.2 Estimation of the enthalpy recovery 

As graphically illustrated in Figure II.3.3, and presented in the previous chapter, the 

enthalpy recovery of a glass, aged at a temperature Tag during a time tag, is calculated by 

integrating the difference between the scans of the aged and rejuvenated sample, according 

to the equation I.1.4 [18]. 

Figure II.3.3: Heat flows of rejuvenated (cyan line) and aged (green line) PLA (A). Subtraction of the aged heat 
flow to the rejuvenated heat flow (blue line) leading to the enthalpy recovery (orange hatched area) (B). 
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II.3.3 Estimation of the fictive temperature 

The Tool’s concept has been defined in the previous chapter [19]. From calorimetric 

investigations, the fictive temperature Tf is measured using the Moynihan’s equation 

(equation I.4.3). Called areas matching method [20], Tf is extracted when the areas depicted 

in the Figure II.3.4 match together (green and cyan hatched areas). 

Figure II.3.4: FSC heat flow of PLA glass transition upon heating at βh = 1500K.s-1. Prior to heat up, the sample has 

been cooled down at βh > βc = 0.17 K.s-1
 leading to the overshoot. By using the area matching method, the fictive 

temperature can be extracted. 
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The first experimental part of this work focuses on the glass transition and the 

structural relaxation of wholly amorphous PLA through DSC and FSC. Both techniques are 

compared in order to highlight the respective benefits and drawbacks of FSC. Influence of the 

scanning rate on the glass transition is first investigated. Different concept such as fictive 

temperature, thermal lags and structural relaxation have been used to characterize the 

influence of the scanning rate on the glass transition. The different parameters influencing the 

kinetics of the physical aging have been investigated. Consequently, this section shows the 

interests of FSC for physical aging investigations in complex polymer systems as related in the 

next chapter.
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III.1 Glass transition and fictive temperature 

Glass transition properties, and more exactly glass transition temperature, are of 

importance with regard to structural relaxation. In order to be able to compare physical aging, 

either from systems or from techniques, glass transition temperatures are the main 

parameters to know. As we have compared two thermal analysis techniques, standard DSC 

and FSC through wholly amorphous PLA, respective glass transitions have been first 

investigated. 

Figure III.1.1: Standard DSC normalized heat flow of 5 mg wholly amorphous PLA as a function of temperature, 
upon cooling (A) and heating (B), for scanning rate lβcl = βh = 10 K.min-1 = 0.17 K.s-1. 

Figure III.1.1 shows the normalized heat flows of 5 mg wholly amorphous PLA sample 

as a function of temperature in the glass transition domain. Measurements have been 

performed upon cooling (A) and then upon heating (B) with equal rates by standard DSC. In 

addition, Figure III.1.1.B depicts the procedure of the fictive temperature estimation based on 

the conventional area-matching method as proposed by Moynihan et al. [1]. Fictive 

temperatures of 55 °C and 57 °C are measured, respectively. 

Figure III.1.2 displays the normalized heat flows as a function of temperature of 40 ng 

wholly amorphous PLA sample, measured upon cooling (A) and then upon heating (B) with 

equal rates ranging from 300 K.s-1 to 4000 K.s-1 by FSC. The heat capacity step at the glass 

transition is clearly observed independently of the scanning rates. By FSC experiments [2], as 

well as by standard or modulated temperature DSC experiments, the sensitivity (i.e. signal-to-

noise ratio) of the heat flow is drastically dependent of the sample mass and the scanning 

rate  [3]. Consequently, below 300 K.s-1 the sensitivity being too low, none heat flow has been 
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properly measured. On the contrary, the sensitivity becomes higher when the scanning rate 

increases, providing smoother heat flow signals as clearly shown in Figure III.1.2. Neither 

enthalpy relaxation nor thermal lag are observed upon cooling as shown in Figure III.1.2.A. On 

the contrary, endothermic peaks related to the enthalpy relaxation, and shifts of the glass 

transition related to the thermal lag, are observed upon heating, as depicted in Figure III.1.2.B.  

Figure III.1.2: FSC normalized heat flow of 40 ng wholly amorphous PLA as a function of temperature, upon 
cooling (A) and heating (B), for scanning rate lβcl = βh ranging from 300 K.s-1 to 4000 K.s-1. Arrows are guide for 
eyes. 

In literature, it is well established that fictive temperatures depend on the applied 

cooling rate [4]. As clearly shown in Figure III.1.3, when the cooling rate applied to form the 

glass increases the fictive temperature increases by following a non-Arrhenius evolution. This 

curved evolution can be fitted with the Vogel-Fulcher-Tammann-Hesse (VFTH) equation [5]: 

log (|βc|) = Aβ - 
B

Tf - TV
 

where Aβ is a constant, B a fitting parameter and TV the so-called Vogel temperature, namely 

the extrapolated temperature when relaxation times τ tends towards infinite. When studying 

fictive temperature, the VFTH equation is a modified version arising from the Vogel-Fulcher-

Tammann (VFT) - equation I.3.2 - introduced in the Chapter I [6]. By analogy to the equation 

I.3.3 presented in the Chapter I, the dynamic fragility m can be then defined as follow  [7]:  

m = [
d(log|βc|)

d (
Tg

T )
]

T=Tg

 

  (III.1.1) 

  (III.1.2) 
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In this case, Tg is set as the fictive temperature measured at a cooling rate of 10 K.min-1, 330 

K [7]. Therefore, from the equation III.1.1 and by assuming the VFTH behavior for the cooling 

rate dependency of the fictive temperatures, the equation III.1.2 becomes:  

m = 
B.Tg

(Tg - T0)2 

From the experimental data displayed in Figure III.1.3, and the equation III.3.1, a fitting 

parameter B of 118 ± 10 K and a Vogel temperature T0 of 321 ± 1 K are obtained. These results 

lead to a dynamic fragility m value of 480 ± 42. This value exceeds the range of values defined 

by Angell: 16 ≤ m ≤ 200. Such value of m has physically no meaning and are correlated to 

thermal lags occurring in the sample due to the high scanning rates employed by FSC  [8].  

Figure III.1.3: Evolution of the fictive temperature as a function of the scanning rate lβcl = βh determined from 
DSC (circle) and FSC (sphere). Solid line is VFTH fit to DSC and FSC data. 

III.2 Thermal lag considerations 

III.2.1 Thermal lag: dynamic and static 

Fictive temperatures measured upon heating fit well to VFTH equation, as depicted in 

Figure III.1.3. However, as highlighted through the fragility concept, thermal lag occurs in FSC 

experiments leading to improper results [9]. The thermal lag is a shift of temperature due to 

the heat transfer delay between the heater and the sample. It is caused by the high scanning 

rates used, as well as the sample geometry. Thus, the temperature gradient leads to smearing 

effect. The measured thermal events appear to occur at higher temperature. The thermal lags 

related to the sample mass/dimension ratio and the scanning rate have been widely 

discussed [10][11], and corrected from the melting of an indium piece placed on the top of 

  (III.1.3) 
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the sample [12][13]. Recently, Schawe has proposed two thermal lag corrections (dynamic 

and static) in order to accurately measure the glass transition temperature by FSC 

experiments [8]. 

Figure III.2.1: (A) Estimation of dynamic thermal lag measured from the difference of fictive temperatures Tf 
upon heating and cooling at βh = lβcl = 1500 K.s-1. (B) Evolution of dynamic thermal lag as a function of the 
scanning rate βh = βc. Dashed lines are guide for eyes. 

Figure III.2.2: (A) Estimation of static thermal lag measured from the third of the difference in the onset melting 
temperatures of an indium placed on top of the PLA and another one on the reference sensor. (B) Evolution of 
static thermal lag as a function of the scanning rate βh = lβcl. Dashed lines are guide for eyes. 

Table III.2.1: Dynamic ΔTD, static ΔTS and thermal ΔT lag values, as well as the fictive temperatures Tf measured 
and corrected from heating, and measured from cooling for the different scanning rates lβcl = βh investigated. 

βh = lβcl  
(K.s-1) 

ΔTD 
(°C) 

ΔTS 
(°C) 

ΔT = ΔTD + 
ΔTS (°C) 

Tf from 
heating (°C) 

Tf corrected from 
heating (°C) 

Tf from 
cooling (°C) 

300 0.0 0.7 0.7 65.9 65.2 65.9 
500 0.7 1.1 1.8 67.8 66.0 66.5 

1000 1.7 1.9 3.6 69.7 66.1 66.3 

1500 2.7 2.7 5.4 71.3 65.9 66.5 

2000 3.3 3.6 6.9 73.1 66.2 66.7 

3000 4.4 4.7 9.1 75.3 66.2 66.0 

4000 4.8 5.9 10.7 76.6 65.6 66.5 
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Figure III.2.1.A depicts the procedure of the dynamic thermal lag determination related 

to the average values of the fictive temperatures measured from heating and cooling at βh = 

lβcl [8]. Figure III.2.1.B shows the increase of dynamic thermal lag as a function of the scanning 

rate. At lβcl = βh = 300 K.s-1, no dynamic thermal lag has been observed, when a dynamic 

thermal lag close to 5 °C is reached at 4000 K.s-1. Figure III.2.2.A relates the static thermal lag 

determined from the third of the difference in the onset melting temperatures of an indium 

placed on top of the PLA and another one on the reference sensor [8]. Figure III.2.2.B depicts 

the increase of static thermal lag as a function of the scanning rate. Even at the lower scanning 

rate, a static thermal lag smaller than 1 °C does exist due to the sample thickness. It expands 

to around 6 °C for a scanning rate of 4000 K.s-1. The different thermal lag values are 

summarized in Table III.2.1. They are consistent with the low mass and the scanning rates 

employed [4][12][14]. 

III.2.2 Deviation from the VFTH law 

As observed in Figure III.1.3, the measured fictive temperature increases when the 

scanning rate increases. From the lowest to the highest scanning rate used, the fictive 

temperature increases of 10 °C, from 65.9 °C up to 76.3 °C. On the contrary, by standard DSC 

experiments performed at 0.17 K.s-1, the fictive temperature of PLA is equal to 57 °C. Due to 

the smearing effects, gaps of 9 °C for lβcl = βh = 300 K.s-1, up to 19 °C for lβcl = βh = 4000 K.s-1, 

are measured between standard DSC and FSC experiments. Thanks to the dynamic and static 

thermal lag estimations, the raw fictive temperatures measured upon heating are corrected, 

depending on the scanning rate (see Table III.2.1). The fictive temperatures corrected do not 

depend in the scanning rate, and are close to an average value of 66 °C. Table III.2.1 also 

depicts the fictive temperatures measured upon cooling, and as already noticed in Figure 

III.1.2.A, do not depend on the cooling rate. Thus, an average value of Tf1 = 66 °C is obtained 

upon cooling, matching with the average value of the corrected fictive temperatures 

measured upon heating. However, we may note the lack of dependence of the fictive 

temperature on the applied cooling rate is atypical, as depicted in Figure III.2.3. Indeed, as 

observed for PS or PETg, the fictive temperature depends on the cooling rate applied [4][14]. 

Such result seems to be specific to PLA. Besides, it may also arise from improper thermal lag 

corrections. Consequently, how can we certify the thermal lag corrections? 
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Figure III.2.3: Evolution of the fictive temperature as a function of the scanning rate lβcl = βh determined from 
FSC. Fictive temperatures have been measured and not corrected upon heating (sphere) and cooling (circles), as 
well as measured and corrected upon heating (discs). Solid line is VFTH fit and dashed line is average of the fictive 
temperatures measured from the cooling, as well as measured and corrected from the heating. 

In literature, it is well established that fictive temperature depends only on the applied 

cooling rate. Recently, Simon et al. have demonstrated the non-dependence of the heating 

rate on the fictive temperature on a wide range of scanning rate by means of FSC [4]. As a 

consequence, we have used this phenomenon to certify our thermal lag corrections. The 

fictive temperature measured upon cooling and heating by DSC at lβcl = βh = 0.17 K.s-1 are 

respectively 55 °C and 57 °C. In addition, those values match with the ones reported in 

literature [15][16]. Thus, these values are taken as a reference in this investigation. By 

assuming the only dependence of the fictive temperature on the applied cooling rate, we have 

investigated the fictive temperature of wholly amorphous PLA cooled down at 0.17 K.s-1. 

Figure III.2.4.A shows the heat flows upon cooling at βc = 0.17 K.s-1 and heating at βh = 1500 

K.s-1 as an example. After the cooling (step 1), subsequent heating have been performed for 

the different heating rates used by FSC (step 2). The difference of scanning rate leads to 

endothermic relaxation peak superimposing to the glass transition. Then, the fictive 

temperature not corrected from the thermal lag have been measured for each heating rate 

investigated. The values are reported in Table III.2.2.  

Table III.2.2: Fictive temperatures Tf measured and corrected from heating for the different heating rates βh 
investigated when the glass is formed at βc = 0.17 K.s-1. The thermal lag ΔT values are reminded. 

βh (K.s-1) 300 500 1000 1500 2000 3000 4000 

Tf from heating (°C) 56.7 57.8 59.7 60.7 61.6 63.7 64.8 

Tf corrected from heating (°C) 56.0 56.0 56.1 55.3 54.7 54.6 54.1 

ΔT (°C)  0.7 1.8 3.6 5.4 6.9 9.1 10.7 
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Influence of the thermal lag is clearly observed. From the lowest to the highest heating 

rate used, the fictive temperature increases of 8 °C, from 56.7 °C up to 64.8 °C. As fictive 

temperatures depend only on the applied cooling rate, these results highlight once again the 

need for thermal lag corrections. The corrected fictive temperatures and the thermal lag 

values are also displayed in Table III.2.2. An average fictive temperature of 55 ± 1 °C is then 

obtained. This value match with the one measured upon cooling by DSC at βc = 0.17 K.s-1 as 

shown in Figure III.2.4.B. Consequently, the non-dependence of the fictive temperatures on 

the heating rates after thermal lag corrections is evidenced. 

Figure III.2.4: (A) FSC heat flows of wholly amorphous PLA upon cooling at βc = 0.17 K.s-1 and heating at βh = 
1500K.s-1. (B) Evolution of the fictive temperature as a function of the heating rate βh investigated after cooling 
the sample at βc = 0.17 K.s-1. Fictive temperatures have been measured and corrected upon heating (sphere) by 
FSC and measured upon cooling by DSC (circles). Solid line is average from the data obtained. The star refers to 
structural investigations discussed below. 

Then, structural relaxation has also been used in order to confirm. Structural relaxation 

occurs only in the glassy state [17]. Thus, by performing physical aging at different 

temperature in the range of the glass transition domain, we can figure out what we call an 

onset temperature of structural relaxation TSR
O . It defines the temperature that allows 

structural relaxation when the sample is stored in its glassy state. It does not depend on any 

corrections. It is the only response of the material itself. Figure III.2.5.A shows normalized heat 

flows of wholly amorphous PLA, formed at βc = 0.17 K.s-1, rejuvenated and aged 10 min for 

aging temperatures ranging from 60 °C to 50 °C. After the physical aging, the subsequent 

heating has been performed at βh = 1500 K.s-1, leading to overshoot superimposed to the glass 

transition. Figure III.2.5.B reports the enthalpy recovery measured for the respective aging 

temperatures investigated. When shift of the structural relaxation peaks are observed, it 

means that the glassy state is reached. The value of  TSR
O  observed is 57 °C and matches with 
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the corrected fictive temperatures displayed in Figure III.2.4.B. The value of TSR
O  is above the 

fictive temperature Tf due to the broadening of the glass transition. These investigations lead 

us to certify the thermal lag corrections of this work. As a consequence, the non-dependence 

of the corrected fictive temperature with the applied cooling rate on PLA has been evidenced 

from the scanning rates investigated. However, in order to clarify this non-dependence 

behavior of the fictive temperature on the applied cooling rate used a final investigation has 

been done. 

Figure III.2.5: (A) FSC normalized heat flows of wholly amorphous PLA formed at a cooling rate βc = 0.17 K.s-1 and 
then aged 10 min at different aging temperature ranging from 60 °C to 50 °C. The subsequent heating has been 
performed at βh = 1500K.s-1. (B) Enthalpy recovery measured from each aging temperature investigated. 

Figure III.2.6 shows investigation of fictive temperatures of PLA in a cooling rate range 

of four decades. Figure III.2.6.A displays FSC heat flows obtained at βh = 2000 K.s-1. An 

endothermic step of the specific heat capacity indicating the glass transition of the material is 

observed along with an endothermic relaxation peak. This latter peak progressively shifts 

towards higher temperatures, and its amplitude increases when the cooling rate used to form 

the glass is reduced. However for βc = [2000 K.s-1; 1500 K.s-1; 1000 K.s-1], the heat flows 

superimpose. Figure III.2.6.B depicts the fictive temperatures Tf measured and corrected from 

heating by FSC, as well as the fictive temperature Tf measured by DSC upon cooling (see Figure 

III.1.1.A). The fictive temperatures fit to VFTH equation up to βc = 500 K.s-1. From the equation 

III.3.1, a fitting parameter B of 261 ± 48 K and a Vogel temperature T0 of 309 ± 1 K are obtained. 

These results lead to a dynamic fragility m value of 195 ± 49 from the equation III.1.3. This 

value is in the upper limit defining the fragility index. However, within the uncertainties the 

value is close to the values of 189 and 166 reported for wholly amorphous PLLA by Arnoult et 
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al.  [18] and Mano et al.  [19], respectively. Thus, by correcting the thermal lag, fragility index 

value with physical meaning are observed. In order to decrease the uncertainties, a 

combination of DSC, FSC as well as broadband dielectric spectroscopy should be performed 

on a wide range of scanning rates and frequencies, as already performed by Dhotel et al. on 

polystyrene (PS) and poly(ethylene 1,4-cyclohexylenedimethylene terephthalate glycol) [14].  

Above βc = 500 K.s-1, a fictive temperature of around 66 °C is measured. A lack of 

dependence of the fictive temperature on the applied cooling rate is then observed, as 

previously noticed from the thermal lag corrections. This final investigations complete the 

previous ones as it does not depend on any thermal lag corrections. The same thermal lag 

correction value has been subtracted to the raw fictive temperatures. It clearly shows that 

above a critical cooling rate the same fictive temperature is measured. It is worth mentioning 

that a similar behavior has been observed on PS by Dhotel et al. above 500 K.s-1 [14]. As a 

consequence, is the same glass formed above a critical cooling rate? 

Figure III.2.6: (A) FSC heat flows of wholly amorphous PLA obtained at a heating rate βh = 2000 K.s-1 .The glassy 
PLA were formed at a cooling rate ranging from βc = 0.5 K.s-1 to βc = 2000 K.s-1. (B) Evolution of the fictive 
temperature as a function of the cooling rate βc determined from DSC (circle) and FSC after thermal lag 
corrections induced by βh = 2000 K.s-1 (sphere). Solid line is VFTH fit to DSC and FSC data. 

III.3 From low to high enthalpy PLA glasses 

For high cooling rates included between 300 K.s-1 and 4000 K.s-1, a constant value of 

Tf1 = 66 °C has been determined by FSC after thermal lag corrections. It seems that the same 

PLA glass is formed from the different cooling rates used as depicted through the different 

investigations led in the previous section III.2. These results correlate with the work of 

Cangialosi et al. [20][21] by means of dielectric spectroscopy experiments. By cooling down 
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polycarbonate films at 60 and 100 K.s-1, they observed similar relaxation patterns. To validate 

the assumption of a single PLA glass formed independently of the scanning rate used, physical 

aging were performed at Tag = Tg - 18 °C ( with Tg = Tf1 = 66°C taking into account the thermal 

lag correction) for different aging times tag = [1 min; 10 min; 100 min] by FSC.  

Figure III.3.1: Aging of PLA glasses at Tag = Tg - 18 °C studied by FSC. (A) Normalized heat flow subtraction (aged - 
rejuvenated) for tag = 100 min. (B) Enthalpy recovery as a function of βh/c for tag = 100 min (blue triangle), tag = 10 
min (cyan square) and tag = 1 min (green disc). 

For each scanning rate investigated βh/c, Figure III.3.1.A displays the normalized heat 

flow subtraction (aged - rejuvenated) for PLA with tag = 100 min. Figure III.3.1.B presents the 

enthalpy recovery as a function of βh/c obtained for different tag. Due to the smearing effects, 

the peaks are shifted at higher temperatures when the scanning rates increase (Figure 

III.3.1.A). This is also observed for the other aging times investigated (Figure III.3.2). As shown 

in Figure III.3.1.B, the enthalpy recoveries measured do not depend on the scanning rate, and 

average values of 4.7, 5.2 and 6.1 J/g were measured for the three different aging times, 

respectively. As depicted above and highlighted in the case of polycarbonate cooled down at 

few tens degrees per seconds  [20][21], the enthalpy recoveries measured from the physical 

aging in PLA glasses are the same independently of the scanning rate used to form the glass. 

Only the molecular dynamics involved are different, mainly due to the smearing effects of the 

technique itself [8]. To sum up, not only the same fictive temperature, but also the same 

enthalpy recovery, are measured from the glasses formed with the different scanning rates 

investigated. From various approaches, it is clear that only one glass is formed independently 

of the scanning rates. 
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Figure III.3.2: FSC Normalized heat flow subtraction (aged - rejuvenated) of PLA glasses aged at Tag = Tg - 18 °C 
for tag = 1 min (A) and tag = 10 min (B). 

One can notice that the three aging times (i.e. 1, 10 and 100 min), investigated by FSC 

18 °C below the glass transition Tg, depict higher values of the enthalpy recovery (4.7, 5.2 and 

6.1 J/g respectively) compared to those measured by standard DSC [22][23]: in the same 

conditions (Figure III.3.3), enthalpy recoveries depict 0.1, 0.4 and 1.0 J/g respectively. Thus, 

an enthalpy recovery increase of 80 to 90 % is observed between FSC and standard DSC. How 

to explain this gap? Why the physical aging seems to be accelerated by FSC? 

Figure III.3.3: DSC Normalized heat flow subtraction (aged - rejuvenated) of PLA glasses aged at Tag = Tg - 18 °C 
for tag = 100 min (blue), tag = 10 min (cyan) and tag = 1 min (green). Hatched area represent the respective enthalpy 
recoveries measured. 
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III.4 Parameters influencing the structural relaxation kinetics 

III.4.1 Cooling rate 

In literature, accelerated physical aging are reported either for polymers subjected to 

quenching or medium cooling rates up to 100 K.s-1 [20][21][24][25][26] as well as for polymers 

with specific geometries, such as polymer thin films [27][28][29][30][31][32] or polymer 

nanocomposites [33][34][35]. In all cases, the mechanism of structural relaxation involved 

during the physical aging is correlated to a free volume hole diffusion towards surfaces. Those 

surfaces may be the external ones of the bulk, the internal ones tied to the creation of low 

density regions induced by a high cooling rate, or the interfaces between polymer and fillers. 

Consequently, in a first approach, it is obvious to correlate the gap in enthalpy recovery 

recorded in this work between FSC and standard DSC from the difference of the scanning rates 

used: up to six decades [8]. Such differences in cooling rate might induce low density regions, 

and so more free volume or enthalpy, in rapidly quenched samples as illustrated in Figure 

I.1.2. 

FSC and standard DSC normalized heat flows of aged PLA during 1, 10 and 100 min 18 

°C below their respective Tg are shown in Figure III.4.1. First, Figure III.4.1.A depicts aged 

curves from standard DSC. PLA sample was cooled down and heated up at lβcl = βh = 0.17 K.s-

1. To erase influence of high cooling rates, FSC experiments with βc = 0.17 K.s-1 and βh = 1500 

K.s-1 have been performed. The resulting curves are shown in Figure III.4.1.B. Finally, Figure 

III.4.1.C depicts aged curves from FSC when PLA samples have been cooled down and heated 

up at lβcl = βh = 1500 K.s-1. A classical behavior is observed when lβcl = βh: endothermic peaks 

related to the structural relaxation process superimpose to the glass transition. When lβcl ≠ 

βh, endothermic peaks related to the structural relaxation process also superimpose to the 

glass transition, but in addition an overshoot due to the difference between βc and βh is 

observed. From standard DSC and FSC, the different enthalpy recoveries are determined and 

reported in Table III.4.1. By FSC or standard DSC, the same enthalpy recovery is measured 

when the samples are cooled down at 0.17 K.s-1. On the contrary, for βc = 1500 K.s-1 a 
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significant increase is observed. The idea that high cooling rates accelerate the aging process 

by FSC is evidenced. 

Figure III.4.1: Standard DSC and FSC normalized heat flows of amorphous PLA aged at Tag = Tg - 18 °C for three 
aging times tag = [1; 10; 100 min]. (A) Standard DSC experiments were performed at a scanning rate of lβcl = βh = 
0.17 K.s-1. (B) FSC experiments were performed at a scanning rate of βc = 0.17 K.s-1 and βh = 1500 K.s-1. lβcl ≠ βh 
explains the overshoot for the rejuvenated curve. (C) FSC experiments were performed at a scanning rate of lβcl 
= βh = 1500 K.s-1. 

Table III.4.1: Enthalpy recovery values recorded from the amorphous PLA aged at Tag = Tg - 18 °C for three aging 
times tag = [1; 10; 100 min] by standard DSC at a cooling rate of βc = 0.17 K.s-1 as well as by FSC at cooling rates of 
βc = 0.17 K.s-1 and βc = 1500 K.s-1. Values are recorded from the aging curves in Figure III.4.1.  

tag  
(min) 

Standard DSC 
(βc = 0.17 K.s-1) 

FSC 
(βc = 0.17 K.s-1) 

FSC 
(βc = 1500 K.s-1) 

1 0.1 ± 0.1 0.2 ± 0.2 4.4 ± 0.3 

10 0.3 ± 0.2 0.5 ± 0.3 5.0 ± 0.5 

100 0.8 ± 0.2 0.7 ± 0.3 6.2 ± 0.5 
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III.4.2 Sample geometries 

In a second approach, the gap of enthalpy recovery observed initially between FSC and 

standard DSC might also be explained by the sample geometry, i.e. the ratio between the 

surface area and the volume noted SA:V. As the relaxation process involved during the 

physical aging is believed to be driven by a free volume hole diffusion towards surfaces, if the 

sample geometry is only considered, namely the external surfaces, accelerated aging process 

might be expected by FSC, as observed for polymer thin films [27][28][29][30] or polymer 

nano-composites [33][34][35], due to the few ng of sample analyzed, in other words due to 

an increase of SA:V value. Figure III.4.2 presents the enthalpy recoveries measured by FSC and 

standard DSC as a function of SA:V values related to different samples with different masses. 

As highlighted above in Table III.4.1, the same enthalpy recovery is measured from FSC and 

standard DSC when βc = 0.17 K.s-1, independently of the SA:V values. In the same way, an 

increase of the enthalpy recovery is recorded for βc = 1500 K.s-1. For example, the enthalpy 

recovery measured is around 1 J/g for a glass formed at βc = 0.17 K.s-1 and aged 100 min, when 

it goes up to around 6 J/g for a glass formed at βc = 1500 K.s-1 and aged during the same 

duration 100 min. However, as pointed out by Cangialosi et al., the thickness influencing the 

physical aging of polystyrene films is only measured from few microns down to nanometers 

(2 µm to 29 nm), in other words below a critical thickness Lc [36]. As the sample thickness 

investigated by our FSC experiments are ranging from 19 µm down to 2 µm, the same enthalpy 

recovery measured from standard DSC and FSC correlates with the idea that none influence 

of the SA:V (namely the thickness) is observed on the structural relaxation when the same 

cooling rate is used between both techniques. It attests that acceleration of the aging process 

observed by FSC is related to the high level of enthalpy, or free volume, induced by the high 

cooling rate available [24][37]. 

Even if the acceleration of the physical aging is now confirmed by FSC thanks to the 

high cooling rate used, we want to pay attention on the enthalpy recovery measured after an 

aging duration of 1 min with the 260 ng sample (series of points in the orange ellipse in Figure 

III.4.2). 



 

80 
 

GLASS  TR ANSI TI ON PR OP E RTIE S  AN D S TR UCT UR A L R ELAX ATIO N O F W HOL L Y AMORP HO US PLA   

Figure III.4.2: Enthalpy recovery measured by FSC and standard DSC as a function of the SA:V ratio. By DSC, the 
glasses investigated were formed at βc = 0.17 K.s-1. By FSC, the glasses were formed at βc = 1500 K.s-1, as well as 
βc = 0.17 K.s-1 to investigate the cooling rate influence.  

Figure III.4.3: Wetting evolution of 260 ng PLA sample. (A) After first heating at βh = 1500 K.s-1 from -50 °C to 230 
°C. (B) After 1 cycle. (C) After 7 cycles. (D) Chip stored overnight at room temperature and after 3 cycles (10 cycles 
in total). 

Premelting by FSC experiments are usually done to improve the thermal contact 

between the sensor and the sample [8]. However, the sample changes from an uneven to an 

even shape, after preheating and melting, to reach a fine and stable geometry [38][39]. Such 

behaviors are depicted in Figure III.4.3. The sample shape evolves from a parallelepiped to a 

fine and stable disc after 10 cycles (1 cycle corresponds to two heat/cool ramps from -50 °C to 

230 °C, as well as one physical aging step of 1 min 18 °C below Tg). By assuming a constant 

density, knowing the mass from calculation, and measuring the perimeter, we were able to 

figure out the thickness evolution induced from the different cycles, as well as the SA:V values. 

Table III.4.2 summarizes the different characteristic sizes after each cycle applied. 
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Table III.4.2: Evolution of the characteristic sizes of the 260 ng sample shape for the different temperature cycles 
applied. 

Figure III.4.4: FSC investigations of enthalpy recovery evolution as a function of SA:V for a 260 ng PLA sample 

aged at Tag = Tg - 18 °C with tag = 1 min. The normalized heat flows subtraction (aged - rejuvenated) after different 

cycles at lβcl = βh = 1500 K.s-1 involves an evolution of SA:V leading to increase the relative enthalpy recovery χR 

as a function of SA:V. 

Figure III.4.4 shows FSC investigations of enthalpy recovery evolution as a function of 

SA:V for the 260 ng PLA sample aged at Tag = Tg - 18 °C with tag = 1 min. An increase of the 

amplitude of the endothermic peaks related to the physical aging is observed when the SA:V 

increases, even if the aging time remains constant. In order to quantify the SA:V influence on 

the aging process, we define a relative enthalpy recovery χR by the equation III.4.1:  

χ
R
 = 

∆HSA:V - ∆H141

∆H141
 

Number of cycles 1 2 3 4 5 6 7 8 9 10 

Surface on the sensor 
(.10² µm²) 

105 123 133 143 157 168 175 176 176 176 

Perimeter (µm) 395 406 416 431 450 463 471 473 475 478 

Thickness (µm) 19 17 15 14 13 12 12 12 12 12 

Surface area to volume 
ratio (SA:V) (mm-1) 

141 153 161 170 182 192 198 199 199 199 

  (III.4.1) 
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where ΔHSA:V and ΔH141 are the enthalpy recovery for a given SA:V value and the enthalpy 

recovery measured for SA:V equal to 141 mm-1 (cycle 1), respectively. An improvement close 

to 14 % of χR is observed when SA:V increases from 141 mm-1 to 199 mm-1. This χR increase 

does correlate with the hypothesis that the diffusion of free volume holes to the surface is the 

driving forces of the physical aging [27][35]. As the final thickness dropped from 19 µm to 12 

µm after 10 cycles, it is clear that the critical thickness Lc influencing the acceleration of the 

physical aging is cooling rate dependent. Indeed, thanks to the high cooling rate used by FSC, 

the thickness influencing the physical aging is superior to the critical one Lc observed by 

standard DSC in the case of polystyrene films [36]. This is an important result and we show 

here that the acceleration of physical aging could be observed for thicker sample presenting 

a high level of enthalpy. In addition, that series of points recorded from the 260 ng sample 

match with the trend of enthalpy recovery measured from the other samples presenting 

higher SA:V values (see ʘ symbols in Figure III.4.2). An increase of 15 % is observed when the 

SA:V value increases from 200 mm-1 up to 1000 mm-1. Such behavior is still depicted by aging 

time of 10 min, with an increase of 10 % in the enthalpy recovery. However, for longer aging 

times, namely tag = 100 min, the enthalpy recoveries reached do not seem to be affected by 

the SA:V values. A constant value of enthalpy recovery close to 6 J/g is measured, 

independently of the SA:V values. 

Figure III.4.5: Molecular dynamic investigations by FSC, as a function of SA:V value for a 260 ng fully amorphous 
PLA. Normalized heat flows and their derivatives of unaged sample at a scanning rate lβcl = βh = 1500 K.s-1 with 
SA:V = 141 mm-1 (circles) and SA:V = 199 mm-1 (discs). 

Moreover, one can notice that the endothermic peaks become less broadened when 

SA:V value increases (Figure III.4.4). Indeed, as shown in Figure III.4.5, a decrease of the width 

at the middle height observed on the derivative normalized heat flow curves for SA:V = 199 
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mm-1, in comparison to a SA:V = 141 mm-1, could be related to a decrease of the heterogeneity 

in terms of molecular mobility at the glass transition [40]. However, as shown in literature by 

means of AC-chip calorimeter for thin polystyrene films [41], the dynamic glass transition is 

thickness independent down to 10 nm. As presented above, the recovery of equilibrium is 

driven by a free hole diffusion from the external interfaces towards the core. Consequently, 

samples with high SA:V value (199 mm-1) will present more homogeneous recovery of 

equilibrium when heated up because the equilibration of the core will not be significantly 

delayed in comparison to the external interfaces. On the contrary, samples with small SA:V 

value (141 mm-1) will present a delay, and thus will exhibit a more heterogeneous recovery of 

equilibrium as observed in Figure III.4.5. These observations evidence that the acceleration of 

physical aging observed is not related to the modification of the molecular mobility. 

III.5 Structural relaxation of wholly amorphous PLA over 6 

decades 

Up to this point, the accelerated physical aging has been observed only in the case of 

glasses presenting a high level of enthalpy induced by the quenching. As highlighted above, a 

difference of 80 to 90 % in the enthalpy recovery is recorded between standard DSC and FSC, 

respectively between a cooling at 0.17 K.s-1 and 1500 K.s-1. Consequently, from the high 

cooling rate of FSC, are the accelerated kinetics provide access to the whole structural 

relaxation? 

Figure III.5.(1)-(2)-(3) displays standard DSC and FSC normalized heat flows of aged PLA 

up to 1000 min, 5 °C, 8 °C, 13 °C, 18 °C and 23 °C below the respective Tg. The same 

endothermic relaxation peak evolutions, than those described in Figure III.4.1 are observed 

from FSC and standard DSC. In these three cases, endothermic relaxation peaks increase and 

shift towards high temperatures when the aging times increase, as classically observed for PLA 

[22][23][42][43] and other systems [44]. Besides, no variation of the glass transition, as well 

as of the heat capacity step, are detected from rejuvenated scans, either by FSC or standard 

DSC. In the case of lβcl = βh, endothermic peaks are more intense and broadened by FSC than 

those observed by standard DSC for a same aging duration. Besides, two opposite behaviors 

are observed when the aging temperature decreases. By standard DSC, the highest enthalpy 

recovery reached during the physical aging goes through a given temperature. Thus, 23 °C 
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below the glass transition, namely below that given temperature, the enthalpy recovery 

measured in standard DSC drops due to a lack of mobility. On the contrary, by FSC the smaller 

the aging temperature, the higher the enthalpy recovery. By FSC, when βc = 0.17 K.s-1, the 

endothermic peaks are more intense and broadened due to the addition of the overshoot. 

However, the same phenomenon than the one observed in standard DSC is observed, namely 

a drop of the enthalpy recovery below a given temperature. Thus, the cooling rate does play 

a role on the structural relaxation process. 

For standard DSC and FSC, Figure III.5.4 depicts the drops of the enthalpy during 

physical aging for the five aging temperatures investigated. The difference between the total 

enthalpy loss ΔH and the enthalpy recovery ΔHtag at a given aging time displays different 

behaviors. Despite the different techniques used, similarities are also observed when the 

cooling rate is the same, as shown in Figure III.5.4.A. Indeed, by standard DSC and FSC, for βc 

= 0.17 K.s-1, the decays of the enthalpy during the physical aging are exactly the same in 

kinetics. It is worth mentioning that the few ng analyzed by FSC are totally representative of 

the bulk sample analyzed by DSC. Furthermore, we observe slower kinetics compared to 

glasses formed at βc = 1500 K.s-1. Thus, for given aging time and temperature, the enthalpy 

recovery reached is much lower. As an example, the total enthalpy loss is reached after 1 min 

5 °C below Tg for a cooling rate of βc = 1500 K.s-1, when almost none structural relaxation is 

observed after 1 min 5 °C below Tg for a lower colling rate of βc = 0.17 K.s-1. Besides, the 

enthalpy recovery measurement is only possible for aging times down to 1 min, whereas with 

a glass cooled down at βc = 1500 K.s-1 the measurement of enthalpy recovery for shorter aging 

times down to 0.001 min is possible, due to the formation of a high fictive temperature glass 

having very short relaxation time [45]. The enthalpy recovery is driven by a single step decay. 

However, the decay follows a well-known stretched tendency. Such physical aging processes 

are classically observed for glassy polymers [33][46][47]. 
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Figure III.5.1: Aged amorphous PLA investigations by standard DSC performed at a scanning rate of lβcl = βh = 0.17 K.s-1 for aging times ranging from 1 min to 1000 min.(A) Tag 
= Tg - 5 °C (B) Tag = Tg - 8 °C (C) Tag = Tg - 13 °C (D) Tag = Tg - 18 °C (E) Tag = Tg - 23 °C. 

Figure III.5.2: Aged amorphous PLA investigations by FSC performed at a scanning rate of βc = 0.17 K.s-1 and βh = 1500 K.s-1 for aging times ranging from 1 min to 1000 min.(A) 
Tag = Tg - 5 °C (B) Tag = Tg - 8 °C (C) Tag = Tg - 13 °C (D) Tag = Tg - 18 °C (E) Tag = Tg - 23 °C. 

Figure III.5.3: Aged amorphous PLA investigations by standard DSC performed at a scanning rate of lβcl = βh = 1500 K.s-1 for aging times ranging from 0.001 min to 1000 min.(A) 
Tag = Tg - 5 °C (B) Tag = Tg - 8 °C (C) Tag = Tg - 13 °C (D) Tag = Tg - 18 °C (E) Tag = Tg - 23 °C.  
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Then, in Figure III.5.4.B, the structural relaxation of PLA through FSC for βc = 1500 K.s-1 

exhibits two main characteristics. At the closer temperatures to Tg, the enthalpy recovery 

shows a standard single step decay towards equilibrium. In the range of aging time 

investigated, the glass is allowed to completely relax its excess of energy. The enthalpy 

recovery measured does match with the total enthalpy loss extrapolated from the melt. This 

result contrasts with the ideas of J.L. Gomez Ribelles et al. [48][49] who consider that the 

thermodynamic equilibrium cannot be reached due to the steric hindrances and the 

cooperativity of the molecular mobility induced during the structural relaxation. It also 

contrasts with J.M. Hutchinson et al. [50] who consider that only a certain fraction of the glass-

forming liquid is vitrified through the glass transition. Thus, the thermodynamic equilibrium 

cannot be reached due to two kinds of processes involved (slow for the vitrified fraction and 

fast for the non-vitrified one). FSC shows that high enthalpy glasses allow to reach the 

thermodynamic equilibrium. At the farther temperatures below Tg, the enthalpy recovery is 

also driven by a single step decay. The aging time investigated does not allow to reach the 

equilibrium. Besides, no induction time, as well as no plateau, are observed for the aging time 

investigated. 

Figure III.5.4: Time evolution of the difference between the total enthalpy loss ΔH and the enthalpy recovery 
ΔHtag for the aged amorphous PLA at the five aging temperatures: Tag = Tg - 5 °C (blue circle), Tag = Tg - 8 °C (cyan 
hexagone), Tag = Tg - 13 °C (dark green pentagone), Tag = Tg - 18 °C (green square) and Tag = Tg - 23 °C (orange 
triangle). (A) Half-filled symbols: FSC and standard DSC experiments βc = 0.17 K.s-1. (B) Empty symbols: FSC 
experiments βc = 1500 K.s-1. 

As mentioned above, the kinetics of the structural recovery are different from high to 

low enthalpy glasses. The comparison between both systems can be done by considering the 

same gap ΔT between the aging temperature Tag and the fictive temperature Tf or the same 
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aging temperature Tag, as depicted in Figure III.5.5. In the first case, as the step heat capacity 

is the same, the path to reach the equilibrium is the same in both systems independently of 

the cooling rate used, as observed in Figure III.5.5.A. In such configuration, it is clear that high 

cooling rate leads to more enthalpy, and more free volume in the glass, than low cooling rate. 

Thus, the diffusion related to the structural recovery is higher. As a consequence, the time 

needed to reach the equilibrium is shorter for high enthalpy glasses than low enthalpy glasses. 

In the second case, the step heat capacity is still the same, but the gap ΔT is higher for high 

enthalpy glasses due to the higher fictive temperatures, as presented in Figure III.5.5.B. Thus, 

higher the fictive temperature, higher the total enthalpy loss. Obviously, the low enthalpy 

glasses present a shorter path to reach the equilibrium than the high enthalpy glasses. 

However, the time needed to reach the equilibrium is shorter for the high enthalpy glasses. In 

literature [8][14], cooling rate βc and relaxation rate τ are related by the Frenkel-Kobeko-

Reiner relationship βc.τ = C, where C is a constant. Thus, high cooling rates lead to short 

relaxation times. This might be explained by the fact that high enthalpy glasses do not present 

an induction time for structural relaxation, as observed in Figure III.5.4. The high fictive 

temperatures allow very short aging times for structural recovery. On the contrary, relative 

long induction times is needed for low enthalpy glasses. As a consequence, if only the aging 

temperature is considered, the acceleration of the structural relaxation might be related to 

the non-induction involved by the high fictive temperature. 

Figure III.5.5: Schematic illustration of the temperature dependence of the enthalpy in the liquid-like state and 
the glassy state, as well as its evolution during structural recovery at aging temperature Tag. The comparison is 
made between high (FSC ≈ 1000 K.s-1) and slow (FSC or DSC ≈ 0.1 K.s-1) cooling rates for the glasses investigated 
in the cases where (A) the difference ΔT between the glass transition temperature Tg and the aging temperature 
Tag are the same, and (B) the aging temperature Tag is the same. 
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III.6 Conclusion 

Glass transition temperature is a significant parameter for further physical aging 

investigations. In that purpose, the observation of a constant fictive temperature, after 

thermal lag corrections, for cooling rates ranging from 300 K.s-1 to 4000 K.s-1 led us to 

investigate the physical aging in PLA by means of FSC and standard DSC. Aging investigations, 

just below the glass transition, depicts a significant influence of the cooling rate used to vitrify 

the glass: a gap of 80 to 90 % has been observed between standard DSC and FSC and, when 

glasses are vitrified at βc = 0.17 K.s-1 and βc = 1500 K.s-1, respectively. Such behaviors have 

been explained by an acceleration of the structural recovery for high cooling rates. Besides, 

for short aging times, an influence of the sample SA:V value has been measured. The critical 

thickness involving an acceleration of the structural recovery seems to be cooling rate 

dependent. Aging investigations for glasses formed at the same cooling rate independently of 

the techniques show that the few ng of sample analyzed by FSC are well representative of the 

bulk sample analyzed by DSC. Furthermore, thanks to the high cooling rates accessible by 

means of FSC, thermodynamic equilibrium has been reached after few minutes to few hours, 

which is impossible by standard DSC in the laboratory time scale. Such experimental 

observations open new possibilities for physical aging on complex systems, as it will be 

discussed in the next chapter. 
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The fourth chapter of this work deals with the influence of the structural anisotropy 

induced during the processing on crystalline systems. In order to achieve such investigation, flow 

induced crystallization has been used. As explained in the chapter I, the goal was to observe the 

impact of the molecular orientation prior to crystallization and vitrification on the molecular 

dynamics of the amorphous phase. First, lifetime of the crystal nuclei precursors induced by shear 

has been investigated to achieve flow induced crystalline structures. Conventional crystallization 

has also been studied. Special attention has been done on the characterization of the crystalline 

morphology as well as the thermal and microstructural properties through Polarized Optical 

Microscope (POM), Scanning Electronic Microscope (SEM) and Fast Scanning Calorimetry (FSC). 

Molecular dynamics have been characterized at the glass transition through the approach of 

Donth as well as in the glassy state through the phenomenon of structural relaxation.  
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IV.1 Conventional vs. unconventional crystallization 

IV.1.1 Impact of the crystal nuclei precursors 

Figure IV.1.1: Relaxation time of the precursors (t*) as a function of the pull-out temperature (Tpo). For ‘’long’’ 
relaxation time (cyan circle), the precursors relax and spherulites (SPE) are obtained. For ‘’short’’ relaxation time, 
the precursors lead to flow-induced crystalline structures (FICS) (green crosses). For intermediate times, both 
SPE and FICS are observed and a transition zone can be defined (blue dashed area). The different behaviors are 
depicted for Tpo = 162.5 °C by polarized optical microscopy. 

As explained in the Chapter I, numerous investigations have been done on flow 

induced crystallization with PLA. By tailoring crystal morphology and lamellae orientation, 

physical properties of PLA, such as gas barrier properties or mechanical properties, have been 

improved. Flow induced crystallization in PLA has been reported in the presence of steady 

[1][2][3][4] or oscillating [5][6][7] shear conditions during injection molding, but also 

evidenced by pulling fibers [8][9]. The latter procedure is the easiest way to produce shear 

flows with significantly high shear rates up to ≈ 1500 s-1 [9]. However, to our knowledge, the 

lifetime of shear-induced crystal nucleation precursors in PLA has not been previously 
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investigated. Due to their metastability, the existence of shear-induced precursors is time and 

temperature dependent, as already observed for other polymers such as polypropylene, 

poly(1-butene), poly(ethylene oxide) or polystyrene [10]. In this work, the lifetime (i.e. the 

relaxation time) of PLA shear-induced precursors has been investigated in the temperature 

range where melting of semi-crystalline PLA is typically reported [11][12][13] in order to 

mimic the shear flow conditions typically applied during industrial processing prior to 

crystallization. The relaxation map in Figure IV.1.1 depicts the relaxation time of PLA shear-

induced precursors (t*) measured at different pull-out temperatures (Tpo) and the type of 

morphology that develops after cooling to the crystallization temperature. Longer relaxation 

times above the “transition zone” in Figure IV.1.1 lead to only spherulites (SPE) because flow-

induced precursors have completely relaxed, whereas for shorter relaxation times precursors 

are still present, which results in cylindrical flow-induced crystalline structures  (FICS) near the 

fiber, i.e. in the region that was subjected to the highest shear stress. At intermediate times 

in the “transition zone”, there is much less enhanced nucleation near the fiber surface due to 

partial relaxation of flow-induced precursors, which results in a significant reduction of 

oriented structures. The different behaviors are depicted for Tpo = 162.5 °C by polarized optical 

micrographs. It should also be noted that at higher pull-out and relaxation temperature, the 

critical relaxation time tc* for precursors decay becomes shorter, in agreement with relaxation 

studies performed on other polymers [10]. 

According to the relaxation map for PLA precursors in Figure IV.1.1, a pull-out 

temperature Tpo = 150 °C is a judicious choice to obtain shear-induced precursors that do not 

significantly relax during cooling to the crystallization temperature Tc = 130 °C.  Indeed, flow 

precursors would need at least a few hours to noticeably relax at 150°C.  Therefore, fiber pull 

experiments for obtaining the maximum possible number density of shear-induced precursors 

are performed at Tpo = 150 °C, with the purpose of examining the amorphous phase present 

within highly oriented structures and comparing its characteristics with the amorphous phase 

in conventional spherulites. This protocol also ensures that the cylindrical structure is not 

embedded within a “sea” of spherulites, facilitating its isolation for performing calorimetric 

experiments. 
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IV.1.2 From isotropic to anisotropic crystalline morphology 

Figure IV.1.2: Polarized optical microscope picture of spherulites (SPE) and flow-induced crystalline structures 
(FICS) (Tpo = 150°C ; t* <<< tc* ; Tc = 130°C ; tc = 90 min). The glass fiber is completely pulled-out and the flow 
direction is symbolized by the yellow arrow.  

Figure IV.1.3: Scanning electronic microscope picture of spherulites (SPE) and flow-induced crystalline structures 
(FICS) (Tpo = 150°C ; t* <<< tc* ; Tc = 130°C ; tc = 90 min). Prior to gold coating, the sample was trimmed by 
ultramicrotomy and chemically etched. 
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Figure IV.1.2 and Figure IV.1.3 show POM and SEM pictures of semi-crystalline PLA 

after being subjected to protocol 2, in which the fiber is fully pulled out of the polymer melt. 

Figure IV.1.2 shows that flow-induced precursors induced by pulling the glass fiber resulted in 

FICS, in the form of a cylindrical structure whose diameter reached approximately 100 µm 

after a crystallization time tc = 90 min.  The imposed shear rate strongly decreases with 

distance from the fiber, so no precursors are induced away from the pull-out region and only 

spherulites can be observed there. Note that the diameter of spherulites also reaches 

approximately 100 µm. Figure IV.1.3 showcases the differences between FICS and SPE through 

the contrast between amorphous and crystalline areas: lamellar growth in cylindrical FICS 

mostly occurred in the direction perpendicular to the flow—i.e. FICS are anisotropic—whereas 

SPE developed radially. 

Figure IV.1.4: Optical microscope pictures of spherulite (SPE) and flow-induced crystalline structure (FICS) slices 
obtained by ultramicrotomy‡ prior to FSC analysis (A-B), as well as an example of a slice of FICS placed on the FSC 
chip sensor after analysis (C). First, the sample within the ellipse plus the surrounding amorphous fraction were 
analyzed (“SCA” approach), then a fresh slice was used to further isolate the dashed polygon within the semi-
crystalline structures (“SC” approach). The slices were 500 nm thick. 

The differences between FICS and SPE, as well as their influence on the mobile 

amorphous fraction, have been investigated at the micro-scale, i.e. the typical length-scale of 

semi-crystalline structures, by FSC. Figure IV.1.4.A-B shows cross sectional slices of both FICS 

and SPE as obtained by ultramicrotomy prior to FSC analysis. In both slices, the semi-crystalline 

structure—indicated with a dashed ellipse—is surrounded by an amorphous matrix. Two 

approaches were used to investigate the amorphous fraction. First, in the so-called SCA 

approach, the whole sample (semi-crystalline structure along with surrounding amorphous 

 

‡ In order to perform analyses at the typical length-scale of the systems (SPE and FICS) by FSC, ultramicrotomy 
has been the only way to prepare the sample. Ultramicrotomy has been performed with the fruitful help of 
Laurence Chevalier (GPM). 
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matrix) was analyzed.  Then, in the so-called SC approach, only a portion of the semi-crystalline 

structure was isolated and analyzed as indicated by the dashed polygon in Figure IV.1.4.A-B. 

Figure IV.1.4.C shows a slice of FICS after FSC analysis. 

IV.2 Thermal and microstructural properties 

Figure IV.2.1 reports FSC normalized heat flows recorded during the first and second 

heating ramps from 20 °C to 220 °C both for a slice of SPE and FICS. Figure IV.2.1.A shows the 

results of SCA investigations, whereas Figure IV.2.1.B shows the results of SC investigations. 

For all systems, the first heating ramp includes two thermal events: an endothermic step 

typical of the glass transition within the amorphous fraction, followed by an endothermic 

event related to the melting of the crystalline fraction. The second heating ramp reveals a 

system that is totally amorphous, as indicated by the increase in the magnitude of the heat 

flow step at the glass transition and the absence of the melting peak.  

Figure IV.2.1: FSC normalized heat flows of the first and second heating ramps from 20 °C to 220 °C for spherulites 
(SPE) and flow-induced crystalline structures (FICS): (A) “SCA” approach vs. (B) “SC” approach. 

Melting occurs as a very complex peak for both SPE and FICS, either within SCA or SC 

systems. When PLA is crystallized at 130 °C, only highly ordered α crystals are formed [14][15], 

as highlighted in the Chapter I. In addition, the use of high scanning rates (1500 K.s-1) prevents 

any structural reorganization of the crystals, which means that the complexity of the melting 

peaks is only due to the complexity of the investigated semi-crystalline structures. Table IV.2.1 

summarizes the values of enthalpy associated to the melting peaks observed during the first 

heating ramps in Figure IV.2.1, along with the physical properties measured at the glass 
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transition. The glass transition of wholly amorphous PLA was found to be 70.9 °C, with a step 

in heat capacity of 0.51 J/(g.K). This value was taken as a reference to estimate the mass of 

the sliced sample deposited onto the chip sensor, as described in the experimental section 

(section II.2.2.3). The mass of the sample was then used to correlate the step of heat capacity 

observed for the semi-crystalline systems with their respective degree of crystallinity. The 

glass transition temperature of the SCA systems reaches 72.7 °C and 72.9 °C respectively, with 

a step in heat capacity that drops to 0.35 J/(g.K) and 0.37 J/(g.K) for SPE and FICS respectively. 

The glass transition temperature of the SC systems reaches 74.2 °C and 74.1 °C respectively, 

with a step in heat capacity that drops to 0.32 J/(g.K) and 0.30 J/(g.K) for SPE and FICS 

respectively. Whatever the semi-crystalline morphology (SPE or FICS), the glass transition 

presents some similarities. The only parameter that differs is the amount of surrounding 

amorphous fraction, which explains the decrease in the step of heat capacity when comparing 

SCA and SC systems. The increase of the mid-point glass transition temperature of the SCA 

and SC systems with respect to wholly amorphous PLA (2 °C and 3 °C respectively) is due to 

the steric hindrances generated by the presence of the crystalline fraction.  

From the enthalpy of melting reported in Table IV.2.1, the crystalline fraction Xc has 

been estimated according to the following equation:  

Xc = 
∆Hm

∆Hm
0  

in which ∆Hm and ∆Hm
0  are the enthalpy of melting and the enthalpy of a 100% crystallized 

PLA, respectively, determined from the recent formula proposed by Righetti et al. [16]. From 

the crystalline fraction Xc and the step of heat capacity at the glass transition ΔCp, the mobile 

amorphous fraction XMAF and the rigid amorphous fraction XRAF have been estimated according 

to the following equations: 

XMAF = 
∆Cp

∆Cp
0 

1 = XMAF + XRAF + XC 

in which ∆Cp
0 = 0.51 J.g-1.K-1 is the heat capacity step of wholly amorphous PLA.  

(IV.2.1) 

(IV.2.2) 

(IV.2.3) 
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Table IV.2.1: Thermal and microstructural properties measured while heating wholly amorphous, SPE and FICS 
systems, both with SCA and SC approaches: glass transition temperature Tgmid, heat capacity step ΔCp, enthalpy 
of melting (ΔHm), mobile amorphous fraction (XMAF), crystalline fraction (Xc) , and rigid amorphous fraction (XRAF). 

The values are summarized in Table IV.2.1. It is interesting to observe how the growth 

of either SPE or FICS has no influence on the apportionment of microstructural fractions. On 

average, SCA systems develop XMAF  70 % and XC  15 %, whereas SC systems rather develop 

XMAF  60 % and XC  25 %. Independently of the semi-crystalline morphology, and the 

approach used to investigate its microstructure, an average value of XRAF   15 % is found. 

Apparently, the crystalline morphology plays no role during the competition between 

crystallization and vitrification. As observed by Righetti et al. [17][18], the establishment of 

the RAF depends on the crystallization temperature, i.e. on the molecular mobility of the 

polymer chains. These results show that the shear conditions imposed prior to crystallization 

only affected the kinetics and the morphology of the final crystalline structure, with no 

influence on the vitrification of the RAF (which appears to be influenced only by the 

temperature conditions). 

IV.3 Characteristic length at the glass transition 

Prior to FSC analysis, a visual estimation of the main microstructural areas developed 

in SCA systems has been performed by optical microscopy. The ratio of amorphous to semi-

crystalline surface area was evaluated for both systems (SPE and FICS) from optical microscope 

pictures as displayed in Figure IV.1.4.A-B. Table IV.3.1 reports the fractions of surrounding 

amorphous matrix for SPE and FICS samples (35 % and 50 % respectively), namely the 

unconstrained mobile amorphous fraction XUCMAF. However, mobile amorphous fractions XMAF, 

measured by FSC, reach 69 % and 73 % for SPE and FICS, respectively. Thus, from optical 

microscopy and FSC analysis, a gap of 34 % and 23 % in the amorphous fractions, between SPE 

 Tgmid 
(°C ± 1) 

ΔCp (J/(g.K) 
± 0.05) 

ΔHm 
(J/g ± 3) 

XMAF 
(% ± 5) 

Xc 
(% ± 5) 

XRAF 
(% ± 10) 

Amorphous 71  0.51  0 100  0 0 
SPE SCA 73  0.35  24 69  18  13  
FICS SCA 73  0.37  18 73  13  14  
SPE SC 74  0.32  37 63  27  10  
FICS SC 74  0.30  33 59  24  17  
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and FICS respectively, is evidenced. This gap is related to constrained mobile amorphous 

fraction XCMAF, within SPE and FICS, as depicted in Table IV.3.1. 

 Table IV.3.1: Visual estimation of amorphous and semi-crystalline areas on the slices of spherulite (SPE) and 
flow-induced crystalline structure (FICS) in Figure IV.1.4.A-B. Prior to thermal analysis, the total area Atot, the 
semi-crystalline area Asc, as well as the ratio of amorphous (A matrix) to semi-crystalline (SC structure) areas of 
the slice have been estimated by picture analysis. They highlight the unconstrained (XUCMAF) and the constrained 
(XCMAF) fractions representing the mobile amorphous fraction (XMAF). 

Due to the competition between crystallization and vitrification, which defines the 

intrinsic properties of a spherulite, namely its semi-crystalline nature, constrained mobile 

amorphous regions prevail between crystalline lamellae. In the few past years, the existence 

of a so-called “intra-spherulitic mobile amorphous phase” has been shown for semi-crystalline 

polyesters such as PET and PLA [19][20][21], which behaves like a constrained amorphous 

fraction. Wang et al. [19] have shown for semi-crystalline PLA with several crystallinity 

degrees, different glass transition dynamics after structural relaxation. In particular, the 

process occurring at lower temperature was attributed to the bulk-like glass transition, 

whereas the process occurring at higher temperature was attributed to the glass transition of 

the amorphous fraction confined by the crystalline structures, i.e. the amorphous chains 

whose motions were hindered by the lamellar stacks. Later on, Delpouve et al. [20] 

investigated the relaxation dynamics of inter- and intra-spherulitic amorphous phases through 

the concept of Cooperative Rearranging Region (CRR) according to the thermodynamic 

approach proposed by Donth. The characteristic value of cooperativity length at the glass 

transition (3.0 nm for a wholly amorphous PLA) was found to decrease down to 2.0 nm when 

the maximum degree of crystallinity was reached. For intermediate degrees of crystallinity, 

the cooperativity length associated to the dynamics of both amorphous fractions was 

observed to decrease linearly from 3.0 nm down to 2.0 nm. It turned out that cooperativity 

could be correlated to the structural relaxation of the considered fractions [22]. By tracking 

the temperature evolution of the peak associated to the enthalpy recovery, they discussed 

the molecular dynamics of both inter- and intra-spherulitic amorphous phases and found it in 

agreement with the results previously published by Wang et al. [19]. In particular, the enthalpy 

recovery of the inter-spherulitic amorphous fraction was found to be similar to the one 

 Atot (µm²) Asc (µm²) A matrix (%) SC structure (%) 
XMAF = XCMAF + 
XUCMAF (% ± 5) 

SPE 10500 ± 300 6800  ± 100 35 ± 5 65 ± 5 69 = 34 + 35 
FICS 21400 ± 700 10800  ± 200 50 ± 5 50 ± 5 73 = 23 + 50 
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observed for a wholly amorphous sample, whereas the enthalpy recovery of the intra-

spherlutic amorphous fraction was found to depend on the degree of crystallinity. A system 

that is partially crystallized would show an enthalpy recovery whose maximum appears at 

lower temperatures with respect to the same system crystallized to the maximum extent. The 

temperature shift was attributed to differences induced by the crystallization process, that is 

to say secondary relaxation and development of the rigid amorphous fraction. In literature it 

has been shown that decreases in cooperativity can be associated to a decrease of the 

thickness of the mobile amorphous fraction confined within the crystal [23], as well as to 

isochoric [24] and multilayer [25] confinement. Thus, the molecular dynamics of the intra-

spherulitic amorphous fraction depends on the lamellar thickness. 

In addition to the aforementioned glass transition properties, the glass transition 

process has also been evaluated in terms of CRR. The experimental parameters necessary to 

estimate the cooperativity length at the glass transition have been extracted by following the 

“rule of thumb” [26], as explained in the experimental section (section II.3.1.1). The different 

values are summarized in Table IV.3.2. In order to assess the molecular dynamics of the 

constrained amorphous fraction, only the SC systems have been investigated. Such an 

approach cannot be used in the case of SCA systems because an average glass transition would 

be measured including both the constrained amorphous fraction and the surrounding 

amorphous matrix. With the values of glass transition temperature and heat capacity step 

reported above, similar values of mean fluctuation temperature, cooperativity length and 

volume were obtained for both SPE and FICS. However, the mean fluctuation temperatures at 

the glass transition for the constrained amorphous fractions in SPE and FICS are higher 

compared to the value obtained for a wholly amorphous PLA (5.4 °C vs. 3.8 °C). As a 

consequence, the cooperativity length and volume of the amorphous chains trapped within 

crystalline structures (SPE/FICS) are reduced to 1.9 nm and 7 nm3 respectively, as compared 

to the values of 2.6 nm and 18 nm3 that are classically observed for a wholly amorphous PLA 

[13][22]. These results are consistent with the reduction of mobility induced by the presence 

of lamellar stacks already reported by Wang et al. [19] and Delpouve et al. [20]. Whatever the 

SC system, the cooperative rearranging regions are 30 % smaller with respect to wholly 

amorphous PLA. This result suggests that the constrained amorphous fractions behave the 

same independently of the type of semi-crystalline morphology. Once again, the molecular 
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dynamics of the constrained amorphous fractions seems to be driven by the crystallization 

temperature, namely the nature of the competition between crystallization and vitrification, 

rather than by the crystalline morphology. The structural anisotropy induced prior the 

crystallization does not impact the molecular dynamics. However, another parameter should 

be taken into account: the degree of connection of the crystalline fraction to the surrounding 

amorphous fraction, i.e. the decoupling of fractions and the development of the RAF. 

Table IV.3.2: Parameters obtained by FSC and used to calculate the Cooperative Rearranging Regions (CRR) for 
wholly amorphous and semi-crystalline PLA, in the case of SC systems only, for both spherulite (SPE) and flow-
induced crystalline structures (FICS): mean temperature fluctuation δT, cooperativity length ξTα and cooperativity 
volume ξTα

3. 

This hypothesis was confirmed by investigating the molecular mobility of the 

amorphous fraction through the well-known phenomenon of structural relaxation and 

physical aging, as introduced in the Chapter I. Using physical aging to reveal differences in 

molecular dynamics by thermal analysis is a common procedure, as pointed out by Wang et 

al. [19] and Delpouve et al. [20]. In addition, the high scanning rates attainable by FSC allow 

accelerating the kinetics of physical aging, because glassy states with higher level of enthalpy 

can be formed [27], as explained in the previous chapter. FSC allowed performing physical 

aging on a wider range of time (from milliseconds to days), reaching the thermodynamic 

equilibrium [27][28]. 

IV.4 Structural relaxation below the glass transition 

Figure IV.4.1 shows FSC normalized heat flows for aged PLA. Figure IV.4.1.A focuses on 

wholly amorphous PLA. As aging progresses, a sequence of endothermic peaks is classically 

observed indicating the structural relaxation process superimposed to the glass transition. 

Besides, the endothermic peaks increase and shift towards high temperature as the aging time 

increases. 

Physical aging of SCA systems is more complex, as shown in Figure IV.4.1.B-C. The 

peaks of enthalpy recovery for both SPE and FICS systems are clearly divided into two 

 δT (°C) ξTα (nm) ξTα
3  (nm3) 

Amorphous 3.8 ± 0.3 2.6 ± 0.3 18 ± 2 
SPE SC 5.4 ± 0.5 1.9 ± 0.2 7 ± 1 
FICS SC 5.3 ± 0.5 1.9 ± 0.2 7 ± 1 
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contributions that become more and more visible as the aging time increases, indicating that 

a different behavior is observed for a crystalline environment. A similar behavior has already 

been reported in the literature for PLA [21][22], explained by the existence of two amorphous 

fractions having their own response to structural relaxation due to their respective 

environment. It has also been suggested that the high-temperature contribution could be 

related to the enthalpy recovery of the constrained mobile amorphous fraction (CMAF), 

whereas the low-temperature contribution would be associated to the relaxation of 

unconstrained mobile amorphous fraction (UNMAF), i.e. the surrounding amorphous matrix. 

When the SC systems are considered, both SPE and FICS behave similarly to a wholly 

amorphous PLA. The only difference is that the enthalpy recovery peaks are broadened and 

shifted towards higher temperatures within a larger range of temperature in comparison with 

wholly amorphous PLA, as shown in Figure IV.4.1.D-E. This result could be due to the strong 

influence of the semi-crystalline environment on the molecular dynamics of the confined 

amorphous fraction, suggesting  a stronger degree of confinement induced by tighter inter-

lamellar stacks [22].  
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Figure IV.4.1: Normalized heat flows recorded after physical aging of wholly amorphous PLA (A), SPE SCA (B), 
FICS SCA (C), SPE SC (D) and FICS SC (E). Aging was performed in situ by FSC at a scanning rate of lβcl = βh = 1500 
K.s-1 at Tag = Tg,cooling - 9 °C for aging times ranging from 0.001 min to 10 min. 
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Figure IV.4.2: Normalized heat flow subtraction (aged – rejuvenated) of FICS SCA aged 1 min 9 °C below Tg, cooling. 
The curve illustrates how the enthalpy recovery ΔH(tag = 1 min) has been calculated, as well as the fitting 
procedure for the maximum Tp of the enthalpy recovery peaks. 

Figure IV.4.2 shows the fitting procedure used to track the maximum Tp of the enthalpy 

recovery peak for all the contributions observed in Figure IV.4.1. The Gaussian fit has been 

performed on the normalized heat flow subtraction (aged - rejuvenated), as shown through 

the example of FICS SCA aged 1 min. Figure IV.4.3 reports the temperature evolution of the 

maximum of the enthalpy recovery peak as a function of aging time. Regarding the SCA 

systems, the first contribution of both SPE and FICS behaves as the unconstrained amorphous 

matrix, i.e. a linear increase is observed until a plateau is reached at about 84 °C after the 

same aging duration. This means that the first contribution recorded for both SPE and FICS is 

actually related to the surrounding amorphous matrix. As for the second contribution, SCA 

and SC systems show no differences: the trend is the same independently of the type of semi-

crystalline morphology, and is shifted to higher temperatures as compared to the 

unconstrained mobile amorphous matrix. Thus, in both systems, the second contribution 

seems to be related to the amorphous fraction constrained within the lamellar stacks, with 

the same molecular dynamics. 
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Figure IV.4.3: Evolution of the maximum Tp of the enthalpy recovery peak as a function of the aging time. 
Spheres: wholly amorphous PLA. Discs: unconstrained mobile amorphous fraction (UCMAF) within the SCA 
systems (FICS: filled discs, SPE: empty discs). Diamonds: constrained mobile amorphous fraction (CMAF) within 
the SCA systems (SPE: empty diamonds, FICS: filled diamonds). Pentagons: constrained mobile amorphous 
fraction (CMAF) within the SC systems (SPE: empty pentagons, FICS: filled pentagons).  

Figure IV.4.4 shows the evolution of the difference between the enthalpy recovery 

ΔHtag and the total enthalpy loss ΔH as a function of aging time tag for a wholly amorphous 

PLA, as well as for the semi-crystalline samples (SCA and SC, SPE vs. FICS). When the 

crystallinity degree increases, the amorphous response decreases (see Table IV.2.1). 

Therefore the enthalpy recovery and the total enthalpy loss values are smaller for the semi-

crystalline systems with respect to the wholly amorphous sample.  

Figure IV.4.4: Time evolution of the difference between the enthalpy recovery ΔHtag and the total enthalpy loss 

ΔH. Spheres: wholly amorphous PLA. Diamonds: SCA systems. Pentagons: SC systems. Empty symbols: SPE. 
Filled symbols: FISC. 
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To compare the kinetics and the dynamics, the structural relaxation function φ has 

been plotted as a function of the aging time. The structural relaxation function is defined as: 

φ(tag)= 
∆Htag

- ∆H∞

∆H∞
 

in which ΔHtag and ΔH are the enthalpy recovery after an aging time tag and the total enthalpy 

loss after an infinite aging time, respectively. This function allows normalizing the enthalpy 

recovery to the same amount of mobile amorphous fraction. Figure IV.4.5 shows that the 

evolution of enthalpy recovery is the same independently of the environment of the mobile 

amorphous fraction (both type of morphology and degree of crystallinity). Besides, the whole 

structural relaxation process has been accelerated by the high scanning rates available in FSC 

[27]: all the samples reached the thermodynamic equilibrium after the same aging duration. 

It is worth mentioning that the Tool-Narayanaswamy-Moynihan model fits all the systems 

with the same parameters, meaning that the structural relaxation of the amorphous fraction 

does not depend on the microstructure and, more specifically, does not depend on the 

coupling between fractions, nor on the confinement by the crystals, nor on the orientation of 

macromolecules prior to crystallization. 

Figure IV.4.5: Time evolution of the structural relaxation function φ. Spheres: wholly amorphous PLA. Diamonds: 
SCA systems. Pentagons: SC systems. Empty symbols: SPE. Filled symbols: FISC. 

 

(IV.4.1) 
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IV.5 From local to segmental molecular motions 

When comparing SPE and FICS SC systems, it is not surprising to observe similar 

dynamics and kinetics for the structural relaxation, because similar values of cooperativity 

length were observed. However, when comparing the systems in terms of crystallinity degree 

(i.e., wholly amorphous vs. SC), the fact that structural relaxation follows similar kinetics and 

dynamics is quite intriguing. Is this behavior consistent with the assumption that the 

confinement by the crystals and the coupling between fractions influence molecular 

dynamics? Structural relaxation is due to the expression of molecular mobility at temperatures 

below the glass transition: how is it possible to observe a difference in molecular mobility from 

the concepts of CRR and physical aging?  

Cooperativity is evaluated by DSC, MT-DSC or FSC measurements of the glass 

transition, i.e. of α-relaxation. Physical aging is performed at a given temperature below the 

glass transition. During sub-Tg structural relaxation, only local molecular motions, such as the 

rotation of sub-segmental flexible groups along the polymer backbone [29], are possible. For 

example, Priestley et al. [30] have shown by dielectric studies a significant decrease in the 

strength of the β-relaxation dynamics when silica nanospheres are dispersed in a poly (methyl 

methacrylate) (PMMA) matrix. Such a decrease has been attributed to the hydrogen bonds 

between the flexible ester side-groups on PMMA and the hydroxyl groups on silica. Due to 

presence of the silica, the hydrogen bonds inhibit the motions of the ester side-group. 

Therefore, by assuming that the motions of the side-groups are the driving forces for PMMA 

structural relaxation, the reduction of physical aging rates in silica-PMMA nanocomposites 

have been explained and associated to a reduction of the β process. More recently, Cangialosi 

et al. [31] have observed two equilibration mechanisms during physical aging of polystyrene 

(PP) and poly(bisphenol-A-carbonate) (PBAC). They reported either a single or a double decay 

in the enthalpy recovery, when physical aging is preformed close to or far below the glass 

transition, respectively. The first (faster) decay has been assigned to secondary relaxations, 

whereas the second (slower) decay has been attributed to the α process. In the literature it is 

well established that structural relaxation is related to a free volume hole diffusion towards 

the surfaces of the sample [29][32]. This means that the mechanism of free volume hole 

diffusion leading to structural relaxation is mainly done through local motions or secondary 
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relaxations close to the glass transition. However, in this study, differences in the structural 

relaxation were observed by heating the samples through the glass transition, i.e. by 

measuring the results of cooperative motions. This suggests that, in addition to the local 

motions happening during physical aging, cooperative motions through α-relaxation are also 

required to fully understand the phenomenon of structural relaxation. 

An influence of the crystalline environment, both in terms of confinement and coupling 

between fractions, has been observed on the macromolecular scale, but no influence has been 

highlighted on the structural relaxation at the atomic/molecular scale, because only a single 

decay has been observed. Following the assumption that physical aging is driven by local 

motions, this result suggests that, contrarily to α-relaxation, secondary relaxations are not 

influenced by the crystalline environment. The length-scale matters. It is worth mentioning 

that Schick et al. [33] have observed just a slight influence of the crystals on the local 

movements of mobile amorphous fraction in the case of semi-crystalline PET by dielectric 

measurements. Later on, Kattan et al. showed no-dependency of the β relaxations with the 

degree of crystallinity on various amorphous and semi-crystalline polyesters, by thermally 

stimulated depolarization current experiments [34]. In this work, similar values of enthalpy 

recovery normalized to the mobile amorphous fraction have been obtained for all the 

systems; however, the shape of the enthalpy recovery peaks was not the same. Wholly 

amorphous PLA has a cooperativity length of 2.6 nm and sharper enthalpy recovery peaks 

because of the relatively large cooperativity domains, which make easier the recovery to the 

equilibrium upon heating. Consistently, SC PLA (both FICS and SPE) have a reduced 

cooperativity length (1.9 nm) and broader enthalpy recovery peaks because the relatively 

small cooperativity domains delay the recovery to the equilibrium upon heating. 

Consequently, qualitative information on the cooperativity length characteristics are then 

observed through the enthalpy recovery peaks. 

IV.6 Conclusion 

The relaxation of shear-induced precursors has been investigated at high temperature 

to mimic the industrial injecting process of PLA. Below 160 °C, the critical relaxation time is 

much larger than the time required to quench the sample to a suitable crystallization 

temperature, resulting in the formation of highly oriented cylindrical structures which are 
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embedded in an amorphous PLA matrix. This observation allowed investigating the influence 

of the crystalline environment generated either by flow-induced crystallization (FIC) or 

quiescent crystallization (SPE) on the amorphous phase after a thermal treatment performed 

in optimized conditions. Slices of the semi-crystalline samples have been analyzed by FSC to 

investigate the behavior of the amorphous phase at the same scale of the semi-crystalline 

structure. Thanks to the high scanning rates accessible via FSC, physical aging has been 

accelerated, which allowed scanning up to four decades of aging time. Segmental and local 

relaxations have been investigated through the concept of cooperativity and physical aging, 

respectively. A decrease of the cooperativity length in the semi-crystalline systems has been 

observed in comparison to wholly amorphous PLA, essentially due to the coupling between 

phases and the confinement effect of the crystals. No differences were observed in the 

crystalline morphology. The structural anisotropy induced prior to the crystallization has no 

impact. The molecular dynamics were found to depend on the crystallinity degree at the 

macromolecular scale. However, the same enthalpy recovery was measured for all the 

systems, meaning that the structural relaxation is not influenced by the crystallinity degree. 

This result is consistent with the fact that physical aging is due to local motions, and local 

motions are not affected by the crystalline environment (different length-scale). The only 

influence that could be observed is the one measured during the subsequent heating ramp 

through the α-relaxation, i.e. the glass transition. 
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This last chapter approaches the influence of the structural anisotropy induced during 

the processing on non-crystalline systems. In order to achieve such investigation, 

electrospinning process has been used. As explained in the chapter I, the goal has been to 

observe the impact alone of the so-called mesophase, as well as the molecular orientation, on 

the molecular dynamics of the amorphous phase. Thus, as-pun plasticized polylactide fibers 

and plasticized polylactide quenched films have been characterized and compared to observe 

any influence related to the structural anisotropy. Special attention have been done on the 

characterization of the macromolecular organization through Wide Angle X-ray Scattering 

(WAXS) and Modulated Temperature Differential Scanning Calorimetry (MT-DSC). The 

concept of Cooperative Rearranging Region (CRR) has been used to characterize the molecular 

dynamics. An interpretation is given to highlight the role of the weak intermolecular 

interactions in the amorphous phase during the α-relaxation. 
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V.1 As-spun fibers: Morphological aspects 

In Figure V.1.1, scanning electronic microscopy (SEM) images of as-spun fibers are 

presented. It is evidenced that the process of electrospinning produces PLA fibers with 

diameters and distributions that are largely independent of the composition. No visible 

morphological defects such as beads are evident. Neat PLA fibers (Figure V.1.1.A) exhibit an 

average fiber diameter of 0.80 µm with a standard deviation of 0.18 µm, when plasticized PLA 

fibers (5 %, 10 % and 15 %) display an average fiber diameter and a standard deviation of 0.78 

± 0.18 µm, 0.69 ± 0.17 µm and 0.81 ± 0.18 µm, respectively (Figure V.1.1.B-D). No visible 

morphological defects such as beads are evident, and no significant change is observed on the 

addition of plasticizer. This indicates that the plasticizer has no influence on the fiber diameter 

during the processing, and that no fiber size variations will interfere in the subsequent 

analyses of the fibers.   

Figure V.1.1: SEM pictures along with the fiber diameter distribution of as-spun neat and plasticized PLA fibers. 
(A) Neat PLA. (B) PLA + 5 % ATBC. (C) PLA + 10 % ATBC. (D) PLA + 15 % ATBC. 

V.2 Macromolecular organizations 

V.2.1 Wide Angle X-ray Scattering (WAXS) 

V.2.1.1 Neat PLA 

Figure V.2.1 shows the WAXS analysis for the neat PLA, of the quenched films as well 

as the as-spun fibers. For the quenched film of neat PLA (Figure V.2.1.A), the experimental 
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spectrum displays the usual pattern of a non-crystalline PLA. The fit of the WAXS intensity 

profile displays three peaks with maxima located at 2θ = 15.5°, 2θ = 21.3°, and 2θ = 30.9°. 

Stoclet et al. [1] have reported three peaks located at 2θ = 15.0°, 2θ = 21.2°, and 2θ = 31.0° 

for wholly amorphous films, which is in close agreement with our results. The three peaks are 

characteristics of the chain spacing in amorphous PLA. The components at 2θ = 15.0° and 2θ 

= 21.2° arise from two characteristic inter-chain spacing. The third component at 2θ = 31.0° is 

associated to the intra-chain spacing along the chains which refers to the distance of 0.29 nm 

between the methyl groups in the 3-fold helices [1]. As shown in Figure V.2.1.B, the fit of the 

WAXS intensity profile for the as-spun fibers of neat PLA also exhibits three peaks as defined 

above, but in addition there is a fourth Gaussian peak with a maximum located at 16.0° (see 

Table V.2.1).  

Figure V.2.1: WAXS intensity profiles and the associated fits of the experimental spectra for: (A) quenched film 
of neat PLA, (B) as-spun fibers of neat PLA. 

Table V.2.1: Position 2θ; Full width at mid-height FWHM; and relative area A of the characteristic peaks of the 
amorphous phase (I; II; III) and the mesophase (M) obtained from the fitting of the WAXS experimental spectra 
for the quenched films and the as-spun fibers of neat PLA. 

NEAT PLA 

Peak I  Peak II Peak III Peak M 

2θ 
(°) 

FWHM 
(°) 

A 
(%) 

 2θ 
(°) 

FWHM 
(°) 

A 
(%) 

2θ 
(°) 

FWHM 
(°) 

A 
(%) 

2θ 
(°) 

FWHM 
(°) 

A 
(%) 

Quenched 
films 

15.5 7.0 51 
 

21.3 6.1 28 30.9 9.4 21 / / / 

As-spun 
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The relative area of this fourth peak is only 4 %, but as shown in Figure V.2.2, its 

introduction increases the fit correlation. In Figure V.2.2.A, when assuming the mesophase 

response the correlation coefficient goes up to 0.9977, whereas in Figure V.2.2.B, the 

correlation coefficient reaches 0.9945 when ignoring the mesophase response. Moreover, Ma 

et al. [2] have recently reported the need for the introduction of this fourth peak for non-

crystalline electrospun fibers. This fourth peak exhibits a low FWHM equal to 3.0°. That is 

characteristic of a microstructural organization with an order that is intermediate between 

the amorphous phase and the crystals. For this reason it has been attributed to the response 

of the mesophase. The presence of mesophase in electrospun fibers is concordant with the 

assumption made by Zong et al. [3] that the electrospinning of polylactide can lead to highly 

oriented chains that do not have enough time to organize into crystals before solidification. It 

is also worth mentioning that this WAXS profile has also been reported by Stoclet et al. [1] 

when drawing PLA only 10 °C above its glass transition.  

Figure V.2.2: WAXS intensity profiles and the associated fit of the experimental spectra for as-spun fibers of neat 
PLA, (A) by using the mesophase response (B) by ignoring the mesophase response. 

V.2.1.2 Plasticized PLA 

Figure V.2.3 displays the WAXS intensity profiles of the quenched films that are 

plasticized with 5 %, 10 % and 15 % ATBC respectively. For the quenched films, the WAXS 

intensity profiles of neat and plasticized PLA are superimposed in the value domain of 2θ 

ranging from about 20 to 40°. From this observation, we can deduce that the addition of the 
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plasticizer does not affect the characteristic intra-chain distances. On the other hand, in the 

value domain of 2θ ranging from about 10 to 20°, the WAXS intensity profiles are slightly 

differentiated.  

Figure V.2.3: WAXS intensity profiles of the experimental spectra for plasticized quenched films. (A) Raw data. 
(B) Smooth data for more clarity. 

Because of the lack of evidence in literature about the fitting procedure for the analysis 

of plasticized PLA, many fits have been tested. As sum up in Figure V.2.4, the possibilities to 

fit the domain related to the inter-chain characteristic spacing by one or two contributions 

have been particularly detailed. For the lowest content of ATBC, it is clear that the best fitting 

procedure is the one with three contributions.  However, it was impossible to clearly establish 

the best fitting procedure due to the high similarity of the correlation coefficients when the 

ATBC content reaches 10 % or 15 % ATBC. As a consequence, the same fitting procedure was 

used than for the quenched film of neat PLA. In this way, only peak I corresponding to the 

highest inter chain spacing is modified by the addition of plasticizer, as reported in Table V.2.2. 

This variation may suggest that the addition of plasticizer involves a redistribution of the inter-

chain spacing in the amorphous phase.  
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Figure V.2.4: Comparison of the different contributions to find out the best fitting procedure associated to the 
WAXS intensity profiles of the experimental spectra for plasticized quenched films. (Top) PLA + 5 % ATBC. 
(Middle) PLA + 10 % ATBC. (Bottom) PLA + 15 % ATBC. (Left) Three contributions. (Right) Two contributions. 
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Table V.2.2: Position 2θ; Full width at mid-height FWHM; and relative area A of the characteristic peaks of the 
amorphous phase (I; II; III) obtained from the fitting of the WAXS experimental spectra for the neat and plasticized 
PLA quenched films. 

QUENCHED FILMS 
ATBC (%) 

Peak I Peak II Peak III 

2θ (°) FWHM (°) A (%) 2θ (°) FWHM (°) A (%) 2θ (°) FWHM (°) A (%) 

0 15.5 7.0 51 21.3 6.1 28 30.9 9.4 21 

5 15.5 7.1 48 21.3 6.3 30 31.2 9.1 22 

10 15.5 7.3 45 21.3 6.4 31 31.2 9.3 24 

15 15.5 7.3 44 21.3 6.4 32 31.0 9.6 23 

Figure V.2.5 displays the WAXS intensity profiles of the as-spun fibers that are 

plasticized with 5 %, 10 % and 15 % ATBC respectively. For as-spun fibers, the 2θ value domain 

that is characteristic of the intra-chain distances has WAXS intensity profiles that are the same 

for neat and plasticized PLA. This observation confirms the assumption made for the quenched 

films. On the other hand, significant modifications related to the inter-chain distances domain 

occur when fibers are plasticized. 

Figure V.2.5: WAXS intensity profiles of the experimental spectra for plasticized as-spun fibers. (A) Raw data. (B) 
Smooth data for more clarity. 

Like plasticized quenched films, different possibilities to fit the domain related to the 

inter-chain characteristic spacing have been done. Especially, the possibilities to fit with the 

mesophase response or only with two contributions, as sum up in Figure V.2.6. It is worth 

mentioning that the fitting procedure using the mesophase response is the same than this for 

the as-spun fibers of neat PLA. For the lowest content of ATBC, it is unclear to define a best 
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procedure given that both correlation coefficients are close from each other. Besides, by 

fitting with the mesophase response and letting the FWHM free same results are observed 

than for as-spun fibers of neat PLA.  

The answer is given for the highest content of ATBC, namely 10% and 15% ATBC. In 

both cases, it is clear from figure V.2.6 and the correlation coefficients that none mesophase 

response might be observed in such systems. Besides, by fitting with the mesophase response 

and letting the FWHM free, the mesophase contribution is not detected and the domain 

related to the inter-chain characteristic spacing displays only two contributions. This may be 

due to the broadening of the signals. As a consequence, due to the significant increase of the 

correlation coefficient when fitting with only three peaks, i.e., by removing the contribution 

associated to the presence of the mesophase when the content of ATBC increases, it has been 

postulated that the best fitting procedure is the one with three contributions for the 

plasticized as-spun fibers. Moreover, the position and shape of the two contributions linked 

to the inter-chain spacing in the amorphous phase of the plasticized as-spun fibers are 

modified compared to neat PLA (see Table V.2.3). This variation does suggest that the addition 

of plasticizer involves a redistribution of the inter-chain spacing in the amorphous phase. 

From the WAXS investigations, it is clear that the electrospinning of neat PLA induces 

the creation of a highly ordered non-crystalline microstructure with the presence of 

mesophase. In the case of plasticized electrospun PLA fibers, the mesophase is no detected. 

In a general way, the addition of plasticizer changes the environment in the amorphous phase. 

It does not affect the intra-chain characteristic spacing but induces a strong redistribution of 

the inter-chain characteristic spacing. 
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Figure V.2.6: Comparison of the different contributions to find out the best fitting procedure associated to the 
WAXS intensity profiles of the experimental spectra for plasticized as-spun fibers. (Top) PLA + 5 % ATBC. (Middle) 
PLA + 10 % ATBC. (Bottom) PLA + 15 % ATBC. (Left) Three contributions. (Right) Three contributions as well as 
the mesophase response. 
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Table V.2.3: Position 2θ; Full width at mid-height FWHM; and relative area A of the characteristic peaks of the 
amorphous phase (I; II; III) and the mesophase (M) obtained from the fitting of the WAXS experimental spectra 
for the neat and plasticized PLA as-spun fibers.  

AS-SPUN 
FIBERS 

ATBC (%) 

Peak I Peak II Peak III Peak M 

2θ 
(°) 

FWHM 
(°) 

A 
(%) 

2θ 
(°) 

FWHM 
(°) 

A 
(%) 

2θ 
(°) 

FWHM 
(°) 

A 
(%) 

2θ 
(°) 

FWHM 
(°) 

A 
(%) 

0 14.1 8.0 70 21.2 6.0 20 31.7 6.9 6 16.0 3.0 4 

5 14.1 8.0 73 21.2 7.0 20 31.7 6.9 7 / / / 

10 14.1 9.5 80 21.2 7.8 13 31.7 7.3 7 / / / 

15 14.1 9.9 81 21.2 7.7 12 31.7 7.2 7 / / / 

V.2.2 Modulated Temperature Differential Scanning Calorimetry 

(MT-DSC) 

V.2.2.1 Non-crystalline nature 

Figure V.2.7 shows the average heat flow versus temperature obtained from MT-DSC 

analysis for all the materials. In all cases, three thermal events are clearly observed: an 

endothermic heat flow step characteristic of the glass transition, an exothermic peak due to 

the cold-crystallization of a part of the amorphous phase and an endothermic event related 

to the melting of the crystalline phase.  

Figure V.2.7: Average heat flow vs. temperature from MT-DSC. (A) Quenched films. (B) As-spun fibers. The curves 
are shifted for more clarity. 

As explained in the chapter I, the major issue in this chapter lies in the creation of non-

crystalline samples. It has been verified by the equality between the enthalpy of cold-
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crystallization and the enthalpy of melting that no crystals are present prior to the MT-DSC 

analysis. However, one could immediately see for the as-spun fiber series that the cold-

crystallization encroaches on the temperature range of the glass transition. For this reason, 

the quantitative analysis of both thermal events has been made by separating the events 

related to the variations of the heat capacity which appear in the reversing heat flow, from 

the kinetic events which appear in the non-reversing heat flow. At the same time, the equality 

between the enthalpy of cold-crystallization and the enthalpy of melting has been double 

checked using the average heat flow signal on one hand as usually performed from classical 

DSC, and both the reversing and the non-reversing heat flow signals from MT-DSC on the other 

hand, as shown in figure V.2.8 and V.2.9 for quenched films and as-spun fibers respectively. It 

is worth mentioning that cold-crystallization induces negligible noises for enthalpy 

calculations on the reversing heat flow for all samples. The enthalpies of cold-crystallization 

and melting are shown in Table V.2.4. These are independently equal which proves that the 

samples are non-crystalline prior to the analysis. This result confirms the previous 

observations made from WAXS.  

Figure V.2.8: Determination of the degree of crystallinity from MT-DSC curves for the quenched films: Average 
heat flow (solid line); reversing heat flow (dashed line); and non-reversing heat flow (dotted line) vs. 
temperature: (A) Neat PLA; (B) PLA + 5 % ATBC; (C) PLA + 10 % ATBC; (D) PLA + 15 % ATBC. 
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Figure V.2.9: Determination of the degree of crystallinity from MT-DSC curves for the as-spun fibers: Average 
heat flow (solid line); reversing heat flow (dashed line); and non-reversing heat flow (dotted line) vs. 
temperature: (A) Neat PLA; (B) PLA + 5 % ATBC; (C) PLA + 10 % ATBC; (D) PLA + 15 % ATBC. 

Table V.2.4: ΔHc enthalpy of crystallization and ΔHm enthalpy of melting for the quenched films and the as-spun 
fibers. The values of the enthalpies are given with an accuracy of 2 J/g. 

QUENCHED FILMS 
ATBC (%) 

ΔHc (J/g) ΔHm (J/g) 
 AS-SPUN FIBERS  

ATBC (%) 
ΔHc (J/g) ΔHm (J/g) 

0 27 27  0 27 28 

5 26 26  5 26 27 

10 23 24  10 24 27 

15 24 24  15 24 27 

V.2.2.2 Thermal properties & thermal behaviors 

As highlighted above, the cold-crystallization for the as-spun fibers series encroaches 

on the temperature range of the glass transition. As a consequence, the glass transition 

temperature has systematically been determined from the reversing heat flow. An example 

of this protocol is given in Figure V.2.10 in the case of as-spun fibers of neat PLA. The 
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characteristic temperatures (glass transition, crystallization temperature and melting 

temperature) are whole summarized in Table V.2.5. 

Figure V.2.10: Determination of the glass transition temperature from MT-DSC curves obtained for the as-spun 
fibers of neat PLA: Average heat flow (solid line); reversing heat flow (dashed line). 

Table V.2.5: Characteristic temperatures from MT-DSC curves obtained for the quenched films and the as-spun 
fibers: Tg mid glass transition temperature at the transition mid-point; Tc max temperature at the maximum of the 
peak of crystallization; Tm max temperature at the maximum of the peak of melting. The values of the temperatures 
are given with an accuracy of 1°C. 

QUENCHED 
FILMS ATBC (%) 

Tg mid (°C) Tc max (°C) Tc max - Tg mid (°C) Tm max (°C) 

0 61 105 44 156 

5 52 95 43 154 

10 45 86 41 152 

15 36 79 43 150 

AS-SPUN FIBERS 
ATBC (%) 

Tg mid (°C) Tc max (°C) Tc max - Tg mid (°C) Tm max (°C) 

0 57 88 31 154 

5 50 79 29 152 

10 41 71 30 151 

15 36 67 31 150 
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From the average heat flow curves for quenched neat and plasticized films (Figure 

V.2.7.A), we observe that when ATBC is introduced in the quenched film of PLA, both the glass 

transition and the cold crystallization are shifted to lower temperatures, due to the 

plasticization. This shift is constant for both thermal events leading to Tc max - Tg mid = 43 °C 

independently of the ATBC content. By contrast, the peak of melting changes from a double 

peak to a single one which is preceded by an exothermal event. According to many authors 

[4][5][6], the double peak is characteristic of the concomitant formation of both highly 

ordered α crystals and less ordered δ crystals [7][8] . On the other hand, the exothermal event 

is typically observed when only δ crystals form during the cold-crystallization [9] and is 

characteristic of their reorganization in α crystals just prior the melting [9][10]. As a 

consequence the nature of the crystalline form which is generated during the cold-

crystallization changes when the PLA is plasticized. One can also note that the temperature of 

melting Tm max decreases slightly with an increase of the ATBC content. This is likely due to the 

creation of crystals with a lower degree of perfection.  

The electrospinning of PLA (Figure V.2.7.B) induces a decrease of the glass transition 

temperature from 61 to 57 °C. A previous study by Zong et al. attributed this behavior to an 

increase of the surface to volume ratio in electrospun materials having air as a plasticizer. 

Obviously Tc max – Tg mid also decreases from 43 °C to 30 °C. This observation is usual in 

electrospun fibers [2][3][11] as the orientation of the macromolecules enhances the cold-

crystallization which therefore occurs at a lower temperature. In the case of electrospun 

fibers, Tsuji et al. [11] conclude that the crystallization has been frozen by the fast removal of 

the solvent from the electrospun fibers. Edwards et al. [12] and Ma et al. [2] even consider 

that extended polymer chains in electrospun fibers can act as row nuclei during heating just 

above glass transition. When electrospinning is carried on plasticized PLA, Tg mid decreases from 

57 °C to 36 °C as the content of ATBC increasing from 0% to 15% evidencing the plasticizing 

effect of ATBC. The decrease of both Tc max and Tm max previously reported for quenched films is 

also recorded. Eventually, Tc max -  Tg mid remains equal to 30 °C which means that in spite of the 

plasticizer addition, the macromolecules are oriented during the electrospinning. As we 

discussed before, the plasticizing effect of ATBC is evidenced in both quenched films and 

electrospun fibers. However one can rightfully question the solubility of ATBC in PLA when the 

blend is dissolved in a mix of chloroform and acetone. From the Hildebrand solubility theory 
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[13][14], the small molecules in the electrospinning solution (chloroform, acetone and ATBC) 

have closely matching parameters; [18.4 (MJ m-3)1/2] for ATBC, [19.0 (MJ m-3)1/2] for 

chloroform, [20.0 (MJ m-3)1/2] for acetone. On the other hand, the Hildebrand solubility 

parameter of PLA is equal to [21.9 (MJ m-3)1/2]. Consequently there is a chance that the ATBC 

will be partially carried along by the solvent during the evaporation. In Figure V.2.11, the Tg mid 

is given as a function of the ATBC weight content for both quenched films and as-spun fibers. 

Clearly the trend is independent on the process, as the Tg mid decreases similarly with an 

increasing content of ATBC. The expected variations of the Tg mid with the content of ATBC 

according to Fox law have also been included in the figure. To do this, it has been foreseen 

that the tendency will shift whether we consider Tg mid of quenched films or as-spun fibers as 

the reference Tg mid for neat PLA. In both cases the variations of the glass transition temperature 

roughly follow Fox's law. This proves that the ATBC remains trapped in PLA during the 

evaporation of the solvent, likely because of its lower vapor pressure at ambient temperature, 

its higher molecular weight and its higher boiling point compared to chloroform and acetone. 

Consequently, the electrospinning of plasticized PLA is successful. 

Figure V.2.11: Tg mid vs. ATBC weight content for all materials. The solid curve corresponds to the Fox law by 
considering the Tg mid value of the quenched film of neat PLA. The dashed curve corresponds to the Fox law by 
considering the Tg mid of the as-spun fibers of neat PLA. 
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V.2.2.3 Parallel with WAXS investigations 

To confirm the structural modifications revealed by WAXS, it is interesting to 

investigate whether plasticization and electrospinning cause changes affecting the glass 

transition profile. Figure V.2.12 shows the average heat flow and the non-reversing heat flow 

for the quenched films in the glass transition domain. The interest in using the non-reversing 

heat flow in this case is to highlight the possible kinetic events occurring simultaneously with 

the glass transition. For example, in Figure V.2.12.A, a peak is recorded on the non-reversing 

heat flow signal, which is related to the existence of an endothermic event. Classically, due to 

the glassy character of PLA at ambient temperature, this peak might be attributed in to 

physical aging. For the plasticized PLA, the profiles presented in Figure V.2.12.B-C-D are similar 

but the glass transition as well as the peak in the non-reversing heat flow signal are 

significantly broadened as the content of ATBC increases. Those observations are consistent 

with previous observations on plasticized polylactide [15][16] and are related to an increase 

of the relaxation temperature distribution induced by the plasticizer addition. We cannot be 

definitive concerning the nature of this peak. Nevertheless, its enlargement with plasticization 

coincides with the increase of the dynamic heterogeneity in the amorphous phase [15]. 

Typically this heterogeneity reflects in the structural relaxation [15][17], so the initial 

hypothesis of physical aging is reinforced.  
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Figure V.2.12: Average heat flow (solid line) and non-reversing heat flow (dotted line) vs. temperature from MT-
DSC for quenched films. (A) Neat PLA. (B) PLA + 5 % ATBC. (C) PLA + 10 % ATBC. (D) PLA + 15 % ATBC. 

Figure V.2.13 shows the average heat flow and the non-reversing heat flow regarding 

the as-spun fibers in the glass transition domain. In Figure V.2.13.A, two thermal events can 

be distinguished. The first appears at the beginning of the glass transition, similar to the peaks 

observed in the cases of the quenched films. It is reasonable to consider that it is related to 

the same thermal event, most likely the recovery of structural relaxation. The second peak 

occurs just at the junction between the glass transition and the cold-crystallization. Ma et al. 

[2] in their DSC analyses on free-end fibers, also observed a shouldering between the glass 

transition and the cold-crystallization but they did not ascribed it to any given thermal event. 

In our study, this behavior is only clearly observed for the as-spun fibers of neat PLA, so the 

existence of the second peak could be related to the presence of mesophase previously 
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revealed by WAXS. Indeed it has been reported that the “melting” of the mesophase in 

oriented PLA often occurs in the glass transition temperature range when its thermal stability 

is low [18][19]. According to Lv et al. [19], when the formation of the mesophase is not 

followed by a subsequent crystallization (which provides a good representation of the 

microstructure of as-spun fibers), the molecular ordering induced by the process is completely 

destroyed above Tg due to the conformational rearrangements of the macromolecules that 

become possible with the sudden gain of molecular mobility.  

Figure V.2.13: Average heat flow (solid line) and non-reversing heat flow (dotted line) vs. temperature from MT-
DSC for as-spun fibers. (A) Neat PLA. (B) PLA + 5 % ATBC. (C) PLA + 10 % ATBC. (D) PLA + 15 % ATBC. 

When electrospinning is carried on plasticized PLA, as shown in Figure V.2.13.B-C-D, 

the two separated thermal events observed for as-spun fibers of neat PLA are less evident to 

distinguish. The thermal event related to the structural relaxation is easily perceptible in all 
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cases. On the other hand, especially for the 5% and 10% ATBC, the fluctuations do not allow 

to clearly establish the lack of mesophase. Independently, in the case of the 15% ATBC a broad 

peak covering the entire temperature range is visible and related to the structural relaxation. 

In these conditions, it is impossible to definitively assert whether or not this peak constitutes 

the signature of only one thermal event. It is clear, however, that the ATBC strongly impacts 

the organization of the macromolecules. 

V.3 Molecular Dynamics 

Figure V.3.1 shows the C’ and C” signals for the quenched films. From these two 

components, as explained in the chapter I, it is possible to extract the dynamic glass transition 

temperature Tα that corresponds to the maximum of the C’’ peak, the heat capacity at 

constant pressure extrapolated to Tα in the glassy Cp glass and liquid Cp liquid states, as well as the 

mean temperature fluctuation associated with the glass transition δT that allows the 

calculation of the cooperativity length ξTα. The density of the amorphous phase is also needed 

for the calculation of the ξTα and has been approximated as being equal to the density of the 

material, i.e., equal to 1.25 due to the obvious majority of the amorphous phase in all the 

samples. All these relaxation parameter values are presented in Table V.3.1, for the quenched 

films as well as for the as-spun fibers. As expected, the plasticizer addition in quenched films 

of PLA from 0 % to 15 % ATBC content induces a decrease of Tα from 62 °C to 36 °C. It also 

increases δT from 3.1 °C to 5.5 °C without clear modification of the heat capacity step ΔC’ 

which leads ξTα to decrease from 2.8 nm down to 2.0 nm. The values of cooperativity lengths 

agree with those reported by Dobircau et al. [15] on PLA plasticized with ATBC, as well as those 

reported by Delpouve et al. regarding neat PLA bulk [20].  
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Figure V.3.1: MT-DSC in-phase component C’ and out-of-phase C” of the complex heat capacity C* for the 
quenched films. (A) Neat PLA. (B) PLA + 5 % ATBC. (C) PLA + 10 % ATBC. (D) PLA + 15 % ATBC. 

Table V.3.1: MT-DSC parameters for the quenched films and the as-spun fibers: Tα dynamic glass transition 
temperature; ΔC’ heat capacity step from the in-phase component; δT mean temperature fluctuation related to 
the glass transition; ξTα cooperativity length at the dynamic glass transition temperature. MT-DSC signals are 
normalized to the mass of PLA. 

QUENCHED FILMS 
ATBC (%) 

ΔC’ (J.g-1.K-1) Tα  (°C) δT (°C) ξTα (nm) 

0 0.49  ± 0.05 62 ± 1 3.1 ± 0.2 2.8 ± 0.3 

5 0.44  ± 0.05 55 ± 1 4.1 ± 0.2 2.5 ± 0.2 

10 0.49  ± 0.05 46 ± 1 4.7 ± 0.3 2.1 ± 0.3 

15 0.51 ± 0.05 36 ± 1 5.3 ± 0.3 2.0 ± 0.3 

AS-SPUN FIBERS 
ATBC (%) 

ΔC’ (J.g-1.K-1) Tα (°C) δT (°C) ξTα (nm) 

0 0.57 ± 0.05 59 ± 1 2.4 ± 0.1 3.6 ± 0.3 

5 0.50 ± 0.05 51 ± 1 4.0 ± 0.2 2.6 ± 0.2 

10 0.51 ± 0.05 42 ± 1 4.7 ± 0.3 2.2 ± 0.2 

15 0.45 ± 0.05 35 ± 1 5.4 ± 0.3 2.0 ± 0.2 
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Figure V.3.2 shows the C’ and C” signals for the as-spun fibers. When the neat PLA 

undergoes electrospinning (see Table V.3.1), Tα decreases similarly to Tg mid from 62 °C to 59 

°C. An increase of ΔC’ from 0.49 to 0.57 J.g-1.K-1 is also recorded. However, the usually high 

uncertainty around the values of the heat capacity step does not allow for the distinguishing 

of whether this variation is significant or not. On the other hand, the C” peak is obviously 

narrower for the as-spun fibers than the quenched film. Consequently, the as-spun fibers 

present an average fluctuation temperature of 2.4 °C against 3.1 °C for the quenched film and 

the cooperativity length in the as-spun fibers reaches 3.6 nm against 2.8 nm in the quenched 

film, which corresponds approximately to an increase of the cooperativity length of around 

30%. Such an increase of cooperativity induced by the process is unusual and rarely mentioned 

in literature, so it will get further consideration in the following paragraphs. Finally one can 

observe that the plasticized materials exhibit similar values of relaxation parameters whether 

they are electrospun or not, as observed in Figure V.3.3. In other words, the electrospinning 

has no effect on the α-relaxation of plasticized polylactide.  

Figure V.3.2: MT-DSC in-phase component C’ and out-of-phase C” of the complex heat capacity C* for the as-
spun fibers. (A) Neat PLA. (B) PLA + 5 % ATBC. (C) PLA + 10 % ATBC. (D) PLA + 15 % ATBC. 
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 Figure V.3.3: Cooperativity length vs. ATBC content in quenched films as well as as-spun fibers. (1), (2), (3) and 
(4) are related to the schematic view of the macromolecules organization for representative systems depicted in 
Figure V.3.4. 

As mentioned in the chapter I, the cooperativity length is dependent on both the 

temperature and the structural organization into the material. In the present study, the 

cooperativity length has been calculated for each material at the dynamic glass transition 

temperature in order to limit the observed variations to structural causes. Figure V.3.4 aims 

at picturing the structural dependence of the cooperativity resulting from the external and 

internal hindrances imposed on the material by focusing on four representative systems. In 

the quenched film amorphous PLA (system 1), the macromolecules arrange themselves into 

random coil, leading to a cooperativity length close to 3 nm which is in accordance with 

reported values  of dynamic heterogeneities [21][22][23]. It is often reported in the literature 

that the relaxation time distribution broadens when the amorphous phase becomes 

constrained [17][20]. Since the electrospinning induces the orientation of the macromolecules 

of PLA in the amorphous phase (system 2), one might have expected that the cooperativity at 

the glass transition will decrease. On the contrary the molecular motions at the glass transition 

are more cooperative. To explain this result, we should first consider that despite the 

orientation of the macromolecules, the material is non-crystalline which means that the 

amorphous phase is not confined in any way. That makes a big difference compared to semi-

crystalline drawn materials that typically exhibit lower cooperativity motions at the glass 
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transition [24][25]. In this latter case, the decrease of cooperativity induced by the drawing 

should not be attributed to the induced orientation of the macromolecules but to the 

presence of crystallites confining the amorphous phase, as observed in the previous chapter 

with regard to flow induced crystalline structure. It is also interesting to notice that the 

cooperativity increase in an initially quenched film amorphous material is often related to the 

same cause, i.e. the creation of nano-domains playing the role of anchoring points between 

the macromolecules [26][27]. In our case, we can reasonably assume that the highly cohesive 

mesophase plays this role by increasing the level of inter-molecular interactions, thus leading 

to the global increase of the cooperativity length. The opposite effect occurs when adding 

ATBC to the quenched film of PLA (system 3). Although the action of the plasticizer still 

deserves more investigations, it is revealed from our WAXS measurements that the increase 

of the dynamic heterogeneities which leads to the decrease of the average cooperativity 

length is associated to a redistribution of the inter-chain distances. This is consistent with the 

assumption that the cooperativity length is correlated with the nature and the number of 

inter-chain interactions [28]. In regard to this hypothesis, the decrease of the cooperativity 

length could be interpreted as the consequence of inter-chain bond breaking. Finally, although 

MT-DSC results suggest that the macromolecules are oriented in the electrospun plasticized 

materials (system 4), the cooperativity at the glass transition remains unchanged before and 

after electrospinning. We assume that the changes in molecular dynamics induced by the 

plasticizer addition are prevalent over the structural reorganization induced by 

electrospinning, and that the plasticization is not favorable to the formation of the 

mesophase. 
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Figure V.3.4: Structural dependence of the cooperativity at the glass transition: Schematic view of the 
macromolecules organization for representative systems. 

V.4 Conclusions 

The microstructure induced by the electrospinning of polylactide depends both on the 

level of orientation of the macromolecules and on the necessary time for the macromolecules 

to reorganize in crystals. In our case, the structural anisotropy has been investigated through 

the formation of a highly ordered but non-crystalline microstructure, exhibiting about 4% of 

mesophase. In comparison to quenched film of polylactide, the α-relaxation of electrospun 

PLA is more cooperative. Since the cooperative motions at the glass transition are often 

related to the aptitude of the polymeric chains to connect by physical bonds, it is assumed 

that the mesophase plays the role of anchoring points between macromolecules due to its 

high cohesiveness. The plasticization of polylactide cancels any difference of cooperativity 

length between quenched films and as-spun fibers. Both exhibit a cooperativity decrease with 

the content of plasticizer. We assume that the plasticization induces strong modifications in 

the inter-chain characteristic spacing, and frustrates the creation of physical interactions 

between macromolecules. This effect prevails over the changes in the macromolecule 

organization that are induced by electrospinning. 
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C O N C L U S I O N  A N D  P R O S P E C T S  
In the past few years, influence of the structural environment on the molecular 

dynamics of the amorphous phase in various polymer systems have been widely investigated. 

In that purpose, this research work was conducted in order to investigate the influence of the 

structural anisotropy on the molecular dynamics with regard to crystalline (flow induced 

crystalline structure) and non-crystalline (electrospun fibers) complex PLA systems prior to 

crystallization and vitrification. For crystalline structures, due to their micro- to nano-scale, an 

advanced technique in thermal analysis - FSC - have been mainly used in this work to 

characterize the microstructure as well as the molecular dynamics. 

First, by working on wholly amorphous PLA, parameters influencing the structural 

relaxation by FSC have been investigated. Investigations have concluded that high cooling 

rates accelerate the structural relaxation due to the higher level of enthalpy induced in the 

glass, and the high fictive temperature formed. Besides, for short aging times, an influence of 

the sample geometry has been measured. The critical thickness involving an acceleration of 

the structural relaxation seems to be cooling rate dependent. Indeed, aging investigations for 

glasses formed at the same cooling rate, from DSC or FSC, show that the few ng of sample 

analyzed by FSC are well representative of the bulk sample analyzed by DSC.  

Then, from this first part of the study, structural anisotropy induced prior to the 

crystallization have been investigated by FSC. From the cooperativity concept, the molecular 

dynamics at the glass transition were found to depend on the crystallinity degree at the 

macromolecular scale rather than on the crystalline morphology. The same enthalpy recovery 

was measured for all the systems (amorphous and crystallized ones), meaning that the 

structural relaxation is not influenced by the crystallinity degree. This result is consistent with 

the fact that physical aging is due to secondary relaxations and local motions, which are not 

affected by the crystalline environment (different length-scale) as well as the crystalline 

morphology. The only influence that could be observed is the one measured during the 

subsequent heating ramp through the α-relaxation, i.e. the glass transition, where segmental 

motions come back. 

Finally, structural anisotropy generated on the amorphous phase by the 

electrospinning has been investigated through the formation of a highly ordered but non-

crystalline microstructure, exhibiting about 4 % of mesophase. In comparison to wholly 
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amorphous PLA, the α-relaxation of electrospun PLA is more cooperative. Since the 

cooperative motions at the glass transition are often related to the aptitude of the 

macromolecular chains to connect by physical bonds, it is assumed that the mesophase plays 

the role of anchoring points between macromolecules due to its high cohesiveness. The 

plasticization of PLA cancels any difference of cooperativity length between amorphous 

samples and electrospun fibers. Both exhibit a decrease of cooperativity with increasing the 

content of plasticizer. It is assumed that the plasticization induces strong modifications in the 

inter-chain characteristic spacing and frustrates the creation of physical interactions between 

macromolecules. This effect prevails over the changes in the macromolecule organization that 

are induced by electrospinning.  

This research work shows the difficulty and the complexity related to the 

understanding of the glass transition phenomenon, according to the nature of the structural 

anisotropy applied, either from glassy or liquid state. To extend to previous works, strain 

induced (Florian Hamonic Thesis) and flow induced crystallizations tend to display a similar 

impact on the molecular dynamics. Therefore in those specific cases, structural anisotropy is 

not the main parameter influencing the molecular dynamics, but the crystallization itself, 

namely the confinement effect of the crystals on the amorphous phase and the resulting 

strong coupling between both phases. For non-crystalline systems, structural anisotropy 

nature plays a significant role on the molecular dynamics.  Strained PETg, in the glassy state, 

depicts oriented and constrained structure where chain packing constrain their conformations 

(Florian Hamonic Thesis). On the contrary, non-crystalline PLA electrospun fibers depict 

oriented and unconstrained structure where chains display high cohesiveness. That is why, in 

addition to the present work, it could be interesting to examine the molecular dynamics of 

various polyester, such as PET, PETg or polyethylene furanoate (PEF) subjected to the three 

different kinds of structural anisotropy mentioned above. Nature of molecular interactions 

seems to be the key to understand the molecular dynamics.  

Besides, the most significant and intriguing prospects of this research work are the new 

possibilities opened by FSC for physical aging, as it has been discussed through wholly 

amorphous PLA and flow induced crystalline PLA structure. To go further, thanks to the 

acceleration of the structural relaxation kinetics, a temperature-time map of the fictive 

temperature, or the enthalpy recovery, can be investigated. Similar to a relaxation map, more 
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information on the molecular dynamics could be achieved for a wide range of aging 

temperatures and aging times. FSC can provide larger opportunities for future works. Finally, 

structural relaxation is now possible, and can be considered on other complex polymer 

systems such as multilayer polymers, semi-crystalline polymers or polymers with additives, 

among others. Especially, structural relaxation on electrospun fibers have to be performed to 

characterize their molecular dynamics in the glassy state to complete the work realized so far.  
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A B S T R A C T .  
The aim of this work is to investigate the molecular dynamics of Polylactide (PLA) 

subjected to structural anisotropy during its processing. To do so, two experimental set-ups 
were used: electrospinning and flow induced crystallization. The first one leads to non-
crystalline system, while the second one leads to semi-crystalline system. For each system, 
the microstructure is investigated to highlight the structural anisotropy induced during the 
processing. Different experimental techniques are used: optical microscopy, electronic 
microscopy, X-ray diffraction, differential scanning calorimetry (DSC) and fast scanning 
calorimetry (FSC). 

FSC proves to be useful. Due to the high scanning rates (1000 K.s-1) and the decrease 
of the sample mass (few tens of nanogrammes), glass transition and physical aging kinetics 
are beforehand investigated in the case of a wholly amorphous PLA. It is shown that high 
cooling rates available by FSC allow to accelerate physical aging kinetics. 

Molecular dynamics are then investigated through concept of cooperativity and 
phenomenon of physical aging. It is shown that preferential orientation induced during 
electrospinning leads to the formation of mesophase, which increase cooperativity, namely 
the intermolecular interactions. With regard to semi-crystalline system, molecular dynamics 
are only affected by the coupling between amorphous/crystal and the confinement effect of 
the crystals, rather than the structural anisotropy induced before the crystallization step. 
Keywords: Polylactide, nanofibers, spherulites, flow-induced crystallization, glass transition, 
physical aging, fast scanning calorimetry 

R É S U M É .  
L’objet de ce travail est d’étudier l’influence de l’anisotropie structurale, induite lors 

de la mise en forme d’un Polylactide (PLA), sur les dynamiques moléculaires de la phase 
amorphe. Deux procédés de mise en œuvre sont retenus : l’électrofilage et la cristallisation 
induite par flux. Le premier permet d’aboutir à un système non-cristallin, lorsque le deuxième 
permet d’aboutir à un système semi-cristallin. Pour chaque système, une étude 
microstructurale est préalablement réalisée pour mettre en avant l’anisotropie structurale 
induite lors de la mise en œuvre. Pour ce faire différentes techniques d’analyses sont utilisées : 
microscopie optique, microscopie électronique, diffraction des rayons X, calorimétrie à 
balayage différentielle (DSC) et calorimétrie à balayage rapide (FSC).  

L’utilisation de la FSC s’avère précieuse. Du fait des vitesses extrêmement rapide (1000 
K.s-1) et de la diminution importante de la masse (dizaine de nanogrammes), la transition 
vitreuse et la cinétique de vieillissement physique sont au préalable étudiées dans le cas d’un 
PLA amorphe. Il est montré que les vitesses de refroidissement atteignable en FSC permettent 
d’accélérer les cinétiques de vieillissement physique. 

Les dynamiques moléculaires sont ensuite étudiées à travers le concept de 
coopérativité et le phénomène de vieillissement physique. Il est montré que l’orientation 
préférentielle induite dans le système non-cristallin aboutit à la formation de mésophase qui 
augmente la coopérativité, autrement dit les interactions intermoléculaires. Dans le cas du 
système semi-cristallin, les dynamiques moléculaires sont influencées par le couplage 
amorphe/cristal et le confinement des cristaux, et non pas par l’anisotropie structurale induite 
avant cristallisation. 
Mots-clés: Polylactide, nanofibres, sphérolites, cristallisation induite par flux, transition 
vitreuse, vieillissement physique, calorimétrie à balayage rapide 


